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Abstract 

Characterizing the interactions in clusters of protonated aromatic and chiral biomolecules is 

essential to understand their chemical reactions and molecular recognition. In this thesis, three 

prototypical biomolecular building blocks are investigated by sophisticated infrared (IR) and 

ultraviolet (UV) laser spectroscopic methods and density functional theory (DFT) calculations. First, 

the protonation of 5-hydroxyindole (5HI), which is the chromophore of the neurotransmitter 

serotonin, is studied by infrared photodissociation (IRPD) spectroscopy using a quadrupole-octupole-

quadrupole tandem mass spectrometer and dispersion-corrected hybrid DFT calculations. The 

analysis of the sequential microsolvation of protonated 5HIH+ with polar and nonpolar ligands reveals 

the impact of protonation on the recognition of this aromatic biomolecular building block. Second, 

the impact of protonation on the structure of the two diastereomers 1R-2R-trans-amino-indanol (RR-

trans-AI) and 1R-2S-cis-amino-indanol (RS-cis-AI) and the formation of their stereospecific dimers are 

investigated by IRPD spectroscopy and isomer-selective IR-UV double-resonance spectroscopy. Third, 

the structure of the protonated monomer of glutamic acid (L-Glu), one of the 20 natural amino acids, 

is determined by IRPD spectroscopy in a cryogenic quadrupole ion trap tandem mass spectrometer. 

IR-IR double-resonance spectroscopy combined with elaborate first-principles simulations reveals the 

structure of homochiral and heterochiral dimers of L-Glu and D-Glu. A comparison of the results 

allows estimating the effect of protonation on the recognition of these aromatic and chiral model 

systems. First, protonation strongly affects the biomolecular structure. Precisely, it impacts on the 

structure of Glu, which is an adaptive amino acid in its canonical form but locked due to formation of 

ionic C=O (HNH)+ O=C hydrogen bonds (H-bonds) upon protonation of its amino group (NH2 → 

NH3
+). In contrast, the structural flexibility of 5HI is enhanced by protonation and at least four 

protomers coexist in the gas phase. The structure of rigid RR-trans-/RS-cis-AIH+ is not drastically 

affected by protonation of its amino group (NH2 → NH3
+). As in the neutral state, only RS-cis-AIH+ 

comprises an intramolecular H-bond. Second, the interaction of 5HI, RR-trans-/RS-cis-AI and Glu is 

amplified and modified upon protonation. For all systems studied, the functional group closest to the 

protonation site is most affected due to charge delocalization. If a functional group is protonated, the 

charge tends to stay localized (at NH3
+ of GluH+ and RR-trans-/RS-cis-AIH+ or at OH2

+ of 5HIH+). On the 

other hand, the charge of the CH2
+ group of protonated 5HIH+ is delocalized. Finally, the selectivity of 

the interaction is enhanced since the majority of the intermolecular bonds incorporate the excess 

proton. The chirality recognition leading to the formation of hetero- and homochiral dimers is very 

different for the rather rigid RR-trans-AI/RS-cis-AI as compared to the flexible L-Glu/D-Glu. In case of 

RS-RS-AI2H
+, we observe a competition of inter- and intramolecular H-bonds. In contrast, no 

intramolecular H-bond is observed in the RR-RR-AI2H
+ dimers, which are more stable due to their 

optimized intermolecular H-bonds. The more flexible LL-/LD-Glu2H
+ dimers result from different H-

bonding schemes to which the three-point interaction model may be applicable. Heterochiral LD-

Glu2H
+ dimers are more stable due to enhanced secondary interactions.  
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Zusammenfassung 

Die Charakterisierung von Wechselwirkungen, wie sie in protonierten aromatischen und chiralen 

Biomolekülen und deren Clustern auftreten, ist wesentlich, um chemische Reaktionen und 

molekulare Erkennung zu verstehen. Diese Dissertation umfasst die Untersuchung dreier 

Biomoleküle mit Hilfe von Infrarot- (IR-) und Ultraviolet- (UV-) Laserspektroskopie und  Dichte-

funktionaltheorie (DFT). Die Protonierung des aromatischen Biomoleküls 5-Hydroxyindol (5HI), 

Chromophor des Neurotransmitters Serotonin, wurde durch Infrarot-Photodissoziations- (IRPD) 

Spektroskopie in einem Quadrupol-Oktupol-Quadrupol-Tandemmassenspektrometer untersucht. 

Weiterhin liefert die Analyse schrittweise solvatisierter Cluster von protoniertem 5HIH+ Erkenntnisse 

über dessen Wechselwirkung mit polaren und unpolaren Lösungsmitteln. Das zweite Modellsystem 

ist 1-Amino-2-Indanol, ein Aromat mit zwei Chiralitätszentren. Der Einfluss von Protonierung auf die 

Struktur der beiden Diastereomere 1R-2R-trans-Amino-Indanol (RR-trans-AI) und 1R-2S-cis-Amino-

Indanol (RS-cis-AI) wurde ebenfalls mittels IRPD-Spektroskopie untersucht. Zudem beleuchten 

isomerenselektive IR-UV-Doppelresonanzspektren, wie sich die Stereoisomerie auf die Bildung von 

Homodimeren (RS-RS und RR-RR) auswirkt. Als drittes Modell wurde Glutaminsäure (Glu), eine der 

20 natürlichen Aminosäuren, betrachtet. Wie die meisten Aminosäuren ist Glu chiral und daher ein 

geeignetes Modell zur Untersuchung stereoselektiver Erkennung. IRPD-Spektren unter kryogenen 

Bedingungen decken zum einen die Struktur protonierter Glutaminsäure (GluH+), zum anderen die 

Erkennung in homo- und heterochiralen Dimeren (LL-/LD-Glu2H
+) auf. IR-IR-Doppelresonanzspektren 

von LL-/LD-Glu2H
+ wurden mit Hilfe einer Moleküldynamiksimulation interpretiert. Der Vergleich der 

Resultate legt nahe, dass Protonierung sich sehr unterschiedlich auf die Molekülstruktur auswirkt. 

Das Zusatzproton bindet im Falle von RR-trans-/RS-cis-AIH+ und GluH+ an die Aminogruppe (NH2 → 

NH3
+). Daraufhin ist die Flexibilität von GluH+ durch die Ausbildung von C=O (HNH)+ O=C 

Wasserstoffbrücken stark eingeschränkt, während sich die Struktur von RR-trans-/RS-cis-AIH+  nur 

vergleichsweise wenig ändert. Völlig anders reagiert 5HI auf die Protonierung. Mindestens vier 

Isomere entstehen durch Protonierung an verschiedenen Atomen (am Sauerstoffatom und am C3- 

und C4-Kohlenstoff). Die molekulare Erkennung aller drei Modelle verändert sich durch die 

zusätzliche Ladung des Protons. Ladungsverschiebungen spielen hierbei eine wesentliche Rolle. 

Verallgemeinernd lässt sich folgende Faustregel formulieren – die funktionelle Gruppe, die dem 

Zusatzproton am nächsten gelegen ist, wechselwirkt am stärksten mit anderen Molekülen. Dadurch 

erhöht sich die Selektivität der intermolekularen Wechselwirkung. Und zwar bilden sich vorwiegend 

Wasserstoffbrücken zum Zusatzproton aus. Die Chiralitätserkennung in homochiralen RR-RR- und RS-

RS-AI2H
+ Dimeren unterscheidet sich deutlich von der in homo- und heterochiralen LL-/LD-Glu2H

+ 

Dimeren. RS-cis-AI(H+) und RR-trans-AI(H+) sind eher starre Moleküle, die sich bei der Dimerbildung 

wenig deformieren. Aufgrund sehr starker intermolekularer Wasserstoffbrücken sind die RR-RR-AI2H
+ 

Dimere stabiler als die RS-RS-AI2H
+ Dimere, in denen intermolekulare Wasserstoffbrücken mit 

intramolekularen konkurrieren. Innerhalb der homo- und heterochiralen LL- und LD-Glu2H
+ Dimere 

entstehen ähnliche inter- und intramolekulare Wasserstoffbrücken. Schwache sekundäre Wechsel-

wirkungen stabilisieren die heterochiralen LD-Glu2H
+ Dimere etwas gegenüber den homochiralen LL-

Glu2H
+ Dimeren. 
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1 Introduction 

Biomolecules are the building blocks of life. A large number of different biomolecules such as 

proteins, amino acids, enzymes or neurotransmitters assure the functionality of organisms.  Many 

processes in living organisms depend on the complex interaction of these biomolecules. Their 

communication in recognition processes is widely based on their three-dimensional structure, via a 

key-lock principle or an induced fit.1–3 Intramolecular interactions may shape and stabilize the 

geometry of biomolecular assemblies, such as proteins or DNA.4–6 Furthermore, molecular 

recognition strongly depends on the intermolecular forces present between two ore more 

interacting partners. Intra- and intermolecular interactions are described by an interaction potential 

incorporating electrostatic, inductive and dispersive parts.6,7 Under physiological conditions, 

biomolecules are often charged or possess charged subunits, such as protonated or deprotonated 

regions.4,5 For instance, glutamic acid, one of the 20 natural amino acids, is a zwitterion at 

physiological pH with its amino group protonated.5 Interactions between charged molecular entities 

are generally stronger than between neutrals, and are therefore of great importance for the 

structure of biomolecules. Hence, it is instructive to study small protonated biomolecules and 

biomolecular building blocks. Moreover, these are still capable to precise theoretical modeling. 

Structures and reaction mechanisms of biomolecules are the subject of various experimental 

and theoretical studies. In the condensed phase, x-ray diffraction crystallography is commonly used 

to determine the structure of crystalized proteins,8–13 while nuclear magnetic resonance (NMR) or 

Fourier-transform infrared (FTIR) spectroscopies reveal the structure of biomolecules in solution.14–20  

The aim of this study is to investigate the fundamental interactions of isolated protonated 

aromatic and chiral biomolecules and their size-selected clusters in the gas phase. This allows the 

examination of pure molecular properties and intermolecular interactions that are often blurred in 

the condensed phase.4,21–23 Moreover, gas-phase experiments enable the straight comparison to 

theoretical predictions. Thus, the combination of gas-phase spectroscopy and theoretical simulations 

provides a most direct access to the forces underlying the interactions.4,24  

The structures and interactions of neutral as well as charged biomolecules can be studied in 

the gas phase. Neutral molecules are transferred into the gas phase by thermal heating23,25–29 or by 

laser desorption.30–33 Ionic species are commonly produced by electron and/or chemical ionization or 

by photoionization of neutrals in molecular beams,23,25,34–42 or prepared in electrospray ionization 

sources,43–49 by laser ablation,50,51 or in discharge ion sources.52,53 The formation of weakly bound 

molecular clusters has been observed in molecular beams and relies on three-body collisions with 

carrier gas molecules.21,23  

A general advantage of gas-phase spectroscopy is the high resolution at which experimental 

data can be obtained. The resolution of the spectra is further increased by decreasing the 

temperature of the experiment, thus freezing the internal degrees of freedom of the studied 

species.22,54 The investigation of biomolecules at low temperatures is not straight-forward from a 

biologic point of view since the applied conditions strongly disagree with any natural environment. 

However, the achieved reduction of the flexibility and the internal temperature of the molecules 

yield maximum information from their spectra. Cooling of molecules and molecular ions is possible in 
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supersonic jet expansions (50-150 K),6,23,55–57 whereas very low, cryogenic temperatures (10-50 K) are 

reachable by buffer-gas cooling of ions in traps,44,45,47,48,54,58–74 or by the helium droplet approach.75–77
 

Due to the low concentrations of sample molecules in gas-phase spectroscopy, direct 

absorption measurements are rather difficult. Yet, FTIR spectroscopy has also been applied in the gas 

phase,78,79 as well as Raman spectroscopy.80,81 Elongation of the optical path strongly enhances the 

sensitivity of direct absorption measurements in cavity ring down spectroscopy.82–85 Moreover, 

microwave (MW) spectroscopy provides the rotational structure of small molecules at very high 

resolution.6,7,86–90  

A drastic improvement of the experimental sensitivity is achieved via action spectroscopic 

techniques.4,6,7,22–25 Here, instead of recording the attenuation of radiation by absorption, a 

consequence of the resonant excitation is measured, e. g. photo-induced fragmentation or 

ionization.  Charged molecules are accessible to mass spectrometry facilitating the application of 

sensitive action spectroscopic techniques. Namely, the combination of mass spectrometry and gas-

phase spectroscopy is widely applied.4,7,21–25 Several spectroscopic methods have been developed to 

sample various molecular properties and cover a wide range of the electromagnetic spectrum. The 

electronic structure of neutral and charged molecules and clusters can be investigated by means of 

ultraviolet photodissociation (UVPD) and visual light photodissociation (VISPD) spectroscopy.63,91–94 

Rotationally resolved UV spectra yield further information on the three-dimensional geometry of the 

probed species.95–97 Electronic spectra of neutrals are often obtained by laser-induced fluorescence 

(LIF),21,98,99 or by resonance-enhanced multiphoton ionization (REMPI) spectroscopy.6,21,22,91,100–103 

Infrared spectroscopy reveals the vibrational structure, and is particularly sensitive to local binding 

sites and hydrogen-bonding (H-bonding) of molecular clusters.21 To record infrared photodissociation 

(IRPD) spectra, commonly messenger-tagging is utilized, since the absorption of one single IR photon 

cannot lead to the fragmentation of a covalent bond.22,23,25,54,104–107 On the other hand, infrared 

multiphoton dissociation (IRMPD) spectroscopy using laser sources of high photon flux, such as free-

electron lasers, has been applied to a broad range of bare molecular ions.22,46,108,109–118 Zero electron 

kinetic energy (ZEKE) photoelectron spectroscopy provides information on the rovibronic structure of 

cationic species.119–123  

Double-resonance spectroscopies provide isomer selectivity and high sensitivity to 

conformational differences.6,21,22 Typically, double-resonance methods rely on pump-probe schemes 

using two lasers that interrogate two different transitions.22 UV-UV double resonance experiments 

address two electronic transitions,44,61,124–126 whereas IR-UV ion dip and hole-burning spectroscopies 

probe also the vibrational structure.92,127–133 IR-IR double-resonance spectroscopy is well-suited for 

the measurement of flexible biomolecules without optical chromophores.134–137 The dynamics of 

cluster reactions can be retraced by sophisticated time-resolved spectroscopic methods that utilize a 

pump-probe scheme as well.39,138–144  

Finally, gas-phase laser spectroscopy allows the study of diverse biomolecular reactions and 

recognition phenomena at the molecular level. For example, recent experiments are concerned with 

the recognition of a neurotransmitter and a partial receptor,145 or retrace the formation of water 

shells around a peptide.146  
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1.1 Intermolecular interactions 
This study aims at describing the effect of protonation on the intermolecular interactions of three 

prototypical biomolecules. Intermolecular forces are noncovalent and weak compared to chemical 

bonds. While the covalent bond arises from overlapping electron densities and thus is “short-range”, 

noncovalent intra- and intermolecular interactions are commonly called “long-range”. Still, they play 

an important role in the functionality of organisms. On the one hand, intermolecular interactions 

mediate the recognition of biomolecules. On the other hand, they shape biomolecular assemblies. 

Attractive interactions stabilize three-dimensional structures and repulsive forces prevent their 

collapse.4,6,7,147 Due to the Pauli principle, short-range repulsive forces arise when electron densities 

of separate atoms overlap.4 In this thesis, the focus is on the following attractive interactions. 

Hydrogen-bonds (H-bonds) are rather strong attractive interactions which play a prominent 

role for example in shaping the secondary structure of proteins.4,5 H-bonds occur between an 

electronegative atom A, called H-bond acceptor, and another relatively electronegative atom B, the 

H-bond donor, which is covalently bound to a hydrogen atom.4,148–150 The resulting A H-B H-bond is 

directional and typically linear. In most cases, the      distance is shorter than the sum of the van 

der Waals radii of A and B.147,148,150 Since H-bond energies may vary strongly, they are not 

recommended as discriminative criteria for H-bonding.149,150 The attractive interaction within the 

A H-B bond is mainly electrostatic, yet some stabilization results from partial overlapping electron 

density of A and H-B, i. e. partial covalent bond formation, and dispersion.149 Due to this charge 

transfer, the H-bond is considered partly covalent. Infrared spectroscopy can readily identify H-

bonded structures based on their spectroscopic fingerprints. These include characteristic frequency 

red shifts and broadenings of the H-bond donor stretching vibrations which scale with the strength of 

the H-bond.7,149  

Electrostatic attraction and repulsion between charged biomolecules or charged regions of 

biomolecules are important noncovalent interactions.4 For example, many amino acids have ionic 

side chains and the interaction between them can stabilize proteins. Electrostatic interactions result 

from the permanent multipole moments of a charge distribution.147 They include the Coulomb 

interaction      ⃗  between two charges    and   , which can be either attractive or repulsive, and 

depends only on the distance     ⃗  of the two point charges. Furthermore, they include the 

charge-dipole interaction      ⃗  between a charge   and a permanent dipole moment  ⃗, and the 

dipole-dipole interaction      ⃗  between two dipole moments  ⃗  and  ⃗ ,  which are strongly 

directional.147 These electrostatic potentials are given by 

      ⃗  
    

     
  , charge-charge (Coulomb potential), 

      ⃗  
   ⃗⃗⃗  ⃗ 

    , charge-dipole interaction, 

       ⃗  
 ⃗⃗⃗   ⃗⃗⃗     ⃗⃗⃗   ⃗   ⃗⃗⃗   ⃗    

   ,  dipole-dipole interaction.  

Since the dipole moments  ⃗  and  ⃗  are vectors,      ⃗  is largest for a parallel (chain-like) 

orientation. Higher multipole moments yield further stabilization of the interacting charge 

distributions. 

Induction and polarization effects also play a prominent role in the stabilization of matter. 

For example, a permanent charge   interacts with a nonpolar atom or molecule with polarizability   
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phenylalanine                         tryptophan 

               

            serotonin                          5-hydroxyindole 

Fig 1.1 Some aromatic biomolecules. 

 

 

Fig 1.2 Electrophilic aromatic substitution 

of benzene (simplified). 

 

via    ⃗       ⁄ . London dispersion forces, also known as van der Waals interactions, arise 

between instantaneous fluctuating dipoles. These are characterized by a fast decay of the potential 

with the interatomic distance  , namely    ⃗      . Notably, London dispersion yields an attraction 

between uncharged nonpolar atoms and molecules. An accurate modeling of the weak, but universal 

dispersion is crucial for a proper description of the cohesion of polarizable atomic and molecular 

entities (section 2.4).4,147  

1.2 Protonated aromatic biomolecules 
Aromatic molecules ‟have a chemistry typified by benzene”.148 More precisely, this refers to cyclic 

systems thermodynamically stabilized by electron delocalization (Fig. 1.1). Consequences of 

aromaticity include a characteristic chemical behavior (electrophilic aromatic substitution, Fig. 1.2), 

bond length equalization and magnetic ring current effects (diamagnetism).148,151 Heterocyclic 

aromatic molecules have one of their carbon atoms substituted by another element. 

Aromatic rings are ubiquitous biomolecular building 

blocks.5,152–154 For example, they occur in several amino 

acids such as phenylalanine or tryptophan (Fig. 1.1).  

Under physiological conditions, biomolecules 

can occur in various charge states, e. g. protonated.5 

Moreover, protonated aromatic molecules appear as 

intermediates in electrophilic aromatic substitution (Fig. 

1.2). In this fundamental chemical reaction of aromatic 

molecules, an electrophilic compound (E) substitutes 

the proton (H) of one aromatic carbon atom.155,156 

One of the aromatic prototypes studied herein is 

5-hydroxyindole (5HI, Fig 1.1). It is comprised of two 

heterocycles, the five-membered pyrrole and six-

membered phenol, and occurs as a subunit of serotonin, 

an important hormone and neurotransmitter.157–159 The 

impact of protonation on the structure, isomerism and 

stability of 5HI is investigated by infrared spectroscopy 

of its size-selected clusters. 

The second heterocyclic aromatic model system investigated is 1-amino-2-indanol (AI, Fig. 

1.3). It consists of a benzene ring fused to a five-membered aliphatic ring that bears the amino group 

(NH2) at C1 position and the hydroxyl group (OH) at C2 position (Fig. 1.3). Both C1 and C2 carbon 

atoms are thus chiral centers.  

In general, molecular recognition is based on intermolecular interactions. Hereby, the 

structure of the involved species is crucial. Particularly, aromatic biomolecules form specific 

noncovalent bonds, such as -stacking interactions or H-bonds involving the heteroatoms.153 For 

example, aromatic side groups are essential for the formation of the typical double helix structure of 

DNA and RNA.152,153 Physical and biochemical properties of the involved biomolecules strongly 

depend on their three-dimensional structures as well as on their charge and protonation states.5,152 

Protonation of aromatic systems can lead to a significant reduction of symmetry and eventually to 

the loss of aromaticity. Hence, it is instructive to systematically characterize the impact of 

http://goldbook.iupac.org/html/D/D01583.html
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Fig 1.3 Stereoisomerism. RS-cis-AI and RR-trans-AI as 
exemplary diastereomers with two chiral centers marked 
by asterisks. Fischer projection of L-Glu and D-Glu as 
examples of enantiomers (mirror images). 

 

protonation on the structure and stability of biomolecular building blocks such as 5HI and AI. 

Vibrational IR spectroscopy has proven to be very sensitive to structural modifications imposed by 

protonation of aromatic compounds.36,53,117,160–167 Moreover, as a consequence of the excess charge 

and possible charge transfer, the interaction of the aromatic molecule with its environment may be 

modified. Aromatic clusters successively microsolvated by polar and nonpolar ligands are well-suited 

test systems to investigate possible charge-induced modifications of the solvation or recognition 

schemes.39,53,138,141,162,164,168–178 For example, for several aromatic prototypes containing acidic 

functional groups, ionization-induced switching of the solvent molecule between binding sites (e. g. 

from the -electron system to the functional group) has been observed.34,39,40,140,141,179 Furthermore, 

particularly for protonated aromatic species, proton transfer reactions may occur upon stepwise 

solvation with water.53,177,180  These examples emphasize the value of investigations of cationic and 

protonated aromatic biomolecules and their clusters by gas-phase spectroscopy.  

1.3 Protonated chiral biomolecules 
Many biologically relevant molecules are chiral. In general, chirality, i. e. handedness, describes the 

symmetry of a geometrical object that is not superimposable with its mirror image. Stereochemistry 

is concerned with spatial isomers that are constitutionally identical, but differ in the three-

dimensional arrangement of their atoms (Fig. 1.3).148 Enantiomers are exact mirror images of each 

other. They are identical except for very 

small energy differences due to parity 

violation ( 10-11 J/mol).181,182  In contrast, 

diastereomers have chiral centers but are 

no mirror images and possess different 

physical and chemical properties. Two 

systems of classification of stereoisomers 

coexist. The standard used in organic 

chemistry is based on the Cahn-Ingold-

Prelog priority rules that describe the 

configuration of substituents at a chiral 

center by unequivocally assigning R and S 

descriptors (Latin rectus (right, R) and 

sinister (left, S)).155 For historical reasons, 

chiral sugars and amino acids are classified 

using the Fischer projection (Fig. 1.3) that 

differentiates L- and D-enantiomers (Latin 

laevus (left, L) and dexter (right, D)).5,155  

Cahn-Ingold-Prelog priority rules are derived as follows.5 First, chiral centers need to be 

identified. Second, atoms or groups bound to the chiral center are assigned priorities according to 

their atomic number (molecular weight) – the atom of lowest atomic number (lightest) has lowest 

priority (4), the one of highest atomic number (heaviest) has highest priority (1). Third, the R or S 

descriptor is determined. To this end, the chiral molecule is oriented appropriately. Namely, the 

atom or group of lowest priority (4) shall point away from the observer. The other groups with 

priorities 1 to 3 are subsequently considered. If the cycle 1-2-3 goes clockwise, the chiral center is 

described by R, if anticlockwise the chiral center is S (Fig. 1.4). In molecules with more than one chiral 

center, the procedure is applied separately to every chiral center. The alternative Fischer projection 
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Fig 1.4 Cahn-Ingold-

Prelog convention. 

 

 

Fig 1.5 Energetic dissimilarity of LL 

and LD pairs.  

 

employs the two-dimensional projection of the chiral molecule. Therefore, all nonterminal bonds are 

drawn as vertical or horizontal lines. By definition, all horizontal bonds 

project toward the viewer, while vertical bonds project away from the 

viewer. The longest chain of carbon atoms is depicted as a vertical line, 

whereas carbon atoms are represented by crossings (Fig. 1.3). Usually, the 

chain is oriented in such a way that the highest oxidized carbon is at the 

top position of the chain (COOH > CHO > CH2OH > CH3). The descriptors L 

and D indicate the orientation of the substituents at the lowest chiral 

carbon in the chain. Namely, if the higher priority substituent points to the 

right the chiral compound is called D-enantiomer, if it points left the 

substance is an L-enantiomer. In contrast to the Cahn-Ingold-Prelog 

convention, only one descriptor is assigned to the whole molecule even if it contains more than one 

chiral center. 

Numerous binding sites in biological systems, such as receptors or enzymes, selectively 

recognize stereoisomers (“chirality recognition”). Hence, different stereoisomers of a chiral molecule 

often show different biological activities.5,183 For example, only R-thalidomide, sold as sleeping pill in 

the 1950/60ies, is an effective sedative, while S-thalidomide is teratogenic.183,184 However, the 

unexpected self-racemization of thalidomide in the body of patients caused dreadful malformations 

in babies. Another example of stereoselectivity is the biosynthesis of proteins in mammalian 

organisms that incorporates exclusively L-amino acids.5 However, the origin of this so-called 

homochirality is still debated.181,185–188 A commonly accepted concept explaining biological 

homochirality rests on following assumptions. An initial imbalance between L- and D-enantiomers is 

somehow produced leading to an enantiomeric excess of either 

L- or D-compounds. This enantiomeric excess is amplified in the 

course of evolution eventually resulting in a homochiral world. 

Three main factors are discussed that may initiate an imbalance 

in favor of one specific enantiomer. First, parity violation may 

cause a minor stabilization of one enantiomer.181,182,185 Second, 

extra-terrestrial  circularly-polarized light could have produced 

an enantiomeric excess.186,188,189 Third, coincidence might have 

produced an initial imbalance.190,191 The amplification of an 

initial imbalance most likely rests upon dissimilar stabilities of 

diastereomeric contact pairs of two enantiomers (Fig 1.5).  Such contact pairs are formed via 

intermolecular interactions that can be probed by gas-phase spectroscopy.  

The enantioselective interactions strongly depend on the structure as well as on the charge 

state of the interacting partners. For example, the spectroscopic study of neutral (S)-1,2,3,4-

tetrahydro-3-isoquilin-methanol revealed two conformers in a molecular beam. These differ by the 

directionality of their intramolecular H-bond that is sensitive to chirality.192 The chirality-specific 

conformation is lost upon ionization. Neutral chiral clusters have already been examined in a few 

seminal studies.21,193,194 The investigation of charge and protonation-induced modifications in chiral 

molecules and their clusters is essential for understanding chirality recognition. Mass spectrometry is 

widely used for the study of chirality related phenomena in gas-phase ions.195 For instance, collision-

induced dissociation can detect chiral preferences in ionic clusters.196 However, structural and 

energetic data, needed to understand the molecular origin of chirality recognition phenomena, are 
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directly accessible only by the combination of mass spectrometry and gas-phase spectroscopy of 

isolated chiral molecules and their clusters.21,49,194,197–201   

Bridging the gap between aromaticity and chirality, we study herein 1-amino-2-indanol (AI), 

an aromatic amino-alcohol with two chiral centers (Fig. 1.3). The steric constraints imposed by the 

aromatic moiety are expected to enhance the selectivity of this model system as it cannot easily 

adapt to an interacting partner. Herein, the two diastereomers 1R-2R-trans-amino-indanol (RR-trans-

AI) and 1R-2S-cis-amino-indanol (RS-cis-AI) are investigated. The RS-cis-AI diastereomer is an efficient 

ligand in asymmetric catalysis and drug design,202–205 and a component of the anti-HIV 

pharmaceutical Indinavir.206 Isolated neutral RS-cis-AI, its hydrates and its stereoselective clusters 

with chiral methyl lactate have been studied by electronic and vibrational spectroscopy.207–209 The 

present work expands these spectroscopic studies to neutral RR-trans-AI, and to charged (cationic 

and protonated) RS-cis-AI(H)+ and RR-trans-AI(H)+. Furthermore, to retrace the chirality recognition in 

a sterically rigid model system, dimers of RS-cis-AI and RR-trans-AI are studied. 

The second chiral species investigated is the rather flexible glutamic acid (Glu), one of the 20 

natural amino acids (Fig. 1.3). The protonation state of amino acids strongly depends on the pH value 

of their environment.5 L-glutamate, the deprotonated form of L-Glu, is the major excitatory 

neurotransmitter in the brain.210–213 The behavior of the very flexible molecule upon protonation is 

investigated by means of IR spectroscopy. Furthermore, the intermolecular forces responsible for the 

formation of protonated homochiral (LL) and heterochiral (LD) dimers are studied by IR-IR double-

resonance spectroscopy and extensive theoretical simulations.  

Finally, the formation of protonated dimers of the rigid aromatic RS-cis-AI and RR-trans-AI is 

compared to that incorporating the flexible L-Glu and D-Glu. While Glu may easily adapt to its 

partner to optimize the intermolecular interactions, this is not trivial in the case of AI. Therefore, we 

expect significant differences of the chirality recognition in these two prototypical systems due to 

steric reasons.  
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Fig 2.1 The rovibrational structure of an 

electronic transition (S1 ← S0). 

2 Experimental and theoretical methods 

The structure and the interaction of protonated aromatic and chiral biomolecules are studied by gas-

phase spectroscopy combined with mass spectrometry. The experiments are supported by quantum 

chemical methods. Major experimental and theoretical methods used are described here. 

2.1 Spectroscopic methods 
Atoms and molecules interact with photons in different 

ways. For example, chiral molecules are optically active, i. e. 

the L-enantiomer turns linearly polarized light into left-

circularly polarized light, while the D-enantiomer generates 

right-circularly polarized light. Spectroscopy is used to 

investigate the interaction of light and matter. Molecular 

spectroscopy employs a broad range of electromagnetic 

radiation.214 Microwave radiation (MW, 1-300 mm) is used 

to sense molecular rotations. Infrared photons (IR, 780 nm - 

1 mm) excite vibrations. Spectroscopy with visible (VIS, 400-

700 nm) and ultraviolet (UV, 10-400 nm) light samples 

transitions of valence electrons (Fig 2.1). Throughout this 

thesis wavenumbers ( in cm-1) are used to describe the 

probed transitions. The relation to wavelength, frequency 

and speed of light is given as          . 

 In the following, the focus lies on vibrational spectroscopy as the major method to determine 

structure and energetics of the studied molecules. In particular, action spectroscopy is applied. Here, 

instead of measuring the direct absorption of the radiation, a consequence of the absorption, e. g. 

fragmentation or ionization, is detected to derive the spectrum.22,23,25,54,56,104–108,116,215 Action 

spectroscopy significantly enhances the sensitivity of the method. It enables spectroscopic 

measurements even at particle densities lower than 106 particles per cm3,216 which are typical for 

gas-phase experiments as those presented here. Absorption measurements usually monitor a 

frequency-dependent light attenuation by the irradiated medium that follows the Lambert-Beer law,  

                  , 

where      is the measured intensity of the radiation,      is the original intensity,      is the 

absorption cross section,   the particle density and   the length of the sample. Action spectroscopic 

techniques require a modified Lambert-Beer law,22,216 

                     ,  

where      is the measured population (e. g. of fragments or ions),       is the original population, 

     is the absorption cross section and      is the radiation fluence.  

 Different action spectroscopic techniques are applied in this study, namely infrared 

photodissociation spectroscopy (IRPD), IR-IR and IR-UV double-resonance spectroscopy. In all 

methods, the fragmentation of molecules due to photon absorption is monitored to derive the action 

spectrum. In the following, the methods are described in more detail.     
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Fig 2.2 Vibrational predissociation of a 

noncovalently bound cluster A-B C.  

 

2.1.1 Infrared photodissociation spectroscopy  

Infrared photodissociation (IRPD) spectroscopy relies on the fragmentation of molecular aggregates 

induced by vibrational excitation after absorption of a single IR photon. Fragmentation is only 

possible if the dissociation threshold is overcome by the absorbed IR photon energy. Typically, IR 

spectroscopy covers a range from 500-4500 cm—1, so that absorption of a single IR photon may 

increase the internal energy of the absorbing species by roughly 5-50 kJ/mol. However, dissociation 

energies of covalent bonds are in the order of hundreds of kJ/mol.217,218 Hence, it is impossible to 

dissociate a covalent bond by absorption of a single IR photon from the ground state. On the other 

hand, noncovalent bonds, such as H-bonds or van der Waals interactions, have significantly lower 

dissociation energies (< 100 kJ/mol).148,218 Therefore, IRPD spectroscopy is commonly applied to 

noncovalently bound molecular clusters. Such loosely 

bound clusters are prepared for example by messenger-

tagging.22,23,25,54,104–107 Small messenger molecules (tags, 

ligands) such as H2, N2 or rare gas atoms form weakly 

bound clusters with the studied molecule. One 

fundamental assumption is that the tag has almost no or 

only a very small impact on the spectroscopy. Still, it 

communicates whether or not vibrational excitation 

occurs based on the vibrational predissociation of the 

cluster.123,219–223 Fig. 2.2 schematically depicts the 

predissociation of a loosely bound cluster A-B C. For 

example, the A-B stretching mode of A-B C is excited by 

resonant absorption one IR photon (=0 → =1). The 

dissociation threshold of the vibrational potential of this 

bond      is not reached by absorption of a single 

photon of   . Yet, the excited mode couples to the 

dissociative coordinate, namely the noncovalent bond 

with potential    ̃ , leading to predissociation. Measurements of dissociation dynamics suggest that 

for small molecules, direct vibrational predissociation occurs, while for larger clusters, internal 

vibrational energy redistribution (IVR) precedes the dissociation.219,220 Fragmentation of the cluster as 

a result of its resonant excitation is then monitored as a change in mass (vide infra). 

2.1.2 Double-resonance spectroscopy  

An unambiguous spectroscopic characterization of biomolecules is often hindered by the complexity 

of the spectra due to overlapping bands of coexisting conformers. Double-resonance spectroscopy 

helps to disentangle the spectra of individual conformers by addressing two transitions, of which at 

least one is conformer-specific.22 Typically, a pump-probe scheme is applied, in which two pulsed 

lasers are fired with a certain delay. Again, action spectroscopy is applied, in which the fragmentation 

of the molecule or cluster is detected to derive the spectrum. In general, double-resonance 

spectroscopy employs different kinds of transitions. For example, UV-UV double-resonance 

experiments address two electronic transitions,44,61,62,126 whereas IR-UV double-resonance methods 

probe one electronic and one vibrational transition.44,127,146,224,225 The latter one allows to explore the 

vibrational structure of a conformer in the ground state (S0, D0) or in an excited electronic state (S1, 

D1) depending on the sequence of the IR and UV pulses.22  
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Fig 2.3 Schematic depiction of the applied IR-IR double-

resonance spectroscopy. 

 

Fig 2.4 IR-UV double-resonance spectroscopy. 

2.1.2.1 IR-IR double resonance spectroscopy 

IR-IR double-resonance experiments address 

two vibrational transitions and are thus 

particularly suitable for molecules without 

an optical chromophore.135,136 Since the 

dissociation energy is not reached by 

absorption of a single IR photon, IR-IR 

double-resonance experiments usually 

require tagging of the studied species. The 

herein applied IR-IR double-resonance scheme furthermore requires storage of the probed clusters, 

e. g. in an ion trap. A sketch of the principle of the applied IR-IR double-resonance spectroscopy is 

shown in Fig. 2.3. First, the IRPD spectrum of the conformer ensemble is measured. Second, one 

well-resolved conformer-specific transition of the IRPD spectrum is chosen and the probe laser is set 

at its frequency. This will in principle generate a constant fragmentation signal of the corresponding 

conformer (conf A in Fig. 2.3). These steps prepare the actual IR-R double-resonance experiment that 

proceeds as follows. Several microseconds before the probe laser is fired, a tunable pump or burn 

laser pulse is introduced. Fragments produced by the pump laser are removed from the reservoir, e. 

g. by radiofrequency tickling (vide infra). Then the probe laser is fired, and its fragments are 

detected. Step by step, the pump laser is scanned over the range of the IRPD spectrum. If a transition 

in the IRPD spectrum is met, the tagged cluster of the corresponding conformer will dissociate. The 

constant signal produced by the probe laser will be depleted if the pump laser already excited the 

same conformer (here, conf A). Thus, a depletion spectrum, the IR-IR ion dip spectrum, of the specific 

conformer (conf A) probed is measured. The experimental details are found in section 3.6. 

2.1.2.2 IR-UV double-resonance spectroscopy 

Aromatic molecules are ideal systems for the application of UV-VIS spectroscopy as their electronic 

transitions are readily accessible using table-top dye lasers. In the herein applied scheme, absorption 

of a UV pulse is sufficient to dissociate the 

untagged proto-nated molecule. In a first 

step, an ultraviolet photodissociation 

(UVPD) spectrum of all coexisting confor-

mers is recorded. Then, two IR-UV double-

resonance methods are applied. 

First, IR-UV ion dip spectroscopy 

yields conformer-specific vibrational spectra 

of the protonated species in the S0 ground 

electronic state (upper part of Fig. 2.4). The 

probe laser is set at a specific UV transition. 

Some microseconds before the UV laser 

pulse is fired, a pulse of a tunable IR pump 

laser is introduced. Resonant excitation of a 

vibrational transition of a certain conformer 

will depopulate the zero-vibrational level of 

its ground electronic state (S0). Hence, due 

to depopulation, the fixed UV frequency is 
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Fig 2.5 Sketch of the quadrupole-octupole-quadrupole tandem mass spectrometer. 

no longer resonant with the chosen electronic transition and the UV photofragmentation signal is 

depleted. Scanning the IR pump laser over the range of interest while keeping the UV laser fixed 

yields a conformer-specific depletion spectrum, the IR-UV ion dip spectrum. 

Second, IR-UV hole burning spectroscopy is used to record conformer-specific electronic 

spectra (S1 ← S0) (lower part of Fig 2.4). The IR burn laser is set at a conformer-specific transition in 

the IR spectrum of the chosen conformer (conf A in Fig. 2.4). Thus, the S0 ground electronic state of 

this conformer is depopulated. After a certain delay time, the UV probe laser is scanned over the 

range of interest. Due to the depletion of the ground state of one conformer, this results in a 

depletion or strong reduction of the electronic transitions of this conformer in the UVPD spectrum. 

More detailed descriptions of the experimental setup are given in section 3.4. 

2.2 Quadrupole-octupole-quadrupole tandem mass spectrometer 

IRPD spectra of protonated 5-hydroxyindole (5HIH+) and its clusters (5HIH+-Ln with L=Ar, N2 

and H2O; n≤3) are recorded using the quadrupole-octupole-quadrupole tandem mass spectrometer 

shown in Fig. 2.5. The experimental setup allows probing tailor-made size-selected ionic clusters by a 

combination of mass spectrometry and laser spectroscopy. Hence, on the one hand, the intrinsic 

properties of cationic and protonated species, such as isomerism, stability and spectroscopy, can be 

probed. On the other hand, the initial solvation of the charged molecule with different solvents can 

be monitored providing a direct access to the intermolecular interaction. Detailed descriptions of the 

experimental setup are given elsewhere.23,25,34,55,226,227 Here, some basic principles are highlighted. 
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The actual experimental conditions applied to characterize 5HIH+-Ln are described in sections 

3.1 and 3.2. Briefly, various clusters are produced in an electron ionization source (section 2.2.1). The 

first mass filter, a linear quadrupole mass spectrometer (QP-MS I, section 2.2.2), is used to select one 

specific 5HIH+-Ln parent cluster. The 5HIH+-Ln ion packet is bent by 90° using a quadrupole bender 

(QP-bender) to separate the protonated clusters from co-propagating neutrals. In the adjacent 

octupole ion guide, the clusters are irradiated with pulses of a tunable IR optical-parametric oscillator 

(IR-OPO, section 2.2.3). Here, resonant vibrational excitation eventually leads to the predissociation 

of the cluster and evaporation of ligands n L. The second quadrupole mass spectrometer (QP-MS II) is 

tuned to filter the expected fragments. Finally, these are monitored by a Daly detector. A 

pyroelectric detector simultaneously records the IR power. The intensity of the fragment ions is 

normalized by IR laser power and background ion signal and plotted as a function of the IR laser 

frequency to yield the IRPD spectrum. 

2.2.1 Electron ionization source  

The experimental setup shown in Fig. 2.5 includes an electron ionization source for the generation of 

cold gas-phase clusters (highlighted in green). A gas mixture is introduced into the vacuum to 

produce a supersonic expansion (vide infra). Close to the nozzle orifice, the expanding gas is crossed 

by an electron beam released from two filaments of thoriated tungsten.  

2.2.1.1 Electron ionization 

Electron ionization (EI) is one of the oldest ionization techniques in mass spectrometry.228 It can be 

applied to gas-phase atoms and molecules. Energetic electrons (  ) are shot on neutral molecules 

( ). If the energy transferred upon collision is higher than the ionization energy of the molecule, one 

electron can be ejected to produce a radical cation (  ), 

               

Predominantly, singly charged cations are produced. Yet, many other processes such as excitation, 

electron capture or dissociation can accompany EI.228 All atoms and molecules can effectively be 

ionized by electrons with kinetic energies of 60-80 eV. Sample molecules need to be vaporized prior 

to EI preventing its application to compounds of low volatility, e. g. amino acids.  

2.2.1.2 Chemical ionization 

Chemical ionization (CI) is one of the softer ionization methods.228 In CI, neutral molecules are ionized 

by the transfer of electrons, protons or other charged compounds of an ionic interaction partner. CI 

requires bimolecular collisions and therefore rather large pressures. In the high-pressure region of 

the ion source implemented, CI accompanies EI. CI processes relevant to this study are,228 

Proton transfer  

Charge exchange  

Electrophilic addition 

              

            

             

2.2.1.3 Supersonic expansion 

Cooling of the ions produced by electron/chemical ionization is achieved in a supersonic expansion. 

To this end, sample vapor and carrier gas are expanded into the vacuum through the small nozzle 

orifice of the General valve (Fig. 2.5). This expansion is adiabatic, i. e. the total energy of the 

expanding gas ( ) is conserved. The energy of one mole of gas particles with molar mass   is given 

by the sum of their flow energy (        ) and their internal energy ( ) with translational 

(      ), vibrational (    ) and rotational (    ) parts,229 
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                       . 

Obviously, the flow energy   must grow to yield efficient cooling of the internal degrees of freedom 

particularly,          , which is necessary to produce well-resolved spectra. This is possible by 

collisional cooling, that occurs if the mean free path of the gas particles ( ) is small compared to the 

nozzle orifice ( ),    .229,230  The collisions in the high-pressure region close to the nozzle result in a 

directed stream of particles with velocity distribution,229 

           ( 
       

   
)  . 

where    is the velocity in the direction of the stream,   is the flow velocity and    is the translational 

temperature, which is defined as the velocity spread in the direction of the beam.22 The translational 

temperature    can be very low (a few K) because the relative velocities of the particles are 

drastically reduced. Rotational temperatures of 1-10 K are possible, whereas vibrational cooling is 

less efficient resulting in vibrational temperatures of typically 15-50 K.22 The beam is called 

“supersonic” due to the high Mach numbers reached,      , with   being the speed of sound in 

the flow region,    √    , which may be low due to low   .230 

The low internal temperatures resulting from the supersonic expansion enable an efficient 

aggregation of noncovalently bound clusters, such as H-bonded or van der Waals clusters.23,230 

Importantly, electron/chemical ionization, cluster formation via three-body collisions and collisional 

cooling occur simultaneously in the high-pressure region and are strongly interconnected. To further 

reduce the energy spread of the clusters, they are steered through a small aperture (skimmer). The 

diameter of the skimmer (b) and its distance from the nozzle orifice (d) determine the spread of the 

radial velocities of the molecules (  ) relative to their forward velocities (  ) via        
 

  
 .229,231 

Finally, the experimentalist must consider that supersonic cooling has an effect on the isomer 

distribution probed. Isomers are local and/or global minima on the potential energy surface of the 

molecule. At thermal equilibrium, the isomer population is described by a Boltzmann distribution. 

Interconversion between two minima is possible, if the gain in internal energy by the collisions is 

sufficient to overcome the barrier that separates the initial minimum from the other. If all barriers 

are lower than the collision energies, isomerization into the global minimum potential well will 

happen and only the most stable isomer is probed. In contrast, if high barriers prevent the 

rearrangement, higher energy isomers can be “frozen” in their potential wells by so-called kinetic 

trapping. Hence, if all barriers are higher than the collision energies, the isomer population 

resembles that at ion production temperature (300-450 K). It has been shown that isomerization 

barriers higher than roughly 2 kJ/mol cannot be overcome in typical supersonic expansions.22 As the 

collision energy strongly varies with the expanding gas mixture, different isomer distributions can be 

achieved with different carrier gases.  

Table 1: Specifications of the implemented electron ionization source 

Carrier gas pressure ≈ 1-40 bar General Valve pulsed at 20 Hz 

Filament diameter ≈ 0.2 mm Kinetic energy of the electrons ≈ 70-150 eV 

Skimmer diameter ≈ 1 mm Skimmer voltage ≈ 38 V 

Ion internal temperature ≈ 10 to 150 K Pressure in the source chamber ≈ 10-5 mbar 
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Fig 2.6 Schematic of a linear quadrupole 

mass spectrometer. 

 

Fig 2.7 Detail of the Mathieu stability 

diagram in (      ) space, the utilized 

region of simultaneous stability of x- and 

y-motion is highlighted in green.  

 

 

Fig 2.8 Stability diagram in (   ) space; 

ramping of     along a scan line yields 

the mass spectrum. 

 

2.2.2 Linear quadrupole mass spectrometer 
A mass spectrometer is a device that can be used as a mass 

filter to separate compounds by their mass to charge ratio 

    or as a mass analyzer that monitors     of an 

ensemble of ions. Two- and three-dimensional electric 

quadrupole fields can readily be used as ion traps (vide 

infra) and mass analyzers.228,232 In the following, it is briefly 

explained how stable trajectories of ions of specific     

are obtained in a quadrupole mass spectrometer. 

A sketch of a linear (two-dimensional) quadrupole is shown in Fig. 2.6.228,233,234 Four 

cylindrical rods are symmetrically arranged in the xy-plane at a distance of   . Ions travel through the 

quadrupole in z-direction. Each pair of opposite rods is kept at the potential                

with DC voltage   and AC component       . This results in a periodic, inhomogeneous electric 

field inside the quadrupole.232 Due to the electric field, the ions experience an oscillation in the xy-

plane. In principle, if the proper conditions are met, this periodic oscillation can stabilize their motion 

in z-direction such that they can pass the quadrupole. The oscillation of ions with charge   and mass 

  in x- and y-direction can be written as,228   

   

      (     
 
      )     ; 

    
   

      (     
 
      )      ; 

with   
  

 
 ,     

   

      = -    ,     
   

      = -   . 

Here, the equations of motion are already written in the 

form of the so-called Mathieu differential equations.234 

Their solutions are well-known and can be expressed as 

Mathieu stability diagrams. They contain several regions of 

simultaneous stability in x- and y-direction,234 of which the 

commonly used region is shown in Fig. 2.7. Trajectory 

stability is a multidimensional problem of             

facilitating different applications of the linear quadrupole.  

First, it can be used as a mass filter. For given 

      ions with     are represented by points on the 

line           (Fig. 2.7). Hence, some ions (  ) are 

stabilized, while others (  ) are not. Thus, selected ions of 

    can be stabilized by adjusting   and  .  

Second, quadrupoles can be used as ion guides 

when setting    .228 In this so-called RF-only mode, the 

quadrupole acts as broad band pass for ions (Fig. 2.8). 

Third, scanning a mass spectrum can be performed by gradually tuning   and  , while their 

ratio     is fixed. This defines a certain “scan line” in     space (Fig. 2.8). In this picture, each 

setting of   and   results in a stability region corresponding to one specific ion mass. The slope of 
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the scan line, given by the ratio    , basically defines the resolution of the mass spectrum, while the 

intercept, given by the   offset, affects the intensity of the mass peaks in the spectrum. 

2.2.3 Narrowband infrared optical parametric oscillator 
The quadrupole-octupole-quadrupole tandem mass spectrometer is equipped with an IR optical 

parametric oscillator (IR-OPO) as light source for IRPD spectroscopy. The IR-OPO is pumped by the 

fundamental (1064 nm) of a Nd:YAG laser Q-switched at 10 Hz. An OPO itself is not a laser as it does 

not generate radiation. Instead, it converts the radiation of a pump laser into radiation of tunable 

frequency utilizing nonlinear optics as briefly summarized. 

Upon irradiation with intense light ( ⃗⃗), specific crystals respond nonlinearly. Their  dielectric 

polarization ( ⃗⃗) can be expressed as sum of linear (  ) and nonlinear (        ) terms,235  

 ⃗⃗        ⃗⃗      ⃗⃗
      ⃗⃗

     with  ⃗⃗        ⃗⃗ ⃗          ⃗⃗ ⃗     

with susceptibilities   . If  ⃗⃗ is substituted into the equation for  ⃗⃗  the quadratic term    ⃗⃗
  yields 

doubling of the pumping frequency (              , with the generated frequency     . When 

two rays with    and    are introduced into the nonlinear crystal, frequencies can be mixed, 

                   . To produce frequency mixed radiation of maximum intensity, the phase 

matching criterion has to be met,  ⃗⃗     ⃗⃗   ⃗⃗     ⃗⃗    ⃗⃗ . This is often achieved using birefringent 

crystals. Depending on the incoming frequency, the crystal is turned around its optical axis to 

optimize the phase match. Hence, a range of frequencies can be phase matched providing tunability. 

 In an OPO, a pump beam (  ) is converted into signal (  ) and idler (  ),          in 

the OPO crystal. The crystal is contained in a resonator to amplify either signal or idler. In an optical 

parametric amplifier (OPA), two beams of frequencies    and    are introduced. Following 

         an idler (  ) is produced and the signal (  ) is amplified while the pump (  ) is 

attenuated. Parametric amplification also occurs in the OPO crystal. 

  For IRPD spectroscopy, a Laservision Narrowband OPO/OPA system is used (Fig. 2.9). It 

contains an OPO stage with a KTP crystal for difference frequency generation that is pumped by the 

frequency doubled output of the Nd:YAG laser (532 nm). A grating resonator in the OPO stage 

ensures narrow bandwidth amplification of the idler. The idler of the OPO is then introduced into the 

OPA that is pumped by the fundamental of the Nd:YAG laser (1064 nm). The radiation generated in 

the OPA (OPAIDLER = 4500-2000 cm-1) is used for spectroscopy in the XH stretch range (X=N, O, C). 

Table 2: Specifications of the lasers 

Nd:YAG laser Innolas Spitlight 600 
 

output power ≈ 700 mJ/pulse  
Q-switched at 10 Hz (pockels cell) 
bandwidth ≈ 1.5 cm-1 

 

 

Laservision Narrowband OPO/OPA 
 

OPOSIGNAL = 712-885 nm  

OPOIDLER = 1350-2220 nm  

OPAIDLER = 2200-5000 nm  
                    = 4500-2000 cm-1 

→ output power ≈ 2-5 mJ/pulse  
 

 

Fig 2.9 Design of the Laservision IR-OPO (simplified). 

https://dict.leo.org/englisch-deutsch/birefringent
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2.3 Cryogenic quadrupole ion trap tandem mass spectrometer 
 

 

A tandem mass spectrometer equipped with an electrospray ionization source and a 

cryogenic quadrupole ion trap is used for UVPD and IR-UV double-resonance spectroscopy of 1-

amino-2-indanol (AI) and its dimers, and for IRPD and IR-IR ion dip spectroscopy of glutamic acid 

(Glu) and its homo- and heterochiral dimers. Details of the setup are given elsewhere.44,126  

Electrospray ionization (ESI) is a soft technique that allows ionizing fragile species such as 

amino acids or peptides. Hence, the ion production mechanism strongly contrasts with electron 

ionization. Gas-phase parent ions are mass selected in a linear quadrupole mass filter (QP-MS) 

guided to the heart of the experiment, the cryogenic quadrupole ion trap (QIT) made of gold-coated 

copper. Inside the QIT, ions can be stored and cooled down to roughly 15 K by buffer-gas cooling. 

Furthermore, H2 ligands can be attached to the ions inside the trap. This facilitates single photon UV 

and IR photodissociation spectroscopy and application of double-resonance methods to H2-tagged 

and/or bare ions. Fragmentation is monitored by a time-of-flight mass spectrometer (TOF-MS) 

coupled to a dynode converter detector. Three laser sources are available, namely a UV/VIS dye laser 

and two IR-OPOs, all three pumped by Nd:YAG lasers. The actual experimental conditions are given in 

sections 3.3 - 3.6. 

 

Fig 2.10 Sketch of the cryogenic quadrupole ion trap tandem mass spectrometer 
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Fig. 2.11 Cross section of the three-

dimensional quadrupole ion trap (QIT).  

 

2.3.1 Electrospray ionization source  

Closed-shell ions of fragile biomolecules are readily producible by electrospray ionization (ESI).43,228 

Even large biopolymers and proteins can be transferred into the gas phase by direct evaporation 

from an ESI solution. Yet, it is still disputed whether ESI generated ions resemble solution-phase or 

rather gas-phase conformers.236 The ESI solution contains a volatile solvent like methanol and the 

probe molecules at low concentrations of about 10-6 to 10-3 M. Modification of the ESI solution can 

strongly influence the ion generation. For example, to enhance the production of protonated species, 

some acid is added. Hence, the ESI solution is at least not directly comparable to a physiological 

solution.236 For a profound spectroscopic analysis of biomolecules generated by ESI one must be 

aware of these discrepancies (section 4.1.4.2). Careful sampling of the conformational space of the 

probe molecule is often necessary.  

A schematic representation of the implemented continuous ESI source is given in Fig. 2.10. 

The ESI solution is pumped through a thin needle held at 3-4 kV relative to a counter electrode.43,228 

In the implemented source, spraying is assisted by a nebulizing gas (N2). Due to the large electric 

field, electrophoretic separation of the charges in the solution leads to an accumulation of charges at 

the needle tip. The surface of the liquid forms a so-called Taylor cone at the needle tip, from which 

small droplets are dispersed by Coulomb forces.43 The droplets are highly charged and thus unstable. 

They gradually shrink and scatter in the typical spray.228 Shrinking results from solvent evaporation 

followed by Coulomb explosions that occur when the surface tension of the droplet can no longer 

withstand the electrostatic repulsion of the charges. Formation of the final ions is described by two 

models. On the one hand, the charged-residue model (CRM) explains how large, singly and multiply 

charged ions form.237 As the name suggests, ions are the remains in a process of successive solvent 

evaporation. The charges essentially stay on the residue and are eventually transferred to the sample 

molecule. On the other hand, formation of smaller ions is more appropriately described by the ion 

evaporation model (IEM).228,238,239 Here, the charged biomolecule is ejected from the droplet.  

The ESI generated ions are transferred into the vacuum through a heated capillary. The 

resulting supersonic expansion is skimmed (section 2.2.1.3), and the molecular beam enters the 

hexapole ion guide (Fig 2.10).  

2.3.2 Three-dimensional quadrupole ion trap 
The centerpiece of the cryogenic quadrupole ion trap 

mass spectrometer is, of course, the three-

dimensional quadrupole ion trap (QIT) used to store 

the ions for cooling and spectroscopic treatment. The 

implemented QIT is made of gold-coated copper 

what allows for cooling the ions down to roughly 13 K 

owing to the high thermal conductivity of copper.126 

Cooling of the ions inside the trap is achieved by 

collisions with cold helium (He) atoms (buffer-gas 

cooling, vide infra). In addition to ion confinement, 

the QIT is a mass spectrometer as well.233,234 Here, its 

function as an ion trap is explained briefly. 

The QIT consists of two hyperbolic end cap electrodes and one ring electrode arranged as 

depicted in Fig. 2.11. Typically, the trap dimensions are chosen as   
      

  to yield an ideal 
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quadrupolar field.234 The end caps are electrically connected. The potential                is 

applied to the ring electrode, while     is applied between the end caps. Ions enter the trap through 

a small hole in one of the end caps. Inside the QIT, they experience the quadrupolar field that is 

expressed in cylindrical coordinates,        
          .228 Consequently, the ions oscillate 

according to their equations of motion, written in the form of the Mathieu equations,228,233  

   

      (     
 
      )              

   

      (     
 
      )    , 

with  
  

 
 ,      

   

   
    =       ,     

   

   
    =       . 

In these equations,   refers to the cylindrical coordinate, and the ion charge is given by  . The 

derivation of the above equations is given for example in the book of R. E. March and J. F. J. Todd.234 

Stable ion trajectories again correspond to the stable solutions to the Mathieu equations that can be 

visualized in a stability diagram. However, since          and          the stability diagram of 

the three-dimensional quadrupole is no longer symmetrical as it is the case for the two-dimensional 

quadrupole (Fig. 2.7).234 The boundaries of the stability regions, denoted by    and     are called 

characteristic curves, and are complex functions of       and      , and mark the points at which 

trajectories become unstable.233 Ions can be stored in the QIT, if their trajectories are stable in both   

and  -direction. As for the linear quadrupole, the stability region closest to the origin is the most 

important. In analogy to Fig. 2.7, ions of different mass to charge ratios     are found on straight 

lines of             Heavier ions lie closer to the origin than lighter ones.228 

2.3.2.1 Radiofrequency tickling 

The applied double-resonance spectroscopy requires removing fragments induced in a first excitation 

step. Resonant ejection of ions of a specific     ratio can be accomplished by applying an auxiliary 

radiofrequency (RF) at the end caps of the quadrupole ion trap, so-called RF tickling. To understand 

how resonant ejection is possible, a more detailed examination of the ion motion in the QIT is 

necessary.  

The ion motion within the QIT can be visualized as Lissajous figures superimposed with 

oscillations of lower frequency. These trajectories result from ion motion on the quadrupolar 

potential surface and are described by two fundamental secular frequencies in axial (    ) and radial 

(    ) direction, which are functions of the Mathieu trapping parameters,233   

        
  

 
     and          

  

 
    , if     and 

         
  

 
     and           

  

 
    , if     

with    √   
  

 

 
  (Dehmelt-approximation).233,234 Higher orders (   ) are of little relevance.234  

An auxiliary RF frequency applied to the end cap electrodes can excite the axial secular 

motion of ions of a specific     ratio. If the RF frequency is resonant with the axial secular frequency 

     of specific     (   and    depend on mass and charge) the corresponding ions will gain energy 

and their turning radius increases. As the ions move away from the trap center, they experience a 

higher trapping field and gain even more kinetic energy. This process of resonant excitation is 

referred to as RF tickling.233  It can be used to remove unwanted ions, such as fragments from a 

pump laser. Moreover, it is used for mass scans or to detect image currents at the end caps. Finally, 

axial excitation can be used for collision-induced dissociation (CID) within the QIT.228,234 
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2.3.2.2 Cooling of the trapped ions 

When the ions are confined, the QIT is filled with helium (He) buffer gas through a pulsed nozzle. The 

trapped ions may collide with the He buffer gas, what leads to reduction of the translational energy 

of the ions and cooling of their internal temperature.  

First, elastic collisions with the buffer gas can damp the ion motion. Due to the resulting 

reduction of their kinetic energy, the trapped ions accumulate at the trap center.234 This so-called 

collisional cooling enhances the sensitivity and resolution of the QIT. However, RF heating is possible 

if the mass of the neutral buffer gas species is significantly larger than that of the stored ions. In this 

scenario, the ions would be scattered by the buffer gas particles. This is actually the reason to choose 

He as buffer gas. On the other hand, collisions with the buffer gas can also be used for cooling of the 

internal degrees of freedom of the ions.22 To this end, the QIT is contained in a refrigerator and 

cooled down by liquid helium to roughly 10 K.126 At these low temperatures, He is the only buffer gas 

that will not condense.22 The buffer gas will thermalize quickly with the temperature of the QIT, 

particularly if the thermal conductivity of the QIT material is high. Therefore, the implemented QIT is 

made of gold-coated copper rather than of stainless steel.126 Collisions between the He atoms and 

the stored ions reduce both their translational and their internal energy. To achieve effective cooling 

of the internal temperature of the stored ions, many collisions with the buffer gas are necessary. He 

atoms that are heated upon the collisions re-thermalize by collisions with the cold walls of the trap. 

RF heating also countervails cooling of the internal degrees of freedom.  

2.3.3 Broadband infrared optical parametric oscillator 
The two OPOs used for IRPD and IR-IR double-resonance spectroscopy basically resemble the 

Laservision Narrowband OPO/OPA described in section 2.2.3 with the important difference that they 

have no grating in their resonator. Thus, the resolution of the OPO used as probe in the double-

resonance experiment is significantly downgraded to roughly 5 cm-1. The resolution of the OPO used 

for IRPD and as pump (burn) laser for IR-IR double-resonance spectroscopy is yet recovered to 

roughly 1 cm-1 as it is pumped by a seeded Nd:YAG laser. To produce radiation in the fingerprint 

region, both signal and idler of the IR-OPO are difference frequency mixed in an AgGaSe2 crystal.  

 Table 3: Specifications of the lasers 

Nd:YAG laser Continuum Surelite II  
 

output power ≈ 600 mJ/pulse  
q-switched at 10 Hz  
linewidth ≈ 0.005 cm-1 (injection seeded) 
linewidth ≈ 1 cm-1 (unseeded) 

 Laservision Broadband OPO/OPA 
 

OPAIDLER = 2200-5000 nm = 4500-2000 cm-1 

→ output power ≈ 2-10 mJ/pulse 

Ag2Se SIGNAL = 2000-1000 cm-1 

→ output power ≈ 0.5-1.3 mJ/pulse 

 

2.3.4 Ultraviolet/Visible dye laser 
Frequency doubling of the emission of two tunable dye lasers provides the radiation in the UV range. 

For UVPD and IR-UV double-resonance spectroscopy, a Lumonics HD-500 dye laser is used which is 

pumped by a Continuum Surelite II Nd:YAG laser operated at 20 Hz. The dye laser added for UV-UV 

double-resonance is a Sirah Cobra Stretch pumped by a Continuum Surelite II Nd:YAG laser operated 

at 10 Hz. Both dye lasers have linewidths of less than 0.1 cm-1.  

The principle of operation is explained in Fig. 2.12. The pump beam excites dye molecules in 

the first dye cell. Some part of their fluorescence is expanded by four prisms, the so-called beam 
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Fig 2.12 Design of the Sirah Cobra Stretch dye laser (simplified).  

 

expander (BE), and directed onto the diffraction grating (G). Output coupler (OC), grating and tuning 

mirror (TM) are adjusted to form a resonator for one specific wavelength within the tuning range of 

the dye. They select one specific first-order diffraction maximum of the fluorescence band. The 

corresponding radiation is then back reflected towards the output coupler. Whenever passing the 

dye cell, the radiation is amplified finally producing the laser radiation. Partly, it is released through 

the output coupler, which is a semitransparent mirror, and subsequently reflected into the first dye 

cell. Here it is overlapped with the fluorescence of the dye produced by another part of the pump 

beam, and hence amplified. Another amplification stage is provided by the second dye cell. Second 

harmonic generation (SHG) of the resulting laser provides radiation in the UV range.  

Table 4: Specifications of the lasers  

Lumonics HD-500  
 

grating 2400 lines / mm 
tuning range ≈ 330-750 nm 
linewidth ≈ 0.05 cm-1 @560nm 

 

Sirah Cobra Stretch  
 

grating 2400 lines / mm 
tuning range ≈ 370-760 nm 
linewidth ≈ 0.07 cm-1 @570nm 

 

2.4 Quantum chemistry methods 
The interpretation of experimental data of biomolecules is often not straightforward because their 

three-dimensional structure may not a priori be known. However, the conformation of a molecule 

strongly affects its physical properties and hence many observables like its spectroscopy. Quantum 

chemistry explores the configuration of atoms and the electronic structure of molecules, as well as 

chemical bonding or intermolecular interactions in molecular assemblies.147 Furthermore, it 

describes the physical and chemical characteristics of molecules, e. g. their spectroscopy and 

stability. Thus, comparing experiment and theory facilitates the interpretation of experimental data 

on the one hand. On the other hand, it allows the gradual improvement of theoretical predictions. A 

very basic but noteworthy assumption is that the natural biomolecule most likely adopts a structure 

which is related to the global minimum or at least one of the most stable structures predicted by 

theory. Structural predictions of gas-phase molecules and molecular clusters are still feasible. In this 

work, quantum chemistry methods are used to sample, predict and evaluate experimental 

observables, particularly IR spectra. Many parameters investigated in the following, such as relative 

stabilities and binding energies, originate primarily from calculations. Some major principles of the 

applied quantum chemistry methods are therefore recapitulated. 

Molecular properties such as structure and interactions are derived from the Schrödinger 

equation,                . The      stationary state of a molecule is defined by eigenvalues  of 

wavefunction and energy         and   .147,240 From these many observables can be derived. 

However, for more than two interacting particles there exists no closed-form solution to the 

Schrödinger equation. Hence, iterative methods are used to approximate the         and   . Here, 

we use density functional theory, which is based on the variational principle, to explore the potential 

energy surfaces of the studied species.   
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All calculations are performed within the framework of the Born-Oppenheimer 

approximation. It relies on the assumption that the motion of the electrons can be separated from 

that of the nuclei. Thus, the electronic structure and the nuclear configuration are consecutively and 

independently computable. In a first step, the motion of the electrons with coordinates   is 

described in the field of the fixed nuclei with coordinates   (solution of the electronic Schrödinger 

equation). In a second step, the motion of the nuclei in the field of the electrons is determined 

(solution of the nuclear Schrödinger equation). Thereby the potential energy surface defined by the 

nuclear configuration and corresponding electronic energies is successively scanned. 

2.4.1 Density functional theory  
Density functional theory (DFT) is a quantum mechanical method to solve the electronic structure 

problem of a many-body system in its ground electronic state. Solutions to the Schrödinger equation 

are sought based on the electron density      rather than on the wavefunctions     . Following the 

Hohenberg and Kohn theorems,241 the ground state energy   of a system of   electrons is a unique 

functional of the electron density, namely          . Moreover, the energy         is minimal 

only for the exact ground state density and can in principle be found based on a variational calculus. 

 An appealing advantage of DFT is the reduction of the number of variables compared to 

wavefunction-based methods since the electron density      depends only on the three spatial 

coordinates independent of the number of electrons.147 The electron density at   is defined as the 

sum over all one-electron orbitals      , so-called Kohn-Sham orbitals, of the   electrons,4,242  

      ∑        
  

     and     ∫       . 

It is worthwhile to stress that by introducing the Kohn-Sham orbitals       the complex many-body 

problem is formally expressed by single-particle equations. The       are modeled as linear 

combinations of basis functions    yielding the density matrix    , 147 

       ∑          
       ;        ∑    

 
      

 . 

This facilitates the numeric solution of the self-consistent Kohn-Sham equations, which express the 

energy eigenvalue problem in DFT.147,240,242 The Kohn-Sham equations describe a system of ”virtual” 

non-interacting electrons in an effective potential      that generate the same density as the “real” 

interacting electrons, and can be expressed as,147  

                         

with operators of the kinetic energy    
  

  
 , and the effective potential     ,147,243 

       
  

    
∑

       

      

 

   

  
  

    
∫

    

      
   

       

  
  

In the order of appearance, the effective potential      contains expressions of the interaction 

between one electron and the nucleus with charge    and coordinates   , the Coulomb repulsion 

between two electrons at coordinates   and   , and the exchange-correlation term     

            .242 These equations have to be solved self-consistently, beginning with an initial guess 

for     , construction of     , calculation of the ground state energy and updating of       Thus, the 

ground state energy can be minimized until a certain convergence criterion is met.  
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The exchange-correlation term                  is unknown and must be constructed 

based on heuristic assumptions. The exchange-correlation energy     is often decomposed into the 

exchange term    and the correlation term   , such that           .244 The physical meaning of 

    is not trivial, but since this term is an essential aspect in DFT, it shall be illuminated in the 

following. If identical particles, such as electrons, form a quantum mechanical state, certain rules 

must be satisfied. For example, following the Pauli principle, a quantum mechanical system must be 

antisymmetric with respect to the exchange of electrons. The exchange energy    is a result of the 

behavior of the quantum mechanical system, and is defined as the energy difference between a 

system of identical indistinguishable particles and that of distinguishable particles.240 The correlation 

energy    is even more abstract and no general explicit expression is known.244 The origin of 

correlation can be related to the way many-body wavefunctions are constructed in quantum 

mechanics. Typically, many-body wavefunctions are approximated by linear combinations of 

products of single-particle wavefunctions.244 At the same time, wavefunctions are interpreted as 

probability amplitudes. Within the framework of probability theory, constructing the probability of 

an event as a product of the probability of subevents is only possible if these subevents are 

mathematically independent (uncorrelated). However, due to the Coulomb interaction between the 

electrons this does not apply to the particles within the many-body problem of DFT. The error based 

on this assumption is the correlation energy   . More precisely,    can be explained within the 

framework of the Hartree-Fock approximation. Here, many-body wavefunctions are constructed as 

antisymmetric products of single-particle orbitals by Slater determinants.244 The difference between 

the energies derived from the true (unknown) many-body wavefunctions and those derived from the 

Hartree-Fock approach is then called the correlation energy   . 

DFT functionals basically differ in their structure of    . The exchange-correlation term 

includes all many-body aspects of the electronic problem and several approximations are necessary. 

The first widely used approximation is the local-density approximation (LDA).244 Within the LDA, the 

    of an inhomogeneous system (atom, molecule) is modeled by integrating over local densities of 

a homogeneous electron gas at each point in space,244 

          
       ∫   

             

with the per-volume exchange-correlation energy of the homogeneous electron gas    
          that 

is a function of the local density     . Noteworthy, the per-volume exchange-energy   
          of 

the homogeneous electron gas is exactly known. Still, corrections to the LDA approximation are 

mandatory for a proper description of atoms and molecules as their density distributions are non-

uniform. Major improvements are achieved by introducing gradients of the density      . Within the 

so-called generalized-gradient approximation (GGA),     is expressed in terms of the density and its 

gradients,244 

   
        ∫                

Several gradient-corrected functionals are available which differ basically in the construction of 

             . Some functionals are fitted to empirical data, such as BLYP, others include primarily 

physically exact constraints, such as PBE.244,245 In this study, B3LYP and PBE0 have been used (vide 

infra), which are so-called hybrid DFT-functionals. In a hybrid functional, the exchange-correlation 

term is a linear combination of the Hartree-Fock exchange functional and some DFT exchange-

correlation.246 The Hartree-Fock exchange energy can be written as,240  
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∑∫  

      
     

 

   
    

          

   

    

with     being the distance between two interaction particles, and their corresponding wavefunctions 

    
   and      . Within this hybrid, the weights of Hartree-Fock and DFT exchange proportions are 

fitted empirically based on the adiabatic connection formula.244,247 This significantly improves the 

performance of the DFT calculation. 

2.4.1.1 B3LYP-D3/aug-cc-pVTZ 

All calculations at the hybrid DFT-level B3LYP-D3/aug-cc-pVTZ were performed using the Gaussian09 

program suite.248 The B3LYP functional describes the exchange-correlation term by combining the 

three-parameter functional B3 by Becke and the LYP functional of Lee, Yang and Parr.247,249,250  

The three semi-empirical parameters   ,    and    of the B3LYP functional are fitted 

systematically to thermochemical data, i. e. ionization potentials, proton affinities, and total atomic 

energies of atoms and small molecules.249,251 The B3LYP functional is defined as,248,249  

   
          

      (  
     

   )       
      

         
    

with the Hartree-Fock exchange energy   
  , the gradient correction to the LDA expression of the 

exchange energy    
    found by Becke in 1988,247 the correlation energy within the LDA   

    by 

Vosco, Wilk and Nusair,252 and the gradient correction to the correlation    
    by Lee, Yang and 

Parr.250 In 1988, Becke introduced a gradient correction to the LDA exchange energy that depends on 

only one parameter and yields the correct     asymptotic behavior of the corresponding exchange 

potential.247 The LYP correlation functional is comprised of local and non-local gradient-corrected 

expressions for the correlation energy derived from the Colle-Salvetti formula for correlation in 

Hartree-Fock calculations.250 B3LYP uses the non-local terms of the LYP functional, whereas the local 

correlation is provided by the VWN functional.248,252 

Typically, dispersion interactions are not implemented in DFT functionals. London dispersion 

relies on subtle fluctuations of electron density and is not well described in the framework of the 

LDA. However, attractive London dispersion is important in many biological systems, particularly if 

aromatic rings are involved.4 Dispersive forces are crucial for intermolecular interactions such as 

stacking interactions, but also for the conformation of individual molecules. To account for dispersion 

in the aromatic and chiral systems studied, the empirical DFT-D3 dispersion correction by Grimme et 

al. is added to the B3LYP functional. The dispersion term     is not incorporated in the DFT 

functional but added to the B3LYP (or any other DFT) energy        as follows,253  

                     with                

where           is the total B3LYP-D3 energy. The dispersion correction     is comprised of the 

two-body term      that describes the pairwise dispersion between two particles, and      is the 

three-body term. The two-body term dominates the dispersion energy and is expressed by the sum 

over all atom pairs    of the system,253 
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where   
  and   

   are the averaged dispersion coefficients,     is the interatomic distance of atom 

pair   ,    is the scaling factor adjusted to yield the correct asymptotic behavior of the term, and 

      ) and       ) are the following damping functions to adapt the range of the dispersion 

forces,253  

         (   (
   

       
)
  

)    

with adjustable parameters      and    that depend on the DFT functional. The three-body term 

describes the smaller long-range dispersive interactions between an atom triple     and can be 

written as,253  

     ∑ (
  

   

            
                                          ̅̅ ̅̅  )

   

 

where   
    is the dispersion coefficient,             are the interatomic distances,             

are the angles between the triple    , and         ̅̅ ̅̅   is again a damping function for correct 

asymptotic behavior. Finally, the most important parameters are explicitly computed from first 

principles and the approach yields a correct asymptotic behavior for molecules. 

 As indicated above, to compute the Kohn-Sham orbitals       basis functions       

collected in a basis set, are necessary. A prominent approach to molecular orbitals is to derive them 

as linear combinations of atomic orbitals (LCAOs). In principal, two types of basis functions are 

employed, namely Slater-type orbitals         and Gaussian-type orbitals        .240,254 Slater and 

Gaussian 1s orbitals can be written as follows, 

        √
  

 
        and           (

  

 
)

 

 
     

 

Higher orbitals can also be expressed in terms of Slater and Gaussian functions with different angular 

dependencies.4 Although Slater-type orbitals are usually more precise, linear combinations of 

Gaussian-type orbitals are typically preferred since they are easier to compute. Contracted Gaussians 

are linear combinations in which the coefficients are kept constant.4 So-called diffuse functions are 

Gaussians with small exponents   such that they decay only slowly with larger distance from the 

nuclei.4,254 Hence, they have a long tail that allows the description of long-range interactions. 

Polarization functions which include expressions of higher orbitals are often added to basis sets.4,254 

Thus, the basis set becomes more flexible allowing asymmetries of the electron density what 

facilitates the description of effects related to polarization (intermolecular interactions).4  

In the present work, the aug-cc-pVTZ basis set by Dunning et al. has been used.255 All atoms 

contained in the studied species (H, C, N, O, Ar) are readily covered by this basis set. The acronym 

aug-cc-pVTZ stands for augmented-correlation-consistent-polarized-valence-triple-zeta. The cc-pVTZ 

basis set contains contracted Gaussians and polarization functions.254,255 Augmenting the basis set 

means adding diffuse functions that furthermore enhance its performance in predicting molecular 

and intermolecular properties.  

Finally, the dispersion-corrected hybrid functional B3LYP-D3 combined with the aug-cc-pVTZ 

basis set has proven to be well-suited for the description of noncovalent interactions such as -

stacking and H-bonding. Infrared spectra, relative energies and binding energies of related systems 

have convincingly been modeled in a series of previous studies.37,169,256–260   
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2.4.1.2 PBE0+MBD/tight 

Structural optimizations using the PBE and PBE0 functionals with many-body dispersion (   ) 

corrections and light and tight basis sets were performed using the Fritz Haber Institute ab initio 

molecular simulation (FHI-aims) quantum chemistry package.261–263 FHI-aims is a quantum chemistry 

code developed by Scheffler, Blum et al. which employs numerically tabulated atom-centered 

orbitals (vide infra).261 

 The PBE functional named after Perdew, Burke and Enzerhof, was introduced in 1996 as a 

parameter-free gradient-corrected DFT functional.245 In contrast to the B3 functional of Becke, no 

empirical fitting was employed. This makes PBE applicable to a wide range of systems in quantum 

chemistry as well as in solid state physics.  

 The PBE0 functional is again a hybrid DFT functional that uses the exact Hartree-Fock 

exchange term   
  . Based on the adiabatic connection formula,264,265 the weighting of exact 

exchange   
   and PBE exchange   

    is set at a 3:1 ratio, whereas the correlation functional   
    is 

the same used in PBE,264,265  

   
         

    
 

 
   

     
       

    
 

 
  

   
 

 
  

    

Again, PBE0 is an example for a hybrid DFT functional which is not heavily parametrized, but closely 

related to fundamental principles.  

Like the B3LYP functional, also PBE and PBE0 intrinsically lack a description of dispersion. FHI-

aims includes two distinct versions of dispersion correction, namely the pairwise van der Waals 

correction by Tkatchenko and Scheffler,      ,266 and a many-body dispersion correction,    .267 

Both approaches are additive energy corrections to the DFT energy. In contrast to the D3 method of 

Grimme et al.,253 the pairwise       dispersion correction is parameter-free and the dispersion 

coefficients are derived directly from the ground-state electron density. In analogy to the     term 

of Grimme (vide supra),253 the pairwise       energy interaction is,266  

    
    

 

 
∑

  
  

   
 
           

  

 

where the   
  coefficients are derived based on the relative polarizability of a bound atom (inside a 

molecule) relative to the free atom, for which expressions for the polarizability are known. However, 

the pairwise treatment of the London dispersion ignores the interaction of the fluctuating dipole of 

one atom with more distant dipoles (many-body problem). First, the     approach adds to the 

      expression a term to describe such long-range screening effects. Second, a many-body 

energy term is also added, which is derived from a model of coupled fluctuating oscillators.267 

Instead of using LCAOs, FHI-aims employs numerically tabulated atom-centered orbitals 

(NAOs)       for all elements to construct the Kohn-Sham orbitals. These NAOs are described by,261 

      
     

 
       

with radial functions      , which are numerically tabulated, and spherical harmonics       . The 

radial functions       are composed of a potential function       which determines their general 

behavior and a confining function         that defines the cutoff of      .  Differently sized compact 
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Fig 2.13 Working principle of basin hopping 

on a one-dimensional PES. 

basis sets are available for each element, called the minimal, light (tier1), tight (tier2) and very tight 

(tier3) basis sets. For instance, following radial functions are included for the H atom,261  
 

minimal light - tier1 tight – tier2 very tight – tier3 

             

          

           

          

          

          

           

          

          

          
 

Here,         designates a hydrogen-like orbital for the bare Coulomb potential     with charge   

and quantum numbers   and  .261 These basis sets are hierarchical, i. e. larger basis sets contain the 

smaller ones to ensure basis set convergence. Usage of the tight and very tight basis sets yields total 

DFT energies converged to a few meV.261,268  

Finally, the excellent performance of the PBE0+      and PBE0+    functional combined 

with a tight basis set has been exemplified for a variety of biomolecular systems.268–272 

2.4.2 Basin hopping 
The search for conformational minima on the PES of a 

molecule is not always trivial. For example, glutamic 

acid (Glu) studied herein can already adopt 385 

configurations in its neutral ground state (within E=75 

kJ/mol).273 Formation of protonated dimers of two Glu 

molecules further drastically increases the complexity of 

the problem. The many degrees of freedom in forming 

dimers are no longer controllable just by “chemical 

intuition”. Instead, computer algorithms are necessary 

which systematically explore the PES of the system. 

Here, the sampling of the PES of homochiral and 

heterochiral protonated glutamic acid dimers (LL- and 

LD-Glu2H
+) is accomplished successively by two approaches. First, the basin hopping technique is 

applied to scan the PES for local minima using a force field. Second, a replica exchange molecular 

dynamics (REMD) simulation (vide infra) is used to generate a pool of structures from the most stable 

structures found by basin hopping. More details on the procedure are given in section 3.6. 

Basin hopping is a stochastic global optimization technique based on a random walk through 

the PES.274 Fig. 2.13 schematically illustrates the working principle of the basin hopping algorithm. 

Starting at a given stable structure that represents a local minimum on the PES a random 

perturbation of the coordinates is performed (Monte Carlo sampling). Acceptance of these “hops” is 

based on a metropolis criterion (vide infra).275 From the new point on the PES, a local gradient-based 

minimization is accomplished using a predefined force field.274 The force field is a parameterized 

potential energy function used to drive the relaxation of a conformation towards the closest local 

minimum. Depending on the choice of the force field, basin hopping can describe the structure of 

atomic and molecular clusters or biomolecules.275 However, in a basin hopping optimization, the pure 

electronic PES is regarded whereas the actual structure of a biomolecule may rather be related to the 
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free energy (vide infra).275 Basin hopping furthermore uses a specific transformation of the PES into a 

piecewise step function (Fig. 2.13). Once a local minimum is found, the area around it is assigned the 

value of this minimum,  ̃             .274 The resulting plateaus are called “basins”. Thus, not 

the full PES is mapped, but rather its projection neglecting barriers and transition states.274  

In the present work, basin hopping was used for presampling of the PES of LL- and LD-Glu2H
+ 

in order to provide reasonable starting structures for the REMD simulation. Hence, the approach was 

neither intended nor expected to converge to the global minimum. The MM3Pro force field was used 

to model the potential energy function,276 and initial structures were prepared based on “chemical 

intuition”. The actual basin hopping conditions used for LL- and LD-Glu2H
+ are described in more 

detail in section 3.6.  

2.4.3 Molecular dynamics simulation 
An efficient method for sampling of the conformational space of biomolecules, which are often 

rather flexible, is to run a molecular dynamics (MD) simulation. Here, the motion of molecules and 

their interactions are iteratively scanned based on semi-empirical force fields or quantum chemical 

first-principles methods. The applicability of an MD simulation as a sampling method is based on the 

ergodic hypothesis.4 Within the statistic approach, thermodynamic systems are usually ergodic, i. e., 

their statistical development is equally described by a time average and an ensemble average. As a 

statistical method an MD simulation lives in a certain thermodynamic ensemble. Depending on the 

problem, an MD simulation describes either an isolated system in the micro-canonical ensemble 

(    ensemble), in which number of particles  , volume   and energy   are kept constant, or a 

system in the canonical ensemble (    ensemble), where the temperature   is fixed during 

individual MD runs.147 To sample the conformations of a molecule, all       atoms are 

considered as moving particles with masses    and momenta    at coordinates   . A short overview 

of the methods to compute the motions of the particles, so-called MD trajectories, is given below. 

Different quantities, such as thermodynamic potentials, partition functions, or correlation 

functions can be derived from an MD simulation. Here, it was however only used as sampling 

method, such that a rather short, possibly not fully equilibrated MD run was sufficient. 

2.4.3.1 Classical molecular dynamics simulation 
Molecular trajectories are computed based on Newton´s equation of motion. First, initial conditions, 

positions    and velocities    and the potential energy      , are defined at    . Then, the force or 

force components in x-, y- and z-direction driving the motion on atom   are calculated by,4  

          
    

     
      

   
    . 

For large systems, computation of the forces can be quite costly. Therefore, analytical force fields are 

often used to model       to reduce the computational effort. The position of atom   at time      

is derived from the Taylor series,4,147  

                       
 

 
          

Different algorithms are available to evaluate this equation and update the position of atom  . Then, 

forces are computed at the updated positions leading to new velocities and new positions, and so on. 

Iteratively, trajectories are derived. Of course, the kinetic energies of the atoms depend on the 
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temperature  . According to the equipartition theorem, the average kinetic energy of the system is 

given as,147  

〈 〉  ⟨∑
  

 

   
 

⟩  
 

 
     

with     for monoatomic and     for diatomic gases. As is a common sense, the higher the 

temperature the faster the motion. Thus, by increasing the temperature of the simulated system 

conformational barriers can be overcome. Every MD simulation needs some time to equilibrate 

based on the chosen thermodynamic ensemble.  

2.4.3.2 Ab initio molecular dynamics simulation 
In an ab initio MD simulation (AIMD), the forces are computed on the fly from first principles by 

solving the Schrödinger equation, for example by DFT.4 In AIMD, the forces are thus not derived from 

a predefined potential      , but rather depend on the wavefunctions or densities,          or 

        . In contrast to classical MD, electrons are explicitly treated within the Born-Oppenheimer 

approximation. Typically, the nuclei are yet still treated classically making AIMD a semi-classical 

method. In the present case, the PBE/light DFT level has been used to compute the forces.  

2.4.3.3 Replica exchange molecular dynamics simulation 
In this study, a replica exchange ab initio molecular dynamics simulation was performed. In a replica 

exchange molecular dynamics simulation (REMD), so-called parallel tempering is employed for 

several non-interacting copies (replicas) of the system. This significantly accelerates the simulation 

and enables the system to overcome large potential barriers by sampling a wide range of the 

PES.4,268,277,278 To this end, the replicas are assigned to different temperatures            and an 

independent MD simulation is run for each replica. Hence, the individual MD runs typically use the 

canonical ensemble. After a certain simulation time, pairs of neighboring replicas (neighbors with 

respect to temperature) are attempted to swap temperatures. The acceptance ratio for swapping is 

related to the energy difference of the replicas    (Metropolis criterion),4,277 

     {
                      

                  
     with              

 

    
 

 

    
  

with the energies    and    of the replicas at temperatures    and   . The energy gap   is smallest 

between neighboring temperatures such that the probability for swapping      becomes largest. 

The Metropolis criterion directly influences the REMD settings, namely the choice of simulation 

temperatures, number of replicas and simulation time. Generally, REMD temperatures are chosen 

based on two conditions. First, sufficiently high temperatures must be accessed by the replicas to 

overcome potential barriers. Second, the temperatures must be close enough, viz. the number of 

replicas must be high enough that the swapping probabilities      take reliable values. Ideally, the 

choice of      and a sufficient duration of the REMD simulation assure that all replicas spend the 

same time at each temperature.278 Once swapping is accomplished, the momenta    of the atoms 

need to be adapted to the new temperature to ensure that  ⟨∑
  

 

   
 ⟩  

 

 
     still holds. To this 

end, they are scaled like    
     √              

   .278  

Finally, each replica traverses a wide range of temperatures facilitating effective sampling of 

both low and high energy configurations. However, swapping of replicas is actually pretty unphysical. 

Therefore, REMD is not suitable to derive quantities such as dynamics or thermodynamic potentials. 
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Fig 2.14 Harmonic (black) and anharmonic 

(green) potentials with energy levels. 

Indeed, REMD is just a very efficient way to sample the PES.278 In contrast to basin hopping, REMD is 

not an optimization technique but rather generates snapshots of possible conformers. The 

configurations resulting from REMD must subsequently be relaxed into local minima on the PES using 

DFT. The explicit REMD conditions and more information on the full sampling procedure used to 

study the conformation of LL- and LD-Glu2H
+ are described in detail in section 3.6. 

2.4.4 Infrared Spectra 
In this work, all IR spectra are calculated within the 

harmonic approximation to the vibrational 

potential. To this end, the vibrational potential is 

developed in a Taylor series up to the second order. 

In the system of normal coordinates, the harmonic 

vibrational energy of a system of       atoms 

is the sum of uncoupled oscillators,214,231 

                
 

 
∑   

    
   

  

 

 

where    are the momenta of the decoupled 

oscillators, and    are their displacements in 

normal coordinates, for simplicity the mass of the 

oscillators is set    . The harmonic oscillator 

approximation yields equidistant overtones for each normal coordinate,214,231 

        

 
   . 

However, the harmonic approximation is only valid for very small displacements. The real vibrational 

potential is anharmonic (Fig. 2.14). The harmonic (black) and anharmonic (green) functions coincide 

only very close to their minima. Due to anharmonicity, the energy levels are not equidistant but 

move closer for larger  . Some features observed in experiments, such as Fermi-resonances, are only 

described taking into account anharmonicity because they are based on the coupling of different 

modes. Mode coupling is however described by higher-order terms in the Taylor expansion of the 

vibrational potential.  

 Fig. 2.14 furthermore indicates how the binding energy    is specified. The electronic 

interaction energy    is defined as the difference between the dissociation energy and the electronic 

energy at the minimum geometry of the molecule. The binding energy    of a certain bond or a 

molecule is now derived by subtracting the zero-point vibrational energy           of the 

corresponding mode or the entire ensemble of vibrational modes. 

 The vibrational spectrum is not only given by the energies    of the modes, but also by their 

intensities. There are essentially two different perspectives on the IR intensities of a spectrum. First, 

there is the macroscopic view, based on the Lambert-Beer law,279  

                   

with the transmitted intensity     , the initial intensity      , the absorption cross section     , the 

concentration   of the absorbing material and the path length   through it. The integrated 

absorption cross section is then given by,  
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The integrated absorption cross      is given in       , which is the typical unit of IR intensities 

(which are rather cross sections) used by the Gaussian program package. On the other hand, IR 

intensities can be derived microscopically based on the Einstein coefficient for absorption    . The 

transition intensities are proportional to     , which itself is proportional to the square of the 

transition rate     ,280 

               |∫   
       |

 

    

with initial and final states    and    , the coupling operator   and the density of states in the final 

state   . Within the dipole approximation for the interaction of light and matter, the coupling 

operator   is the electric dipole operator,   ∑       with charges    at coordinates   . To evaluate 

   ,   is developed in a Taylor series,230 
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For the linear response, the Einstein coefficient then becomes,  

           |(   ∫   
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yet, ∫   
         for two different vibrational states, such that only the second term remains. 

Hence, we find a dependence of the IR intensity on the variation of the dipole moment operator, 
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|
 

 

The FHI-aims program package gives IR intensities in        indicating their derivation from the 

Einstein coefficient    . Finally, both approaches can be related by the integrated cross sections 

    . In the microscopic view,         , and hence, 

 

  
∫   (

    

     
)       ∫   

               . 

Evaluation of the vibrational modes and rotational constants also allows for predicting temperature 

effects on the PES of the molecule. Such effects can be described by the Gibbs free energy   or the 

Helmhotz free energy   of the system, which are formally given by, 

          and        

where   designates the internal energy of the system,   is the entropy,   is the temperature,   is the 

pressure and   the volume of the system. It is worthwhile to note that all experiments are 

performed in the gas phase in vacuo. Hence, the pressure of the systems studied can readily be set to 

zero,    . In this case, Gibbs and Helmholtz free energies are equal,    . The Helmholtz free 

energy is composed of the electronic energy at the minimum,    (the DFT energy), and the internal 

free energy     ,          . The internal free energy contains a vibrational      and a rotational 

part     , such that               , and is readily computed by,281 
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           (√ (
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√      ) 

where    is the Boltzmann factor, and   ,    and    are the moments of inertia in x-, y- and z-

direction. Here,      and      are evaluated within the framework of the harmonic oscillator and the 

rigid rotor approximations. All quantities can be derived from structural and spectroscopic data of 

the molecule readily computed by DFT and vibrational analysis.  

2.4.5 Natural bond orbital analysis 
In the present work, partial charges in the protonated molecules were derived by a natural 

population analysis.282–285 The concept of charges and electronic population around atoms is closely 

related to the orbital picture in chemistry. However, the described quantum chemical calculations 

yield wavefunctions or electron densities, which are abstract mathematical descriptions. While the 

Kohn-Sham orbitals used in DFT have no clear physical meaning, their transformation into so-called 

natural orbitals establishes tangible descriptions of chemical concepts.284,285 This transformation 

actually comprises a sequence of transformations from the chosen input basis set made of atomic 

orbitals over natural orbitals (NOs) to localized natural atomic orbitals (NAOs) and finally natural 

bond orbitals (NBOs).283 This sequence is processed by the NBO program attached to the Gaussian 

program package.248,286 Schematically, NBOs are constructed as follows. 

First, natural orbitals (NOs) are introduced, from which NBOs can subsequently be deduced. 

Löwdin proposed to evaluate average physical quantities of a many-body system using density matrix 

operators.287 In general, density operators are used to describe the physical state or an average 

physical quantity of a quantum mechanical system. In this context, the more general NOs    are the 

eigenfunctions of the first-order (“one-particle”) density operator     ,282,283,287  

               and        ∫                           
   

with the population    of the NO   , and the first-order density operator of a system of       

particles at coordinates            with wavefunctions            describing the state of the 

system. The integration over    
  runs over all coordinates except   .283,287 

Second, natural atomic orbitals (NAOs) can be defined, which are the eigenfunctions of the 

reduced first-order density operator   
   

.282,283 In general, a reduced density operator is defined as to 

describe a subset of the system described by the corresponding full density operator. While natural 

orbitals of a molecule describe it as a whole and are therefore delocalized, NAOs are localized one-

center orbitals. For example, the natural atomic orbital   
   

 is centered at atom   and is the 

eigenfunction of the localized subset   
     

 of the density matrix     ,282,283 

  
     

   
   

      
   

 

Analyzing the populations of these NAOs (“natural population analysis”) yields their atomic charges   

and occupation numbers   . For instance, the atomic charge      on atom   is computed from the 

corresponding NAO   
   

,285 
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where      is the atomic number of atom   and   
   

 is the occupation number. This charge-

partitioning scheme satisfies the Pauli principle with     
   

  .285 The numbers calculated from 

this population analysis are used to derive charge distributions (vide infra). 

Finally, natural bond orbitals (NBOs) are constructed.283,284 The NBO program sorts the NAOs 

according to their occupation.283 Fully occupied NAOs (>1.999 e) are ranked as unhybridized core 

orbitals. NAOs which are not fully occupied but whose occupancy exceeds a certain threshold, are 

classified as “lone pair” orbitals.283 Subsequently, eigenvalues of two-center subblocks   
      

 of the 

density operator are examined to yield bond orbitals. If their occupancy reaches a preset threshold, 

NBOs are constructed as linear combinations of the underlying NAOs. Hence, bonding NBOs are 

normalized linear combinations of atomic orbitals centered at two atoms,283,284  

    
    

    ∑    
   

 

    ∑    
   

 

 

and anti-bonding NBOs are of the form, 

    
     

    ∑    
   

 

    ∑    
   

 

 

with polarization coefficients    and     Bonding NBOs mostly have occupation numbers close to 

     while antibonding NBOs are almost unoccupied with numbers close to     .285 This is very 

similar to the concept of bonding electrons and lone pairs used in the picture of Lewis structures. 

However, delocalization is also describe by partial occupation of orbitals. NBOs can be visualized to 

illustrate the orbital structure (HOMO, LUMO, or others) or delocalization effects. 

2.4.6 Plotting noncovalent interactions 
To understand interaction strengths and resulting relative energies of molecular clusters, their 

noncovalent interactions can be visualized using the Noncovalent Interactions (NCI) approach.288,289 

To this end, the electronic density of a stable structure derived by DFT is further examined. The 

topology of the electron density      carries fundamental information on the structure of a molecule 

or a molecular cluster as well as on the interactions forming this structure.  

At maxima of     , the nuclei are located, and between these maxima chemical bonds may 

occur.290 Whether or not chemical bonds or noncovalent interaction regions are present, is indicated 

by the behavior of the density     , its gradient      , and its curvature given by the second 

derivatives               along the principal axis of variation. Saddle points of     , which are 

minima on the internuclear axis, and maxima in the two perpendicular directions, mark bond critical 

points.288–290 These are localized by the NCI software using the reduced density gradient     ,288,289  

     
 

         

       

           
 

At bond critical points,      completely or nearly vanishes, resulting in characteristic troughs of 

    .288 The nature of the interaction at the bond critical point is indicated by the curvature of the 

density. Therefore, the second derivatives collected in the Hessian matrix       are used, 

      (
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The Hessian matrix can be analyzed for principal components yielding three eigenvalues   ,    and 

  , with             and         .288 Conventionally, in the coordinate system defined 

by the principal axis, the third eigenvalue    indicates the variation of the density along the 

internuclear axis. The first and second eigenvalues,    and   , describe the variations perpendicular 

to it. Within the NCI approach,    is chosen to describe the type of interaction. If     , electron 

density is leaving the considered volume and the interaction is repulsive. In contrast, if     , 

density is entering, and the interaction is attractive. This procedure is deduced from the divergence 

theorem. In the end, NCI plots can be generated, which give      as a function of the weighted 

electron density           . 

Finally, the type of interaction is further distinguished by the value of            at the 

bond critical point. Importantly, it is not the density    ) itself that vanishes at the bond critical 

point. Its reduced gradient      is (almost) zero indicating a minimum of the density. The amount of 

electron density left at the bond critical point allows estimating the strength of the interaction. The 

higher the value of     , the stronger the interaction. Thus, H-bonds are found at larger      values 

than van der Waals interactions. 

The NCI software generates isosurfaces of           , which mark the regions of the 

noncovalent interaction. These isosurfaces surround the actual bond critical point and their size 

varies depending on the topology of the density. Hence, they provide an intuitive and illustrative 

measure for the interaction strengths. Examples of NCI plots and corresponding isosurfaces are given 

in sections 3.3 and 3.6.  

It is important to note, that NCI plots contain information about the existence, the type 

(attractive or repulsive) and the strength of the interactions, as they depict      as a function of 

          . However, they contain no direct information about the location of the interaction 

inside the molecule. An assignment can carefully be derived by extracting the dependence of the 

individual isosurfaces on the      cutoff value from the NCI plot.291  
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3 Published results 

3.1 Protonation and sequential microsolvation of 5-hydroxyindole: 

IRPD spectra of 5HIH+-Ln with L=Ar and N2 (n≤3) 
  

J. Klyne, O. Dopfer 

J. Chem. Phys. B, 2018, 122, 47, 10700-10713  

https://10.1021/acs.jpcb.8b09023 
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Infrared spectra of size selected Ar/N2-tagged clusters of the heteroaromatic 

protonated 5-hydroxyindole (5HIH+) reveal its protonation at the C3 and C4 

carbon atoms and the oxygen atom. 

https://10.0.3.253/acs.jpcb.8b09023
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Protonation and Sequential Microsolvation of 5‑Hydroxyindole:
Infrared Photodissociation Spectra of 5HIH+−Ln with L = Ar and N2
(n ≤ 3)
Johanna Klyne and Otto Dopfer*

Institut für Optik und Atomare Physik, Technische Universitaẗ Berlin, Hardenbergstr. 36, 10623 Berlin, Germany
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ABSTRACT: Protonation and solvation of functionalized
heterocyclic aromatic molecules, which often occur as
biomolecular building blocks, are important processes in (bio-)
organic biochemistry. Herein, we study the protonation and
microsolvation mechanisms of 5-hydroxyindole (5HI, 1H-indol-
5-ol, C8H7NO), the chromophore of serotonin, produced by
electron and and chemical ionization using infrared photo-
dissociation (IRPD) spectroscopy of mass-selected cold
5HIH+−Ln clusters (L = Ar/N2, n ≤ 3) and dispersion-corrected
density functional theory calculations (B3LYP-D3/aug-cc-
pVTZ). Isomer-selective OH and NH stretch frequencies in
the spectral range 3000−3800 cm−1 reveal the coexistence of at
least four protonated species: the most stable syn (cis) isomer
protonated at the C3 position of indole, both syn- and anti-
rotamers protonated at C4 of the phenol ring, and the drastically less stable O-protonated isomer (ΔE0 = 117.1 kJ/mol)
stabilized by kinetic trapping. Manipulation of the IRPD conditions (fragmentation channels) facilitates the spectroscopic
isolation of O-protonated species. Upon protonation, the acidity of the OH group increases in the order 5HIH+(C3),
5HIH+(C4), and 5HIH+(O), while the acidity of the NH group decreases along this series, strongly affecting the microsolvation
motifs of the individual isomers. Comparison of 5HIH+−L to the corresponding neutral and radical cation clusters reveals the
impact of both protonation and ionization on the interaction with nonpolar ligands. Furthermore, our results are compared to
protonated phenol, for which similar gas-phase protonation mechanisms have been found. Comparison of 5HIH+−L with the
corresponding clusters of protonated phenol illustrates the effects of functional substitution and addition of aromatic rings on
intermolecular potential.

1. INTRODUCTION
Aromatic heterocyclic molecules and their derivatives are
molecular building blocks of numerous biomolecules.1,2

Protonation of functionalized aromatic molecules plays a
vital role in many processes in physical and organic
biochemistry, such as molecular recognition, enzymatic
reactions, and proton transport.2 For example, recognition
processes rely on the structural adjustment of the interaction
partners as well as on partial charges and binding affinities of
functional groups or on the accessibility of aromatic rings.
Understanding these phenomena at the molecular level
requires detailed knowledge of the intermolecular interaction,
which is directly addressed by the combination of laser
spectroscopy of size-selected gas-phase clusters and quantum
chemical calculations. Isolated size-selected clusters of
protonated aromatic molecules are model systems to study
the effect of protonation and sequential microsolvation on
structure and stability. Vibrational infrared (IR) spectroscopy
can unambiguously identify their protonation and solvation
sites. Herein, we report the first spectroscopic study of
protonated 5-hydroxyindole (5HI) clusters, 5HIH+−Ln with

L = Ar (n = 1−2) and N2 (n = 1−3), to determine (i) the
preferred protonation sites, (ii) the interaction with a single or
multiple inert nonpolar (Ar) or quadrupolar (N2) ligands, and
(iii) the impact of protonation on the intermolecular
interaction. Analysis of the vibrational IR photodissociation
(IRPD) spectra of size-selected 5HIH+−Ln clusters generated
by electron/chemical ionization (EI) is supported by
dispersion-corrected hybrid density functional theory (DFT)
calculations at the B3LYP-D3/aug-cc-pVTZ level. This
combined spectroscopic and computational approach has
previously been applied in our laboratory to a variety of
microsolvated (protonated) aromatic clusters.3−13

5HI (1H-indol-5-ol, C8H7NO) is the heteroaromatic
chromophore of the neurotransmitter serotonin and a
precursor for the hormone melatonin.14 5HI is a bicyclic
aromatic molecule comprising pyrrole, a five-membered
aromatic heterocyclic ring with an NH group, fused to a
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phenol ring bearing the OH group at the C5 position. Thus,
5HI offers several competing protonation sites, namely, its
functional OH and NH groups (OH → OH2

+, NH → NH2
+)

leading to oxonium or ammonium ions, as well as several
carbon atoms of its phenol or pyrrole rings (CH → CH2

+)
producing carbenium ions.15 Its indole subunit, for example,
most likely protonates at the C2 or C3 position, as revealed by
electronic spectroscopy and quantum chemical calcula-
tions.16,17 On the other hand, the IRPD spectra of protonated
phenol clusters (PhH+−Ln with L = Ne, Ar, N2) evidenced the
coexistence of ortho- or para-protonated carbenium and
oxonium ions.4,7,9,18,19

In general, protonation of functionalized aromatic molecules
in the gas phase may generate different isomers (protomers).
Their relative population sensitively depends on the type of
functional groups, as well as on the production mechanism
(ion source, solvation, temperature, pressure, etc.). For
example, EI/chemical ionization in a pulsed plasma expansion
of Ph and a carrier gas containing H2 produced PhH+−Ln
clusters not only with the more stable carbenium core
(protonated at ortho or para positions) but also with the
much less stable oxonium ions.4,7−9,19 By variation of the
stagnation pressure of the carrier gas, the relative abundance of
carbenium and oxonium clusters can be controlled.9

Furthermore, monitoring different fragmentation channels
yields isomer-selective IRPD spectra of oxonium and
carbenium ions of PhH+−Ln, and similarly also of isolated
fluoronium ions of protonated fluorobenzene and fluorophe-
nol.5−8 IR spectroscopy of protonated pyrrole (PyH+)
produced by chemical ionization in the cell of an ion cyclotron
resonance mass spectrometer reveals protonation at the most
stable Cα position,

20 whereas protonation at the Cβ position is
observed as a minor isomer for ions generated in a supersonic
discharge expansion.21

The geometric, vibrational, and electronic properties of
neutral 5HI in its 1A′ ground electronic state (S0) have been
studied by electronic spectroscopy,22 isomer-selective IR
spectroscopy,23 and quantum chemical calculations.11,15,22−28

Rotationally resolved electronic spectroscopy reveals the
existence of planar syn- and anti-5HI rotamers (Cs) arising
from internal rotation of the OH group.22 Anti-5HI (a5HI) is
calculated to be more stable than syn-5HI (s5HI) by 155 cm−1

(CC2/cc-pVTZ) with a barrier of around 1000 cm−1.22 The
effect of ionization on the structure, spectroscopy, and ligand
binding of 5HI(+) has extensively been discussed in our
previous studies on 5HI+−Ln clusters with nonpolar (L = Ar),
quadrupolar (L = N2), and dipolar (L = H2O) ligands by IRPD
spectroscopy and quantum chemical calculations.11,24,25 The
delocalized excess charge in the cationic D0 (2A″) ground
electronic state of 5HI+ leads to a competition between
electrostatic, induction, and dispersion forces. For the nonpolar
Ar ligands, dispersion is competitive, leading to a comparable
population of the H-bonded and π-bonded 5HI+−Ar clusters
in a molecular beam.14 However, formation of 5HI+−(N2)n
clusters is clearly dominated by H-bonding of N2 to the
functional groups, favored by induction and electrostatic
forces. The IRPD spectrum of 5HI+−H2O results from two
isomers with H2O H-bonded to the acidic NH or OH group
via a strong charge−dipole interaction, where OH···H2O
bonds are stronger than NH···H2O bonds.24,25 Spectra of
larger 5HI+−(H2O)n clusters (n ≥ 2) elucidate the
competition between interior ion solvation and the formation
of H-bonded water networks.25 H2O shuttling between the less

stable NH site and the more stable OH site was observed upon
ionization above the barrier for this reaction, and the threshold
for this NH → OH isomerization was determined as 2127 ±
30 cm−1.23 Time-resolved IR spectroscopy revealed a large
time constant of τ = 8 ± 2 ns for this solvent shuttling
reaction.24 To the best of our knowledge, only the theoretical
study of Omidyan et al. describes the protonation of 5HI by
calculations at the RI-MP2/cc-pVDZ level.15 Several proto-
nation sites (N, O, C1−C9) were considered, whereas two
carbenium ions clearly stood out energetically. The C3-
protonated carbenium ion was determined as the global
minimum and the C4-protonated ion as the second most stable
protomer (ΔE = 15.4 kJ/mol). The C8- and C9-protonated
carbenium ions as well as the oxonium ion were revealed as the
least stable protomers (ΔE > 100 kJ/mol) and considered
irrelevant for gas-phase detection.
Herein, we study the protonation and solvation mechanism

of 5HI by IRPD spectroscopy of mass-selected 5HIH+−Ln
clusters (L = Ar/N2, n ≤ 3) produced in an EI source and
dispersion-corrected DFT calculations (B3LYP-D3/aug-cc-
pVTZ). Furthermore, we compare our recent results to those
previously obtained for the neutral and radical cation clusters
to illustrate the impact of protonation on the structural and
energetic properties of this prototypical aromatic molecular
building block.11 Finally, we systematically compare the
protonation mechanisms of the related functionalized
aromatics 5HIH+, PhH+, and PyH+.4,19,21

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

The IRPD spectra of size-selected 5HIH+−Ln clusters with L =
Ar and N2 (n ≤ 3) are recorded in the XH stretch range
(νOH/NH, 3000−3800 cm−1) in a quadrupole−octopole−
quadrupole tandem mass spectrometer coupled to an ion
source that combines a pulsed supersonic plasma expansion
with EI/chemical ionization.29−31 Solid 5HI (Sigma-Aldrich,
97%) is heated to 145 °C and expanded into vacuum by
seeding 5HI vapor in a carrier gas mixture (4−8 bar)
composed of Ar (or N2) and He/H2 (90/10). The addition
of H2 substantially enhances the protonation efficiency for 5HI.
The expanding gas mixture is ionized by electron impact close
to the nozzle orifice. XH+ ions with X = Ar, N2, H2, and He are
formed in the high-pressure region of the expansion and
protonate 5HI via exothermic proton transfer:

XH 5HI X 5HIH+ → ++ + (1)

Subsequently, three-body collisions with carrier gas mole-
cules generate weakly bound 5HIH+−Ln clusters (L = Ar, N2):

5HIH L L X 5HIH L Xn n1− + + → − ++
−

+
(2)

Skimmed 5HIH+−Ln clusters are mass-selected by the first
quadrupole. In the adjacent octopole, they are irradiated with
an IR laser pulse (νIR) of a tunable optical parametric oscillator
(2−4 mJ/pulse, 1 cm−1 bandwidth) pumped by a Q-switched
nanosecond Nd:YAG laser (10 Hz). Resonant vibrational
excitation of 5HIH+−Ln parent clusters upon absorption of a
single IR photon and fast intracluster vibrational energy
redistribution results in fragmentation of predominantly all n
ligands in the considered size range (n ≤ 3). However, for
5HIH+−(N2)n with n = 2 and 3, we also observe the loss of
single ligands:

n5HIH L 5HIH Ln IRν− + → ++ +
(3a)
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n

5HIH ( N )

5HIH (N ) N

(minor channel for 2 and 3)

n

n

2 IR

2 1 2

ν− +

→ − +

=

+

+
−

(3b)

The resulting fragment ions are mass-selected by the second
quadrupole. The IRPD spectrum of 5HIH+−Ln is recorded by
monitoring the fragment ion intensity by a Daly detector as a
function of νIR. The IRPD signal is corrected for background
signal (from metastable decay) recorded as a laser-off signal
and for laser intensity variations measured with a pyroelectric
detector. The widths of the IRPD bands originate mainly from
unresolved rotational substructure, possible sequence hot band
transitions involving inter- and intramolecular modes, lifetime
broadening, and overlapping transitions from different isomers.
In general, the widths correlate with the binding energy of the
ligands, which limits the internal energy deposited in the
cluster. Hence, the widths of the transitions of 5HIH+−Ln with
L = Ar (5−35 cm−1) are smaller than those for L = N2 (8−50
cm−1). Furthermore, collision-induced dissociation in the
octopole using N2 collision gas (10−5 mbar, ∼10 eV ion
kinetic energy in the laboratory frame) facilitates the
unambiguous identification of mass-selected clusters.
Minimum energy structures and their harmonic linear IR

absorption spectra are calculated at the B3LYP-D3/aug-cc-
pVTZ level of theory using GAUSSIAN09 to determine
structural, energetic, and spectroscopic properties of
s/a5HIH+−Ln (L = Ar, N2).

32−36 The chosen density
functional with added dispersion correction accounts well for
the electrostatic, induction, and dispersion forces of the
considered clusters and reproduces the experimental IR spectra
and binding energies for related aromatic clusters with
semiquantitative accuracy.10,11,25 For comparison, neutral
s/a5HI−L clusters are calculated to extract the effects of
protonation. Relative energies (ΔE0) and binding energies
(D0) are corrected for harmonic zero-point vibrational energy.
Gibbs free energies (ΔG) are evaluated at 298 K. To optimize
the agreement with the experiment, calculated harmonic
vibrational frequencies are linearly scaled by a factor of 0.957
derived by fitting the free OH stretching vibration (νOH

f )
observed for 5HI+−Ar to those calculated for bare s/a5HI+.11

Natural bond orbital (NBO) analysis is employed to evaluate
the charge distribution in s/a5HIH+−Ln.

37

3. RESULTS AND DISCUSSION
3.1. Computed Structures. Several protonation sites are

possible for 5HIH+, namely, ring protonation at the pyrrole
(C2 and C3) or phenol (C4−C9) moieties and protonation at
the functional NH or OH groups. 5HIH+ isomers relevant for
the present study are depicted in Figure 1 along with their
relative energies (ΔE0 in kJ/mol). All additional 5HIH+

isomers are shown in Figures S1 and S2 in the Supporting
Information. Selected structural and spectroscopic properties
and relative energies at 0 K (ΔE0) and 298 K (ΔG) of all
calculated isomers are listed in Table S1 in the Supporting
Information. The free energy hierarchy of all considered
5HIH+ isomers is almost not affected by temperature.
The global minimum isomer at T = 0 and 300 K is

s5HIH+(C3), the syn-rotamer protonated at C3. The
corresponding anti-rotamer a5HIH+(C3) is only slightly less
stable with ΔE0 = ΔG = 1.8 kJ/mol. Except for OH rotation,
s5HIH+(C3) and a5HIH+(C3) are almost identical, with O−H
and N−H bond lengths of rOH = 0.9645 versus 0.9643 Å and

rNH = 1.0139 versus 1.0140 Å, respectively. Hence, their
predicted IR spectra are very similar, with OH and NH stretch
fundamentals at νOH = 3626 versus 3630 cm−1 and νNH = 3395
versus 3394 cm−1, making the two rotamers spectroscopically
indistinguishable under the current experimental conditions.
Therefore, we only consider the more stable s5HIH+(C3) for
the assignment of experimental IRPD spectra.
Protonation at the C4 position yields s5HIH+(C4) (ΔE0/

ΔG = 5.1/4.3 kJ/mol) and a5HIH+(C4) (ΔE0/ΔG = 11.1/
10.2 kJ/mol), which indeed differ significantly, because the
additional proton directly affects the close lying OH group
(rOH = 0.9680 vs 0.9669 Å, νOH = 3580 vs 3596 cm−1). The
N−H bonds of s/a5HIH+(C4) (rNH = 1.0070 vs 1.0071 Å) are
substantially stronger than in s/a5HIH+(C3), giving rise to
significantly higher νNH at 3473/3472 cm−1.
O-protonation is also relevant (vide infra), although

s/a5HIH+(O) is significantly less stable by ΔE0 = 117.1/
117.7 kJ/mol (ΔG = 115.9/116.5 kJ/mol). Formation of an
OH2

+ group leads to symmetric and antisymmetric OH stretch
vibrations with νOH

as = 3549/3555 and νOH
s = 3475/3480 cm−1

for s/a5HIH+(O). The O−H bond is significantly weakened
(rOH = 0.9736/0.9736 Å), whereas the N−H bond is only
slightly destabilized (rNH = 1.0053 Å, νNH = 3490 cm−1).
Regarding both stability and spectroscopy, the two O-
protonated rotamers are almost identical. Because of this
similarity of s/a5HIH+(O), in the main text, we only report
calculated values of the more stable a5HIH+(O)−Ln clusters.
The corresponding values of s5HIH+(O)−Ln are given in
Table S1. The various protonated isomers of a single 5HIH+

rotamer can unambiguously be distinguished by their
characteristic spectral features in the XH stretch range (Figure
S3).
The proton affinity (PA) of molecule A is given by the

enthalpy change in the protonation reaction A + H+ → AH+.

Figure 1. Relevant s/a5HIH+ isomers calculated at the B3LYP-D3/
aug-cc-pVTZ level (Table S1). Labeling of the carbon atoms (C2−
C9) is included for s5HIH+(C3). Additional s5HIH+ isomers are
shown in Figure S1, and corresponding structures of a5HIH+ are
available in Figure S2 in the Supporting Information. Relative energies
are given in kJ/mol.
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Our DFT calculations yield the largest PAs of 905/902 kJ/mol
for the most stable s/a5HIH+(C3) protomer, closely followed
by s/a5HIH+(C4) with PA = 900/892 kJ/mol. For the
protonation of the OH group, we compute much lower values
of PA = 786/785 kJ/mol for s/a5HIH+(O). Unfortunately,
there are no experimental PA values available for comparison
with our calculations.
Concerning the protonation of 5HI, only one computational

study at the lower MP2/cc-pVDZ level is available.15 In this
study, the potential energy profile calculated for protonation at
the N, C2, C3, C4, C6, and C7 positions is similar to ours
calculated at the higher B3LYP-D3/aug-cc-pVTZ level (Figure
S4), but the energy spread between the minima is larger at the
MP2 level. In addition, protonation at O, C5, C8, and C9 was
not considered in detail in the previous study because the
relative energy was at ΔE > 100 kJ/mol, in agreement with our
data. Protonation at the nitrogen atom is unlikely due to the
high relative energy of ΔE0 = 62.7/63.8 kJ/mol of s/
a5HIH+(N). Indeed, our IRPD spectra do not indicate the
production of this protomer.
3.2. IRPD Spectra of 5HIH+−Ln. An overview of the IRPD

spectra of 5HIH+−Ln with L = Ar (n = 1−2) and L = N2 (n =
1−3) is given in Figure 2. The positions, widths, and
vibrational and isomer assignments of the experimental
transitions observed are listed in Table 1. This spectral range
(3000−3800 cm−1) covers the OH and NH stretch
fundamentals. Aromatic CH stretch modes predicted near
3100 cm−1 are calculated to be very weak and are therefore not
observed (Figures 2, 3, and S3). Aliphatic CH stretch modes of
the CH2 groups of carbenium ions occur near 2800−2900
cm−1.6,18 As Figure S3 shows, they have a similarly low IR
intensity as the aromatic CH stretches or are even less intense
[for s/a5HIH+(C3)]. Attempts to measure any CH stretching
modes failed because of their low intensities. The rather rich
spectra indicate the presence of several isomers. In addition to
the predominant loss of all n ligands, for 5HIH+−(N2)2/3
clusters, we also observe the loss of a single ligand (blue
traces), yielding different action spectra. This observation
indicates the separate detection of oxonium isomers, enabled
by their much larger ligand binding energies (vide infra).
Characteristic ligand-specific frequency shifts and widths of the
observed bands already distinguish H-bonded proton donor
stretching vibrations from unperturbed free stretching modes.
For example, band A, which is not shifted and rather narrow
(5−10 cm−1) for all clusters, can readily be assigned to a free
OH stretching mode (νOH

f ). Similarly, band E is narrow, with a
full width at half-maximum (fwhm) of 8 cm−1 for L = Ar and
12−20 cm−1 for L = N2, and almost does not shift for larger n,
so that it can be identified as a free NH stretching mode (νNH

f ).
On the other hand, bands H and I show the characteristic
shape of H-bonded XH proton donor stretching modes (νXH

b ).
Both transitions, which coincide for L = Ar, are broad (30−50
cm−1) and have an asymmetric contour with a relatively sharp
rise on the low-frequency side and a long tail to the blue. Upon
variation of the attached ligands, bands H and I show
frequency shifts typical for such H-bonded XH groups. Yet,
this brief comparison does not yield any isomer assignment,
which is derived below from comparison to calculated IR
spectra.
3.3. IRPD Spectrum of 5HIH+−Ar. In Figure 3, the IRPD

spectrum of 5HIH+−Ar is compared to the linear IR
absorption spectra calculated for π-bonded and selected XH-
bonded Ar-tagged clusters of s5HIH+(C3), s5HIH+(C4),

a5HIH+(C4), and s/a5HIH+(O) (Table 1). The correspond-
ing structures are depicted in Figure S5, along with binding
energies and intermolecular distances. Further structural and
spectroscopic properties of all considered calculated 5HIH+−
Ar clusters are listed in Table S1. The calculated IR spectra of
further Ar-tagged clusters are available in Figure S6.
Comparison of Figures S3 and S6 indicates that π-bonding
of Ar almost does not affect the IR spectrum of 5HIH+, with
deviations of Δν < 2 cm−1. Hence, the plotted spectra of the π-
bonded 5HIH+−Ar(π) clusters can be taken as a representa-
tion for the spectra of the corresponding bare 5HIH+ isomers.
The assignment of the isomers observed experimentally is

based on (i) the relative stability of the isomers that yields
s5HIH+(C3) and s5HIH+(C4) and (ii) the agreement
between calculated and measured IR spectra, leading to
s/a5HIH+(O) (Figure S3). All measured transitions (A−I)
result from a superposition of Ar clusters of the assigned
s5HIH+(C3), s/a5HIH+(C4), and s/a5HIH+(O) isomers.
Band A at 3635 cm−1 is readily assigned to νOH

f of the most
stable s5HIH+(C3)−Ar(NH) and s5HIH+(C3)−Ar(π) iso-
mers (ΔE0 = 0 and 0.9 kJ/mol). s5HIH+(C3)−Ar(NH) with
D0 = 8.8 kJ/mol is slightly stronger bonded than
s5HIH+(C3)−Ar(π) with D0 = 7.9 kJ/mol. This minor energy

Figure 2. IRPD spectra of 5HIH+−Ln clusters with L = Ar (n = 1−2)
and N2 (n = 1−3) recorded in various fragment channels. Black traces
correspond to the predominant 5HIH+ fragmentation channel,
namely, loss of all n ligands. Blue traces result from monitoring
minor N2 loss channels. The positions, widths, and vibrational and
isomer assignments of the transitions observed are listed in Table 1.
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Table 1. Positions (cm−1), Widths (fwhm, in Parentheses), and Vibrational and Isomer Assignments of the Transitions
Observed in the IRPD Spectra of 5HIH+−Ln (Figure 2) Compared to Scaled Harmonic Frequencies (cm−1) of the a/s5HIH+−
Ln Isomers Calculated at the B3LYP-D3/aug-cc-pVTZ Levela

cluster exp vibration calc isomer

5HIH+−Ar A 3635 (10) νOH
f 3628 (180) s5HIH+(C3)−Ar(NH)

3627 (181) s5HIH+(C3)−Ar(π)
B 3598 (10) νOH

f 3595 (215) a5HIH+(C4)−Ar(π)
C 3584 (12) νOH

f 3630 (152) s5HIH+(C4)−Ar(π)
D 3535 (25) νOH

f 3533 (283) a5HIH+(O)−Ar(OH)
νOH
f 3527 (280) s5HIH+(O)−Ar(OH)
νOH
b 3548 (525) s5HIH+(C4)−Ar(OH)
νOH
b 3558 (495) a5HIH+(C4)−Ar(OH)

E 3503 (8) νNH
f 3490 (123) a5HIH+(O)−Ar(OH)
νNH
f 3491 (122) s5HIH+(O)−Ar(OH)

F 3478 (10) νNH
f 3474 (151) s5HIH+(C4)−Ar(OH)
νNH
f 3474 (157) a5HIH+(C4)−Ar(OH)
νNH
f 3473 (150) s5HIH+(C4)−Ar(π)
νNH
f 3473 (157) a5HIH+(C4)−Ar(π)

G 3405 (15) νNH
f 3397 (124) s5HIH+(C3)−Ar(π)

H 3365 (45) νNH
b 3363 (361) s5HIH+(C3)−Ar(NH)

I 3365 (45) νOH
b 3324 (934) a5HIH+(O)−Ar(OH)
νOH
b 3325 (959) s5HIH+(O)Ar(OH)

5HIH+−Ar2 A 3634 (5) νOH
f 3629 (179) s5HIH+(C3)−Ar2(NH−π)
νOH
f 3629 (180) s5HIH+(C3)−Ar2(π−π)

B 3590 νOH
f 3597 (216) a5HIH+(C4)−Ar2(NH−π)
νOH
f 3597 (210) a5HIH+(C4)−Ar2(π−π)
νOH
f 3583 (229) s5HIH+(C4)−Ar2(NH−π)
νOH
f 3584 (227) s5HIH+(C4)−Ar2(π−π)

C 3550 νOH
b 3535 (463) a5HIH+(C4)−Ar2(NH−OH)
νOH
b 3550 (517) s5HIH+(C4)−Ar2(NH−OH)

E 3503 (8) νNH
f 3491 (120) a5HIH+(O)−Ar2(OH−OH)
νNH
f 3492 (119) s5HIH+(O)−Ar2(OH−OH)

F1 3478 (5) νNH
f 3474 (150) s5HIH+(C4)−Ar2(π−π)

3473 (148) a5HIH+(C4)−Ar2(π−π)
F2 3465 (5) νNH

b 3468 (226) s5HIH+(C4)−Ar2(NH−π)
3468 (231) s5HIH+(C4)−Ar2(NH−OH)

F3 3454 (5) νNH
b 3465 (257) a5HIH+(C4)−Ar2(NH−π)

3465 (268) a5HIH+(C4)−Ar2(NH−OH)
I1 3405 (20) νOH

b(as) 3383 (1108) a5HIH+(O)−Ar2(OH−OH)
νOH
b(as) 3390 (1105) s5HIH+(O)−Ar2(OH−OH)
νNH
f 3399 (121) s5HIH+(C3)−Ar2(π−π)

I2 3370 (30) νOH
b(s) 3336 (678) a5HIH+(O)−Ar2(OH−OH)

H 3370 (30) νOH
b(s) 3334 (773) s5HIH+(O)−Ar2(OH−OH)
νNH
b 3366 (354) s5HIH+(C3)−Ar2(NH−π)

5HIH+−N2 A 3635 (10) νOH
f 3629 (177) s5HIH+(C3)−N2(NH)

3628 (179) s5HIH+(C3)−N2(π)
B 3599 (8) νOH

f 3595 (215) a5HIH+(C4)−N2(π)
C 3581 (10) νOH

f 3582 (234) s5HIH+(C4)−N2(π)
D 3540 (20) νOH

f 3541 (251) a5HIH+(O)−N2(OH)
νOH
f 3537 (249) s5HIH+(O)−N2(OH)

E 3501 (25) νNH
f 3491 (123) a5HIH+(O)−N2(OH)
νNH
f 3492 (121) s5HIH+(O)−N2(OH)

F 3480 (15) νOH
b + νNH

f 3475 (635) a5HIH+(C4)−N2(OH)
νOH
b + νNH

f 3472 (491) a5HIH+(C4)−N2(OH)
νNH
f 3473 (150) a5HIH+(C4)−N2(π)
νNH
f 3475 (148) s5HIH+(C4)−N2(π)

Z 3453 (8) νOH
b 3460 (1085) s5HIH+−A1−N2(OH)

G 3412 (<5) νNH
f 3398 (122) s5HIH+(C3)−N2(π)

H 3340 (>50) νNH
b 3306 (592) s5HIH+(C3)−N2(NH)

I 3145 (>50) νOH
b 3128 (1534) a5HIH+(O)−N2(OH)
νOH
b 3129 (1576) s5HIH+(O)−N2(OH)

5HIH+−(N2)2 A 3636 (8) νOH
f 3630 (176) s5HIH+(C3)−(N2)2(NH−NH)
νOH
f 3630 (174) s5HIH+(C3)−(N2)2(NH−π)
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difference may be compensated by the twofold degeneracy of
the π-bonded minimum. The νNH

f band of s5HIH+(C3)−
Ar(π) calculated at 3397 cm−1 is observed as band G at 3405
cm−1. The νNH

b fundamental of s5HIH+(C3)−Ar(NH) is
assigned to band H at 3365 cm−1. Significantly, there is no
indication of the less stable s5HIH+(C3)−Ar(OH) isomer
(ΔE0 = 2.1 kJ/mol) in the IRPD spectrum because its
predicted intense νOH

f mode at 3612 cm−1 is not observed
(Figure S6).
Transitions B and C are attributed to the s/a5HIH+(C4)−

Ar(π) isomers with ΔE0 = 6.5/12.3 kJ/mol and D0 = 7.4/7.5
kJ/mol, which are the lowest-energy isomers with transitions
predicted in this frequency range (Figure S3). Hence, band B
at 3598 cm−1 is assigned to νOH

f of a5HIH+(C4)−Ar(π) and
band C at 3584 cm−1 to νOH

f of s5HIH+(C4)−Ar(π). Their
νNH
f modes are predicted at 3473 cm−1 and are observed as
band F at 3478 cm−1. Band F also contains some contribution
from νNH

f of s/a5HIH+(C4)−Ar(OH) predicted at 3474 cm−1.
Their νOH

b modes calculated at 3548 cm−1 for s5HIH+(C4)−
Ar(OH) and 3558 cm−1 for a5HIH+(C4)−Ar(OH) are
supposed to contribute IR intensity to the blue tail of band
D. The NH-bonded s/a5HIH+(C4)−Ar(NH) protomers
cannot be excluded based on their IR spectra (Figure S6).
Their νOH

f modes coincide with those of s/a5HIH+(C4)−

Ar(π), and their νNH
b are predicted at 3464/3465 cm−1,

possibly contributing to band F. Yet, we tend to discard them
due to stability. Their binding energies (D0 = 7.3 kJ/mol) are
lower than those of s/a5HIH+(C4)−Ar(OH) (D0 = 8.5/9.0
kJ/mol), but comparable to those of s/a5HIH+(C4)−Ar(π)
(D0 = 7.4/7.5 kJ/mol). However, π-stacking is statistically
favored due to degeneracy.
The main contribution to transition D at 3535 cm−1 stems

from νOH
f of s/a5HIH+(O)−Ar(OH) clusters. Although O-

protonation is unlikely from the thermochemical viewpoint, we
clearly assign the oxonium isomer because of its predicted IR
spectrum (Figure S3). Furthermore, the binding energy of
a5HIH+(O)−Ar(OH) with Ar attached to the protonated OH
group is substantially higher (D0 = 15.2 kJ/mol) than that of
any other 5HIH+−Ar isomer (D0 ≤ 9.0 kJ/mol). In addition,
the twofold degeneracy of the OH-bonded s/a5HIH+(O)−
Ar(OH) minima statistically favors its population further.
Hence, even though bare 5HIH+(O) may be produced only to
a minor degree, Ar-tagging selectively enhances its population
fraction because of this degeneracy effect and the high ligand
binding affinity of the OH groups. Consequently, band E at
3503 cm−1 is assigned to νNH

f of s/a5HIH+(O)−Ar(OH)
calculated at 3490 cm−1. The dominant contribution of band
H/I at 3365 cm−1 arises from νOH

b of s/a5HIH+(O)−Ar(OH)

Table 1. continued

cluster exp vibration calc isomer

X 3597 (10) νOH
b 3560 (716) s5HIH+(C3)−(N2)2(NH−OH)
νOH
b 3557 (728) s5HIH+(C3)−(N2)2(OH−π)

D 3545 (15) νOH
f 3542 (248) a5HIH+(O)−(N2)2(OH−NH)
νOH
f 3537 (247) s5HIH+(O)−(N2)2(OH−NH)

E 3504 (20) νNH
f 3494 (119) a5HIH+(O)−(N2)2(OH−OH)
νNH
f 3493 (117) s5HIH+(O)−(N2)2(OH−OH)

F 3483 (10) νOH
b 3481 (939) a5HIH+(C4)−(N2)2(NH−OH)
νOH
b 3465 (1027) s5HIH+(C4)−(N2)2(NH−OH)

J 3440 (30) νNH
b 3456 (407) a5HIH+(O)−(N2)2(OH−NH)
νNH
b 3457 (402) s5HIH+(O)−(N2)2(OH−NH)

K 3410 (20) νNH
f 3399 (121) s5HIH+(C3)−(N2)2(OH−π)
νNH
b 3416 (578) a5HIH+(C4)−(N2)2(NH−OH)
νNH
b 3418 (550) s5HIH+(C4)−(N2)2(NH−OH)

H 3340 (30) νNH
b 3349 (390) s5HIH+(C3)−(N2)2(NH−NH)
νNH
b 3310 (585) s5HIH+(C3)−(N2)2(NH−OH)
νNH
b 3313 (575) s5HIH+(C3)−(N2)2(NH−π)

I 3270 (>50) νOH
b(as) 3221 (1743) a5HIH+(O)−(N2)2(OH−OH)
νOH
b(s) 3200 (1058) a5HIH+(O)−(N2)2(OH−OH)
νOH
b(as) 3221 (1737) s5HIH+(O)−(N2)2(OH−OH)
νOH
b(s) 3200 (1140) s5HIH+(O)−(N2)2(OH−OH)

5HIH+−(N2)3 A 3640 (5) νOH
f s5HIH+(C3)−(N2)3(NH−NH−π)

s5HIH+(C3)−(N2)3(NH−NH−OH)
X 3600 (12) νOH

b s5HIH+(C3)−(N2)3(NH−OH−π)
s5HIH+(C3)−(N2)3(NH−NH−OH)

D 3542 (10) νOH
f s/a5HIH+(O)−(N2)3(OH−NH−NH)

E 3507 (12) νNH
f s/a5HIH+(O)−(N2)3(OH−OH−NH)

s/a5HIH+(O)−(N2)3(OH−OH−π)
F 3485 (8) νOH

b s/a5HIH+(C4)−(N2)3(NH−OH−π)
J 3450 (>30) νNH

b s/a5HIH+(O)−(N2)3(OH−OH−NH)
K 3411 (>10) νNH

b s/a5HIH+(C4)−(N2)3(NH−OH−π)
H 3350 (30) νNH

b s5HIH+(C3)−(N2)3(NH−OH−π)
s5HIH+(C3)−(N2)3(NH−NH−OH)

I 3265 (>30) νOH
b s/a5HIH+(O)−(N2)3(OH−OH−NH)

s/a5HIH+(O)−(N2)3(OH−OH−π)
aIR intensities (km/mol) in parentheses.
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calculated slightly lower at 3324 cm−1. NH-bonding or π-
bonding of Ar to the oxonium ion is unlikely due to the much
lower binding energies of D0 = 5.5 and 6.4 kJ/mol
[a5HIH+(O)] and is not observed (Figure S6).
In summary, the IRPD spectrum of 5HIH+−Ar can fully be

explained by the π and NH isomers of the C3 protomer, the π
and OH isomers of the C4 protomer, and the OH isomer of
the O protomer of s/a-5HIH+. Other Ar isomers of these
protomers as well as Ar clusters of the other protomers may
safely be excluded for spectroscopic (N, C7, C9) or energetic
reasons (C2, C5, C6, C8).
3.4. IRPD Spectrum of 5HIH+−Ar2. In Figure 4, the IRPD

spectrum of 5HIH+−Ar2 is compared to the linear IR
absorption spectra of the assigned 5HIH+−Ar2 clusters
(Table 1). Corresponding structures are shown in Figure S7,
and relevant structural and spectroscopic properties are listed
in Table S1. Calculated spectra of further Ar-tagged clusters are

shown in Figure S8. Again, π-bonding of Ar has almost no
effect on the structural properties of 5HIH+. Thus, the plotted
spectrum of 5HIH+−Ar2(π−π) clusters with two π-bonded
ligands closely resembles that of bare 5HIH+. In the following
spectral assignment, we focus mainly on 5HIH+−Ar2 trimer
clusters, in which a second Ar ligand is attached to the
identified 5HIH+−Ar dimer clusters.
Band A at 3634 cm−1 is assigned to νOH

f of the most stable
s5HIH+(C3)−Ar2(NH−π) isomer with a total binding energy
of D0 = 16.7 kJ/mol, and the slightly less stable s5HIH+(C3)−
Ar2(π−π) isomer at ΔE0 = 1.1 kJ/mol. Interestingly, the
binding energy of s5HIH+(C3)−Ar2(π−π) is the same as that
of s5HIH+(C3)−Ar2(NH−OH) with D0 = 15.6 kJ/mol. Yet,
we exclude any substantial population of s5HIH+(C3)−
Ar2(NH−OH) as well as s5HIH+(C3)−Ar2(OH−π) with D0
= 14.6 kJ/mol because there is no indication for their νOH

b

mode predicted at 3613 and 3611 cm−1 in the IRPD spectrum,
respectively. The νNH

f fundamental of s5HIH+(C3)−Ar2(π−π)
calculated at 3399 cm−1 contributes to band I1 at 3405 cm−1,

Figure 3. IRPD spectrum of 5HIH+−Ar compared to linear IR
absorption spectra of Ar clusters of s5HIH+(C3), s5HIH+(C4),
a5HIH+(C4), and s5HIH+(O) with assigned Ar binding sites (π-
stacking: Ar(π), OH-bonding: Ar(OH), NH-bonding: Ar(NH),
Figure S5) calculated at the B3LYP-D3/aug-cc-pVTZ level. The
positions, widths, and vibrational and isomer assignments of the
transitions observed are listed in Table 1. Calculated spectra of further
Ar-tagged clusters are available in Figure S6.

Figure 4. IRPD spectrum of 5HHI+−Ar2 compared to the linear IR
absorption spectra of assigned s/a5HIH+−Ar2 clusters calculated at
the B3LYP-D3/aug-cc-pVTZ level (Figure S7). The positions, widths,
and vibrational and isomer assignments of the transitions observed are
listed in Table 1. Calculated spectra of further Ar-tagged clusters are
available in Figure S8.
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whereas νNH
b of s5HIH+(C3)−Ar2(NH−π) calculated at 3366

cm−1 is assigned to band H at 3370 cm−1.
The assignment of the weak and broad bands B and C at

∼3590 and ∼3550 cm−1 is more challenging because they are
not well resolved and do not match well with bands B and C in
the IRPD spectrum of 5HIH+−Ar. Band B is tentatively
assigned to an overlap of νOH

f of s/a5HIH(C4)−Ar2(π−π) and
s/a5HIH+(C4)Ar2(NH−π) calculated at 3584/3597 and
3583/3597 cm−1, respectively. The binding energies and
relative stabilities are comparable for the π−π and NH−π
isomers with D0 = 14.7/15.1 kJ/mol and D0 = 14.8/15.0 kJ/
mol for s/a5HIH+(C4)−Ar2, respectively. Hence, we assume a
population of all four isomers. Consequently, band C is
assigned to a superposition of νOH

b of the more stable
s/a5HIH+(C4)−Ar2(NH−OH) isomers with D0 = 15.7/16.3
kJ/mol. A contribution of s/a5HIH+(C4)−Ar2(OH−π)
cannot be excluded. Several narrow peaks around 3450−
3480 cm−1 (F1−F3) arise from the various νNH

f and νNH
b bands

of the π−π, NH−π, and NH−OH isomers of s/a5HIH+(C4)−
Ar2, calculated between 3465 (νNH

b ) and 3474 (νNH
f ) cm−1

(Table 1). Although the assignment of bands B, C, and F is not
fully convincing, particularly with respect to IR intensities,
these bands may not arise from any 5HIH+(C3)−Ar2 or
5HIH+(O)−Ar2 isomers.
Yet, band E at 3503 cm−1 is readily assigned to νNH

f of
s/a5HIH+(O)−Ar2(OH−OH) calculated at 3491 cm−1.
Concerning binding energies, the OH−OH bonded isomer
with D0 = 29.9 kJ/mol stands way out compared to all other s/
a5HIH+(O)−Ar2 isomers considered (D0 < 22 kJ/mol, Table
S1). Its bound antisymmetric and symmetric OH stretching
vibrations (νOH

b(as), νOH
b(s)) resulting from symmetric Ar attach-

ment to OH2 are assigned to bands I1 and I2 at 3405 and 3370
cm−1 predicted slightly lower at 3383 and 3336 cm−1, similar
to the case of a5HIH+(O)−Ar(OH). Interestingly, although
a5HIH+(O)−Ar2(OH−OH) is relatively unstable compared to
s5HIH+(C3)−Ar2(NH−π) with ΔE0 = 104.5 kJ/mol, the
IRPD spectrum unambiguously indicates its production.
3.5. IRPD Spectrum of 5HIH+−N2. In Figure 5, the IRPD

spectrum of 5HIH+−N2 is compared to the linear IR
absorption spectra of the assigned 5HIH+−N2 isomers
(Table 1, Figure S9). The IR spectra calculated for additional
N2-tagged clusters are shown in Figure S10. Important
structural and spectroscopic properties of all considered
isomers are listed in Table S1. For the assignment of the
5HIH+−(N2)n spectra, we consider the same protomers of
s/a5HIH+ as for the 5HIH+−Arn spectra (C3, C4, O),
however, with slightly different ligand binding sites. In
particular, N2 prefers much more H-bonding to the acidic
OH/NH groups over π-bonding compared to Ar. In general,
the binding energies of the N2 ligands are larger than those of
the Ar ligands because of the larger parallel polarizability and
additional quadrupole moment of N2, giving rise to additional
electrostatic, inductive, and dispersive forces.31,38−40

In analogy to the assignment of the IRPD spectrum of
5HIH+−Ar, band A at 3635 cm−1 in the IRPD spectrum of
5HIH+−N2 is readily assigned to νOH

f of the most stable
s5HIH+(C3)−N2(NH) isomer, with D0 = 15.2 kJ/mol. Its
corresponding νNH

b mode occurs as band H at 3340 cm−1 and
is predicted slightly lower at 3306 cm−1. The intermolecular H-
bond to the NH group of s5HIH+(C3)−L is stronger for L =
N2 (R = 2.113 Å) than for L = Ar (R = 2.505 Å).
Simultaneously, the elongation of the N−H bond upon H-
bonding is more pronounced, with ΔrNH = 4.8 versus 1.7 mÅ.

Hence, the red shift of νNH
b is predicted to be larger, ΔνNH =

−89 versus −32 cm−1, in line with the measured positions of
band H (Figure 2). In contrast to L = Ar, for which π-stacking
and XH-bonding compete, for L = N2 XH-bonding is far more
favored over π-bonding for all s/a5HIH+ isomers considered.
For example, s5HIH+(C3)−N2(NH) is more stable than
s5HIH+(C3)−N2(π) by ΔE0 = 5.0 kJ/mol. Yet, minor
amounts of s5HIH+(C3)−N2(π) may be produced in the
ion source, as indicated by the weak and tentative band G at
3412 cm−1, which possibly arises from its νNH

f predicted at
3398 cm−1. The OH-bonded s5HIH+(C3)−N2(OH) isomer
cannot be excluded based on its IR spectrum (Figure S10).
Yet, it is considered insignificant because of its lower binding
energy of D0 = 11.6 kJ/mol.
Further, the weak bands C and B at 3581 and 3599 cm−1

stem from the π-bonded s/a5HIH+(C4)−N2(π) isomer, whose
νOH
f is predicted at 3582 and 3595 cm−1, respectively. Their
corresponding νNH

f modes are predicted at 3475 and 3473
cm−1 and contribute to band F at 3480 cm−1. Still, for

Figure 5. IRPD spectrum of 5HIH+−N2 compared to corresponding
linear IR absorption spectra of assigned s5HIH+−N2 isomers
calculated at the B3LYP-D3/aug-cc-pVTZ level (Figure S9). The
positions, widths, and vibrational and isomer assignments of the
transitions observed are listed in Table 1. Calculated spectra of further
N2-tagged clusters are shown in Figure S10.
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s/a5HIH+(C4)−N2, OH-bonding is significantly favored over
π-bonding, with D0 = 15.2/15.5 versus 7.1/9.1 kJ/mol. Hence,
we expect that s/a5HIH+(C4)−N2(OH) isomers are also
formed. Indeed, the νNH

f mode of s5HIH+(C4)−N2(OH)
coincides with that of s5HIH+(C4)−N2(π) (band F), and its
νOH
b mode is predicted at 3460 cm−1 and observed as band Z at
3453 cm−1. The νNH

f and νOH
b modes of a5HIH+(C4)−

N2(OH) are coupled and produce a strong doublet at 3475/
3472 cm−1 contributing intensity to band F at 3480 cm−1. We
tend to exclude the less stable s/a5HIH+(C4)−N2(NH) (D0 =
11.6 kJ/mol) because there is no indication of their intense
νNH
b predicted at 3413/3412 cm−1 in the measured spectrum.
Similar to the Ar case, the oxonium ion is also observed for

N2, although a5HIH+(O)−N2(OH) is far less stable than
s5HIH+(C3)−N2(NH) by ΔE0 = 103.1 kJ/mol. However, its
large binding energy of D0 = 29.8 kJ/mol and the twofold
degeneracy of the OH-bound minimum compensate for this
disadvantage. Hence, bands D, E, and I at 3540, 3501, and
3145 cm−1 are characteristic of νOH

f , νNH
f , and νOH

b of
a5HIH+(O)−N2(OH) predicted at 3541, 3491, and 3128
cm−1 for the anti-rotamer. The impact of N2 on a5HIH+(O) is
more pronounced than for Ar, with bound O−H bond
elongations of ΔrOH = 19.9 versus 0.9 mÅ. The remaining free
O−H bond contracts by ΔrOH = 0.9 versus 0.09 mÅ,
respectively. Furthermore, the intermolecular H-bond is
stronger for L = N2 than for L = Ar (R = 1.786 vs 2.181 Å,
D0 = 29.8 vs 15.2 kJ/mol). The larger impact on the O−H
bond is also apparent in the IRPD spectra in Figure 2, in which
the H-bonded proton donor stretch of 5HIH+(O)−L (band I,
νOH
b ) is observed far more red and broadened for L = N2 (3145
cm−1) than for L = Ar (3365 cm−1). Interestingly, 5HIH+(O)−
N2(OH) can separately be detected in the spectra of larger
clusters by probing different fragment channels (Figure 2, vide
infra). Our DFT calculations do not predict any stable π-
bonded clusters of 5HIH+(O)−N2. NH-bonding yields
comparably low binding energies of D0 = 9.3/9.1 kJ/mol for
s/a5HIH+(O)−N2(NH) (Table S1).
In summary, the IRPD spectrum of 5HIH+−N2 can fully be

explained by the NH and possibly π isomers of the C3
protomer, the π and OH isomers of the C4 protomer, and the
OH isomer of the O protomer of s/a-5HIH+. Clusters of other
protomers may safely be excluded.
3.6. IRPD Spectra of 5HIH+−(N2)2−3. The IRPD spectrum

of 5HIH+−(N2)2 recorded in the 5HIH+ fragment channel
(2 → 0) is compared in Figure 6 to the linear IR absorption
spectra of the assigned 5HIH+−(N2)2 clusters (Table 1, Figure
S11). The IR spectra of further N2-tagged clusters are available
in Figure S12. In the given assignment, we focus mainly on the
5HIH+−(N2)2 trimer clusters, in which a second N2 ligand is
attached to the identified 5HIH+−N2 dimer clusters. We also
take into account the attachment of both N2 ligands to either
the OH or the NH group of 5HIH+ because XH-bonding has
been shown to be significantly more effective for N2 than π-
stacking.10,41,42

Bands A and H at 3636 and 3340 cm−1 clearly indicate the
presence of s5HIH+(C3)−(N2)2(NH−NH) and are assigned
to its νOH

f and νNH
b modes predicted at 3630 and 3349 cm−1,

respectively. s5HIH+(C3)−(N2)2(NH−NH) with D0 = 25.5
kJ/mol is slightly less stable than the most stable
s5HIH+(C3)−(N2)2(NH−OH) isomer with D0 = 26.4 kJ/
mol. Band X at 3597 cm−1 may result from N2 solvation at the
OH group (νOH

b ). However, in this scenario, the red shift is
overestimated by 37 cm−1, with νOH

b predicted at 3560 cm−1.

The same trend holds for νNH
b of s5HIH+(C3)−(N2)2(NH−

OH) calculated at 3310 cm−1, that is, 30 cm−1 lower than band
H at 3340 cm−1. Bands A, X, and H can also be rationalized by
s5HIH+(C3)−(N2) 2 (OH−π) and s5HIH+(C3)−
(N2)2(NH−π), which are of similar stability (D0 = 25.5 and
25.3 kJ/mol, respectively). Band X lies very close to band B of
5HIH+−N2 (3597 vs 3599 cm−1). Yet, as Figure 2 reveals,
band X is intense and rather isolated. Indeed, there may be
some signal in the range, where band C would be expected;
however, there is no indication of a strong doublet of B and C.
Hence, band X is assumed to be a new transition, which
strengthens its assignment to νOH

b of s5HIH+(C3)−
(N2)2(NH−OH) or s5HIH+(C3)−(N2)2(OH−π) rather
than to (purely) νOH

f of s5HIH+(C4)−(N2)2(NH−OH).
Alternatively, band X may arise from an Y+−N2 contamination
with an Y+ ion isobaric to 5HIH+−N2. This would also explain
why this transition is absent in the spectra of 5HIH+−N2. On

Figure 6. IRPD spectrum of 5HIH+−(N2)2 recorded in the 5HIH+

fragment channel compared to the linear IR absorption spectra of
assigned s5HIH+−(N2)2 clusters calculated at the B3LYP-D3/aug-cc-
pVTZ level (Figure S11). The positions, widths, and vibrational and
isomer assignments of the transitions observed are listed in Table 1.
Calculated spectra of further N2-tagged clusters are shown in Figure
S12.
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the basis of relative stability and binding energies, we suppose
the coexistence of the four most stable isomers of
s5HIH+(C3)−(N2)2, namely (NH−OH), (NH−NH),
(NH−π), and (OH−π), -> which might produce the intensity
distribution observed for bands A, X, and H (Figure S12).
Following this scenario, band K at 3410 cm−1 arises
predominantly from νNH

f of s5HIH+(C3)−(N2)2(OH−π)
predicted at 3399 cm−1.
In addition, νNH

b of s/a5HIH+(C4)−(N2)2(NH−OH)
predicted at 3416/3418 cm−1 may contribute to band K.
The population of s/a5HIH+(C4)−(N2)2(NH−OH) is likely
because transition F at 3483 cm−1 can only be explained by
their νOH

b modes calculated at 3481 and 3465 cm−1 (Table 1).
With D0 = 26.4 and 26.9 kJ/mol, solvation of both functional
groups is clearly the most stable binding motif of
s/a5HIH+(C4)−(N2)2 (Table S1).
The existence of 5HIH+−(N2)2 clusters with an oxonium

core is unambiguously shown by isomer-selective IRPD spectra
recorded via the loss of one single N2 ligand (2 → 1 channel,
Figure 2), as described in Section 3.7. Consequently, bands D
and J at 3545 and 3440 cm−1 are characteristic of νOH

f and νNH
b

of s/a5HIH+(O)−(N2)2(NH−OH) predicted at 3542 and
3456 cm−1. Its strongly red-shifted νOH

b is predicted at 3134
cm−1. However, it is not detected in the IRPD spectrum.
Possibly, it lies outside of the measured range (<3000 cm−1),
or more likely, below 3200 cm−1, the laser power is too low for
its detection. The binding energy of a5HIH+(O)−(N2)2(NH−
OH) (D0 = 38.7 kJ/mol) is significantly lower than that of
a5HIH+(O)−(N2)2(OH−OH) (D0 = 57.0 kJ/mol). Bands E
and I are convincing signatures of 5HIH+(O)−(N2)2(OH−
OH). The narrower band E at 3504 cm−1 is readily assigned to
its νNH

f predicted at 3494 cm−1. Band I at 3270 cm−1 is rather
broad and can be assigned to a superposition of its νOH

b(as) and
νOH
b(s) calculated at 3221 and 3200 cm−1. Comparison of the IR
intensities of bands D and E and the corresponding calculated
IR intensities (Figure 6) suggests a relative population ratio of
roughly 1:3 in favor of 5HIH+(O)−(N2)2(OH−OH)
compared to 5HIH+(O)−(N2)2(NH−OH). In general, a
reliable estimation of isomer population ratios from the
IRPD spectrum is difficult because most observed bands may
arise from a superposition of isomers.
The IRPD spectrum of 5HIH+−(N2)3 recorded in the

5HIH+ channel mostly resembles that of 5HIH+−(N2)2. No
additional peaks and only very minor band shifts are observed.
Only the IR intensity distribution of bands A−I is changed.
Particularly, band X is more intense, indicating an enhanced
production of C3-protonated isomers with solvated OH
groups, such as s5HIH+(C3)−(N2)2(NH−OH−π), (NH−
NH−OH), or (NH−OH−OH).
In conclusion, N2 ligands solvate the functional groups via

strong H-bonds (D0 > 10 kJ/mol). Compared to Ar, π-stacking
is unfavorable. The same protomers s/a5HIH+(C3),
s/a5HIH+(C4), and s/a5HIH+(O) are observed at similar
ratios for both ligands (Ar and N2).
3.7. Protonation Mechanism and Isomer Abundance.

The main factors determining the IRPD band intensities in the
spectra of 5HIH+−Ln, which contain information about the
relative population of the various 5HIH+ protomers, are (i) the
production efficiency of the 5HIH+ protomers in the EI source,
(ii) the tagging efficiency, (iii) the IR oscillator strength, and
(iv) the photodissociation efficiency of 5HIH+−Ln.
Most likely, in the employed EI source, protonation occurs

via exothermic proton transfer from XH+ ions (X = Ar, N2, He,

and H2) to 5HI in the high-pressure region of the supersonic
expansion. A second route called self-protonation, namely,
direct EI of neutral (5HI)n clusters followed by intracluster
proton transfer and subsequent fragmentation and evaporative
cooling, has been proposed,4 but is rather unlikely because of
the small concentration of 5HI and (5HI)n clusters in the
expansion (as evidenced by the mass spectra of the ion
source). In fact, the abundance of the various protomers
strongly depends on the experimental source conditions, such
as the expanding gas mixture (including the protonating
agent), backing pressure, temperature, and the position of the
supersonic expansion relative to the electron impact region.4−9

Indeed, the EI source does not only produce the most stable
protomers (C3 and C4) but also a significant fraction of the
clearly much less stable 5HIH+(O) isomer. Hence, the
employed EI source does not reproduce the thermal
equilibrium population of protonated ions and their clusters
at the effective (rovibrational) temperature of the supersonic
expansion (T < 100 K).4,29

Once several protomers of 5HIH+ are produced in the
source, the observed isomer ratio is further determined by the
energy barriers between them, which eventually prevent
conversion of higher-energy isomers into the global minimum.
To estimate the isomerization barriers between the oxonium

[s/a5HIH+(O)] and the closest lying carbenium ions
[s/a5HIH+(C4) and s/a5HIH+(C6)], we calculate transition
states between the predicted minima employing the QST2
method implemented in GAUSSIAN09.43 The corresponding
potential energy diagram along the in-plane isomerization
pathway from s/a5HIH+(C4) via s/a5HIH+(O) toward
s/a5HIH+(C6) is reproduced in Figure S13. Indeed, in any
conversion direction, huge barriers of ΔE > 155 kJ/mol
separate the oxonium isomer from the carbenium ions
protonated at C4 and C6. Another possible route for
isomerization of the oxonium ions goes along the C5 carbon.
The path from s/a5HIH+(O) to s/a5HIH+(C4) and
s/a5HIH+(C6) via the adjacent s/a5HIH+(C5) is also plotted
in Figure S13. This route contains only slightly lower barriers
of ΔE ≈ 150 kJ/mol between the oxonium and C5-protonated
carbenium ions. Hence, once formed, the oxonium ions are
readily cooled and trapped in their potential wells by collisions
and tagging.
Moreover, our approach to derive the structural and

energetic information of 5HIH+ protomers relies on single-
photon IRPD spectroscopy of messenger-tagged 5HIH+−Ln
clusters. First, the tagging efficiency directly depends on the
binding energy of the tag. Stronger intermolecular bonds yield
higher tagging efficiency. Second, the properties of the tag
(polarity, size, and polarizability) affect the favored tagging
sites (H-bonding vs π-stacking). Third, degeneracy effects
enhance the tagging efficiency, as observed for π-stacking to
any 5HIH+ isomer, and particularly for H-bonding to the OH2
group of 5HIH+(O). In addition, the probability for solvation
at a certain binding site does not only depend on the depth of
the potential well but also on the size (diameter and area) and
steepness of the well.
To conclude, even though probably only a small fraction of

bare 5HIH+(O) is produced, this protomer is readily
kinetically trapped in its deep potential well (Figure S13). In
addition, the abundance ratio of its clusters probed by IRPD is
selectively strongly enhanced by tagging due to the high ligand
binding energy and the twofold degeneracy of the OH-bound
minimum.
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As shown in Figure 2, the IRPD spectra of the OH-bonded
oxonium isomers of 5HIH+(O)−(N2)2/3 can selectively be
measured monitoring the loss of a single N2 ligand (blue
traces). This finding is readily rationalized by the large binding
energy of N2 to the OH2 group of the oxonium protomer. In
the XH stretch range, absorption of a single photon elevates
the internal energy of the cluster by 35−45 kJ/mol (3000−
3700 cm−1). Thus, the photon energy is just enough to break
the bond to one single OH-bonded N2 ligand in cold
5HIH+(O)−(N2)n clusters with D0 ≈ 30 kJ/mol. Hence,
absorption of a single photon can lead to the loss of two or
three OH-bonded N2 ligands only in the case of internally
warm clusters. On the other hand, 5HIH+(O)−(N2)n isomers
with N2 attached to the OH and NH groups evaporate
multiple N2 ligands. Evaporation of all n ligands is readily
possible for all considered 5HIH+−(N2)2/3 isomers with a
carbenium core because of the much lower total dissociation
energy of D0 < 30 kJ/mol (Table S1). As a consequence, the
IRPD spectra of 5HIH+−(N2)n≥2 recorded in the single N2 loss
channel probe selectively only cold clusters with a 5HIH+(O)
core, whereas the spectra recorded in the loss channel of all N2
ligands are dominated by clusters of carbenium ions.
3.8. Comparison to Neutral and Cationic 5HI(+)−Ln. In

the neutral ground electronic state (S0), the two isomers a5HI
and s5HI coexist, whereby a5HI is more stable by ΔE0 = ∼1
kJ/mol.11 Isomer-selective IR-dip spectra reveal their structural
similarity on the basis of their XH stretches measured at νNH =
3526/3526 and νOH = 3665/3659 cm−1.23 For neutral 5HI−L
clusters, spectroscopic data are available only for
5HI−H2O,

15,23 and these indicate that the OH site is more
attractive than the NH site.
In contrast, in the cationic ground state (D0), s5HI

+ is more
stable than a5HI+ by ΔE0 = 3.1 kJ/mol.11,22,26,28,44 The IRPD
spectra of 5HI+−Ln (L = Ar, N2, H2O; n ≤ 3) are assumed to
mainly stem from more stable s5HI+ clusters, although the
small spectroscopic differences between the two rotamers are
not resolved.11,25 In all 5HI+−Ln clusters, OH···L bonds are
stronger than NH···L bonds followed by π-bonds.11,23−25

All s5HIH+ protomers are more stable than the correspond-
ing a5HIH+ protomers by ΔE0 = 1.8−7.3 kJ/mol (Table S1).
In contrast to what has been observed for 5HI and
5HI+−Ln,

11,23 the present IRPD spectra of 5HIH+−Ln contain
well-resolved fingerprints of both rotamers. Because of the
impact of C4-protonation on the adjacent OH group, a- and
s5HIH+(C4) can readily be distinguished by their νOH modes
that are separated by Δν ≥ 14 cm−1, which is significantly
larger than the value of Δν ≥ 6 cm−1 measured for 5HI.23

Hence, protonation resolves the “near degeneracy” of syn- and
anti-rotamers of 5HI.
NBO analysis reveals that in the most stable s5HIH+(C3)

protomer, the charge of the additional proton is largely
delocalized over the whole molecule (Figure S14). Only less
than 10% of the excess charge remains on the CH2 group,
whereas both remote functional groups are substantially
affected, with roughly 18 and 8% on the NH and OH groups,
respectively. Similarly, the CH2 group in s/a5HIH+(C4)
carries less than 10% of the charge. The NH group of this
isomer is slightly less affected than the OH group, which bears
more than 10% of the excess charge. In contrast, the excess
charge in 5HIH+(O) remains mostly localized on the OH2
group (>70%). Charge reorganization has significant con-
sequences on the intermolecular interaction. First, the
functional groups become more acidic upon protonation,

resulting in strengthening of the intermolecular interaction
with the solvent molecules (ionic XH···L H-bonds). Second,
the isomer-specific charge distribution determines the distinct
solvation motifs and binding energies observed for 5HIH+−Ln.
Because of the large partial charge on the OH2 group, OH···L
bonds are outstandingly strong in 5HIH+(O) compared to (i)
other binding sites of this protomer and (ii) H-bonds of
ligands to other protomers. NH···L bonds are favored in case
of s5HIH+(C3) because its NH group is more acidic than its
OH group. This trend is reversed for s/a5HIH+(C4). We
conclude that the acidity of the O−H bond increases in the
order 5HIH+(C3), 5HIH+(C4), and 5HIH+(O), as indicated
by the corresponding OH···L binding energies, the O−H bond
length, and the NBO charge distribution. At the same time, the
acidity of the NH group decreases along this series. This
finding contrasts with the results obtained for neutral and
cationic 5HIH(+)−L, for which the OH···L bonds are always
stronger than the NH···L bonds, indicating a generally higher
acidity of the OH group. Thus, protonation has indeed strong
effects related to biomolecular recognition. First, we observe a
significant enlargement of the structural space induced by
protonation (more isomers than observed for neutral 5HI and
cationic 5HI+). Second, partial charges affect the acidities of
the functional groups and hence H-bonding affinities.

3.9. Comparison to Protonated Phenol, Pyrrole, and
Indole. To further elucidate the protonation mechanism of
aromatic biomolecular building blocks, we compare our
current results to those obtained previously for the protonated
phenol (Ph) and pyrrole (Py) subunits of 5HI.4,7,9 Both have
only one functional group, namely, the OH group in Ph and
the NH group in Py. Moreover, both have smaller aromatic
moieties than 5HI, a six-membered ring in Ph and a five-
membered ring in Py. In general, the acidity of the functional
group(s) correlates with their ability to form H-bonds, whereas
size and polarizability of the aromatic π-electron cloud affect
the dispersive stacking forces. Hence, the structural differences
of 5HI, Ph, and Py have consequences on (i) the protonation
and (ii) the resulting intermolecular interaction.
Protonated phenol (PhH+) has been characterized by IRPD

spectroscopy of size-selected PhH+−Ln clusters (L = Ne, Ar,
N2; n ≤ 6) produced in the same EI source used here. Both
oxonium [PhH+(O)] and carbenium ions [protonation at para
and ortho position, PhH+(p/o)] were observed. This result
was recently confirmed by IRPD spectroscopy of PhH+−H2O
clusters produced in a similar ion source.19 These IRPD
studies correspond to the first detection of the oxonium ion of
PhH+ in the gas phase.4 At that time, the detection of
PhH+(O) was unexpected, because PhH+(O) is around ≈0.5−
1 eV (≈48−96 kJ/mol) less stable than PhH+(p/o).4,9 Hence,
its unambiguous spectroscopic identification demonstrates that
there is no thermal equilibrium during the generation of
different protomers in the EI supersonic plasma expansion (T
< 100 K).4,29 The characteristic νOH

f and νOH
b frequencies of

PhH+(O)−Ar/Ne, with Ar/Ne being H-bonded to the OH2
group, are 3534/3552 and 3329/3477 cm−1, respectively, and
can clearly be distinguished from νOH

f of PhH+(p/o)−Ar(π) at
3554 cm−1 (Table 2).4,9 These values can be compared to νOH

f

and νOH
b of 5HIH+(O)−Ar(OH) at 3535 and 3365 cm−1 and

νOH
f of s5HIH+(C3)−Ar(NH) and s/a5HIH+(C4)−Ar(π)
found at 3555/3480 and 3535/3365 cm−1, respectively
(Tables 1 and 2). The OH stretching frequency directly
measures the acidity of the OH proton. The smaller its
frequency, the weaker is the O−H bond, and the higher is its
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ability to donate its proton. Therefore, the OH acidity
increases in the order a/s5HIH+(C3) < a5HIH+(C4) <
s5HIH+(C4) < PhH+(p/o) < s5HIH+(O) < a5HIH+(O) <
PhH+(O). The microsolvation process of PhH+−Ln (L = Ar,
N2; n ≤ 6) is similar for the PhH+(O) and PhH+(p/o) ion
cores.7,9 The first solvation shell is formed via H-bonding of L
to the available OH group(s) and proceeds by π-stacking of
additional ligands to the aromatic ring. The complexation-
induced red shift of the OH stretching mode (ΔνOH) indicates
the strength of the intramolecular H-bond. Table 2 summarizes
the νOH and ΔνOH values observed for AH+−L (A = Ph, Py,
and 5HI; L = Ar and N2). The trend of increasing acidity of the
OH group from s5HIH+(C3) to PhH+(O) described above is
confirmed. Although for s5HIH+(C3)−L actually no H-
bonding to the OH group is observed because NH-bonds
are preferred, the measured νOH red shifts increase gradually
from ΔνOH = −40 to −148 cm−1 (Ar) or ΔνOH = −118 to
−440 cm−1 (N2) when going from s/a5HIH+(C4) to
PhH+(O). Although a direct comparison of νOH and ΔνOH
of 5HIH+(O) and PhH+(O) is not straightforward due to the
lack of experimental data for the bare ions, the values indicate a
higher acidity of the OH group in PhH+(O), as predicted by
the computations. In general, H-bonds to quadrupolar N2 are
stronger than the corresponding H-bonds with Ar, as
demonstrated by the larger ΔνOH shifts.
The protonation of pyrrole has been studied by IR multiple

photon dissociation (IRMPD) spectroscopy of bare PyH+ and
by IRPD spectroscopy of messenger-tagged PyH+−Ar
clusters.20,21 Although IRMPD spectra recorded in the
fingerprint range (900−1800 cm−1) at room temperature
were assigned only to the global minimum α-protonated
pyrrole [PyH+(α)],20 IRPD spectra in the NH and CH stretch
range (2800−3500 cm−1) revealed the coexistence of the less
stable β-protonated ion [PyH+(β)].21 The N-protonated

species was not observed. PyH+−Ar clusters for IRPD
spectroscopy were produced in a discharge source coupled
to a supersonic expansion. The detection of two protomers in
the molecular beam by IRPD spectroscopy emphasizes the
importance of cooling, messenger-tagging, and investigation of
the XH stretch (X = C, N) range for the accurate description
of molecular structure. DFT calculations at the B3LYP/6-
311**G(d,p) level predict PyH+(β) to be less stable than
PyH+(α) by ≈22 kJ/mol.21 In contrast, we observe that
s/a5HIH+(C3), corresponding to β-protonation, is more stable
by ≈28/23 kJ/mol than s/a5HIH+(C2), the α-protonated
isomer. Observed νNH frequencies correspond to bound proton
donor stretching modes because the Ar ligand is NH-bonded
to both PyH+(α) and PyH+(β). Corresponding red shifts
(ΔνNH) are estimated computationally as there are no
measured values for the bare ions. According to that, the
νNH modes of PyH+(α) and PyH+(β) are found at 3465 and
3427 cm−1,21 slightly lower than a/s5HIH+(O) and
s/a5HIH+(C4) with νNH = 3503 and 3478 cm−1 but higher
than observed for s5HIH+(C3) with νNH = 3405 cm−1 (Table
2). The same trend holds for the Ar-induced red shifts with
ΔνNH = −47.0 and −54.8 cm−1 for PyH+(α) and PyH+(β),21

and ΔνNH = −24, −13, and −40 cm−1 for s-5HIH+(C4),
a5HIH+(C4), and s5HIH+(C3). Hence, the acidity of the NH
group increases in the order PyH+(α) < PyH+(β) <
s5HIH+(C4) < a5HIH+(C4) < a/s5HIH+(C3).
Finally, the protonation mechanism of 5HI resembles a

combination of those observed for Ph and Py. The addition of
the pyrrole ring to phenol reduces the acidity of the phenolic
OH group(s), whereas the addition of phenol to pyrrole
increases the acidity of the NH group. This is directly reflected
in the observed solvation motifs and interaction strengths.
Unfortunately, there are no IR data available for protonated

indole (InH+). Calculations at the RI-CC2/cc-pVDZ level
predict C3-protonation to be clearly the global minimum,
whereas protonation at C2 and C4−C7 is much higher in
energy (0.36−0.57 eV, 35−55 kJ/mol).16 Nonetheless, in the
optical photodissociation spectra of InH+, only the C2-
protonated isomer could be identified by RI-CC2 calculations
coupled to Franck−Condon simulations.16

4. CONCLUSIONS
The protonation of 5HI and subsequent microsolvation with
Ar and N2 ligands are characterized by IRPD spectroscopy of
jet-cooled size-selected 5HIH+−Ln clusters and calculations at
the B3LYP-D3/aug-cc-pVTZ level. We report the first
spectroscopic study of the protonation mechanism of this
prototypical biomolecular building block.
The IRPD spectra measured in the XH stretch range reveal

several consequences of protonation. First, at least four isomers
coexist, which corresponds to a significant enlargement of the
structural space compared to neutral and cationic 5HI(+).11,23

Second, protonation resolves the “near degeneracy” of syn- and
anti-rotamers of 5HI and 5HI+.11,23 The most stable syn-
isomer, s5HIH+(C3), is protonated at the C3 atom and cannot
be distinguished from the nearly degenerate a5HIH+(C3)
rotamer at our spectral resolution. Yet, both syn- and anti-
rotamers protonated at C4, s/a5HIH+(C4) (ΔE0 = 5.1/11.1
kJ/mol), can be distinguished by their well-resolved XH
stretch spectra. Third, we observe the drastically less stable
oxonium ion, 5HIH+(O) (ΔE0 = 117.1 kJ/mol), which is
kinetically trapped in a deep potential well (ΔE > 150 kJ/mol).
The IR spectra of larger N2 clusters of 5HIH+(O) can

Table 2. Observed Frequencies for the νXH Proton Donor
Stretching Modes (X = N and O, in cm−1) of AH+−L (A =
5HI, Py, and Ph; L = Ar and N2) and Corresponding
Complexation-Induced Frequency Red Shifts (ΔνXH)

A isomer νXH ΔνXH ΔνXH
L = Ar L = N2

Ph PhH+(O) 3552 (X = O)a −18a −9a

3477 (X = O)a −148a −440a

Ph PhH+(o/p) 3554 (X = O)b −61 −146
Py PyH+(α) 3465 (X = N)d −47.0d not observed
Py PyH+(β) 3427 (X = N)d −54.8d not observed
5HI a/s5HIH+(O) 3555 (X = O)c −20 −15

3480 (X = O)c −115 −335
3503 (X = N) not observed not observed

5HI s5HIH+(C3) 3635 (X = O) not observed not observed
3405 (X = N) −40 −65

5HI a5HIH+(C4) 3598 (X = O) −63 −118
3478 (X = N) −24 −68

5HI s5HIH+(C4) 3584 (X = O) −49 −131
3478 (X = N) −13 −68

aValues correspond to Ne-tagged PhH+(O)−Ne(OH),9 which closely
approximate those of bare PhH+(O). Complexation-induced red shifts
are calculated relative to PhH+(O)−Ne(OH). bValue corresponds to
π-bonded PhH+(o/p)−Ar(π),9 which closely approximates that of
bare PhH+(o/p). cValues calculated at the B3LYP-D3/aug-cc-pVTZ
level. dValues (νNH frequencies and ΔνXH red shifts) calculated at the
B3LYP/6-311++G(d,p) level.21
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selectively be detected by monitoring IRPD in the single ligand
loss channels.
Charge distribution and binding affinity of the functional

groups are important factors in the recognition processes of
biomolecular building blocks. Our IRPD spectra are sensitive
to the structure and strength of the intermolecular bonds. We
find that the acidity of the OH group increases in the order
5HIH+(C3), 5HIH+(C4), and 5HIH+(O), and simultaneously,
the acidity of the NH group decreases along this series. NBO
analysis rationalizes this finding by very different distributions
of the excess charge within the individual 5HIH+ protomers.
5HIH+−Arn clusters grow by H-bonding of Ar to the
functional XH groups and/or by π-stacking to the aromatic
indole ring of the carbenium ions. For the oxonium ion, only
H-bonding to its very acidic OH2 group is observed. Even
though bare 5HIH+(O) is produced only at a minor degree,
tagging selectively enhances its relative population due to the
high binding energy of D0 = 15 kJ/mol and degeneracy effects.
In contrast, the additional electrostatic and stronger induction
forces enhance the strengths of the H-bonds in 5HIH+−(N2)n
compared to 5HIH+−Arn, whereas π-stacking interactions
hardly change. Hence, for all 5HIH+ protomers, 5HIH+−(N2)n
clusters are dominated by H-bonded structures.
Comparison of our current results to the IRPD spectra of

protonated phenol (PhH+) and pyrrole (PyH+) indicates that
the protonation mechanism of 5HI is a combination of those
of Ph and Py. As revealed by corresponding νXH and
complexation-induced red shifts ΔνXH (X = N, O), adding
the Py ring to Py reduces the acidity of the phenolic OH group
in the order a/s5HIH+(C3) < a5HIH+(C4) < s5HIH+(C4) <
PhH+(p/o) < s5HIH+(O) < a5HIH+(O) < PhH+(O). On the
other hand, addition of Ph to Py increases the acidity of the
NH group in the order PyH+(α) < PyH+(β) < s5HIH+(C4) <
a5HIH+(C4) < a/s5HIH+(C3). This has direct consequences
on the observed solvation motifs.
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Microhydration of protonated 5-hydroxyindole
revealed by infrared spectroscopy†

Johanna Klyne and Otto Dopfer *

Controlled microsolvation of protonated aromatic biomolecules with water is fundamental to understand

proton transfer reactions in aqueous environments. We measured infrared photodissociation (IRPD)

spectra of mass-selected microhydrates of protonated 5-hydroxyindole (5HIH+–Wn, W = H2O, n = 1–3)

in the OH and NH stretch ranges (2700–3800 cm�1), which are sensitive to the spectroscopic character-

istics of interior solvation, water network formation, and proton transfer to solvent. Analysis of the IRPD

spectra by dispersion-corrected density functional theory calculations (B3LYP-D3/aug-cc-pVTZ) reveals

the coexistence of C3- and C4-protonated carbenium ions, 5HIH+(C3) and 5HIH+(C4), as well as the

O-protonated oxonium ion, 5HIH+(O). Monohydrated 5HIH+–W clusters are formed by hydrogen-

bonding (H-bonding) of the first water to the most acidic functional group, namely, the NH group in the

case of 5HIH+(C3), the OH group for 5HIH+(C4), and the OH2 group for 5HIH+(O). The latter benefits

from its twofold degeneracy and the outstandingly high binding energy of D0 B 100 kJ mol�1. Larger

5HIH+–W2/3 clusters preferably grow (i) by H-bonding of the second water to the remaining vacant func-

tional group and and/or (ii) by formation of W2 water chains at the respective most acidic functional

group. Our IRPD spectra of 5HIH+–Wn do not indicate any proton transfer to the solvent up to n = 3, in

line with the proton affinities of 5HI and Wn. Comparison of 5HIH+–Wn to neutral 5HI–W and cationic

5HI+–Wn clusters elucidates the impact of different charge states on the topology of the initial solvation

shell. Furthermore, to access the influence of the size of the arene ion and a second functional group,

we draw a comparison to microhydration of protonated phenol.

1. Introduction

The interaction of biomolecules, such as proteins, enzymes or
hormones, with water (W) is crucial for their structure and
function in living organisms. Controlled sequential micro-
hydration of isolated biomolecules facilitates investigation of
the interactions between solutes and solvents, which are blurred
in the condensed phase. Infrared (IR) vibrational spectroscopy
of size-selected hydrated clusters is particularly useful because it
provides direct structural information. Combined with quantum
chemistry, IR spectroscopy can elucidate the potential energy
surface of hydration interactions.

Aromatic heterocyclic molecules are ubiquitous biomolecular
building blocks.1–3 For example, 5-hydroxyindole (5HI), the
prototype chosen herein, consists of pyrrole fused to a phenol
ring and occurs as a subunit in the neurotransmitter serotonin.
The sequential microhydration of protonated aromatic molecules
is particularly interesting because proton transfer from the

biomolecule to the solvent may happen in these systems. Both,
protonation and hydration are found to enhance the acidity of
the functional groups (OH/NH), and hence their ability to
donate a proton.4,5 Moreover, the proton affinity (PA) of W
(PA = 691 kJ mol�1)6 and small Wn clusters (PA = 808–879 kJ mol�1

for n = 2–3)7,8 is in the same range as those of aromatic hydro-
carbons (e.g., PA = 750 kJ mol�1 for benzene).6 Hence, formation of
a hydronium ion (H3O

+) or protonated water clusters H+(H2O)n via
proton transfer can eventually increase the interaction energy
resulting in more stable hydrated clusters. For example, proto-
nated benzene releases its excess proton already upon hydration by
a single water molecule.9,10 Moreover, for the prototypical proto-
nated arenes (A) naphthalene and benzaldehyde, proton transfer
to water occurs at cluster sizes of n = 2 and 3, respectively, as
revealed from IR photodissociation (IRPD) spectra of their micro-
hydrated [A–Wn]H

+ clusters.11,12 In general, the topology of the
potential energy surface of hydrated clusters strongly depends on
their charge or protonation state.5,13–15

The microhydration of the protonated phenol (PhH+) sub-
unit of 5HI has been studied by quantum chemistry and IRPD
spectroscopy.14,16 While the theoretical study focused on the
electronic structure of the carbenium ion,16 the IRPD study
indicates the coexistence of ortho/para C-protonated carbenium
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and O-protonated oxonium isomers, PhH+(o/p) and PhH+(O), in
a molecular beam.14 For both types of protomers, small Wn

clusters are formed at the OH group of phenol. However,
proton transfer is observed at different critical sizes of the
hydration shell (nc). While the Wn network accepts the excess
proton already at nc = 3 for PhH+(O)–Wn, proton transfer is only
possible for n Z 4 in PhH+(o/p)–Wn. This change in nc is
explained by the geometry of the carbenium cluster. The
protonated CH2 group is simply too far away from the Wn

network at the OH group. Proton transfer is possible only when
the Wn cluster forms a ring bridging the OH and CH2 groups at
nc = 4. The role of binding energies (D0) of the PhH

+–Wn clusters
or differences in the acidity of the OH groups have not been
discussed. However, our preceding IRPD study of the sequential
microsolvation of protonated 5-hydroxyindole (5HIH+) by non-
polar Ar and quadrupolar N2 ligands (L) indicates a drastic
difference in the ligand binding energies of the carbenium and
oxonium protomers, 5HIH+(C) and 5HIH+(O).17 The 5HIH+–Ln
spectra (n r 3) reveal the coexistence of 5HIH+(C3)–Ln,
5HIH+(C4)–Ln, and 5HIH+(O)–Ln clusters with ion cores proto-
nated at C3, C4, and O, respectively. This finding is surprising at
first glance, because bare 5HIH+(O) is drastically less stable than
the carbenium ions (DE0 4 100 kJ mol�1).5,17 The presence of
clusters with an oxonium core can however be rationalized by the
outstandingly large binding energies of 5HIH+(O)–Ln(OH) clus-
ters with ligands attached to the OH2 group, the high barriers for
isomerization from the oxonium to the carbenium ions (kinetic
trapping), and the twofold degeneracy of these structures.14,17–20

Furthermore, the acidity of the NH and OH functional groups is
found to strongly depend on the protonation site.17 Comparison
with PhH+ indicates an increase in the acidity of the OH group
from 5HIH+ to PhH+.17 Hence, we expect intracluster proton transfer
in 5HIH+–Wn clusters for a larger nc value as compared to PhH+–Wn.

To the best of our knowledge, only one theoretical study
describes the microhydration of protonated 5HIH+,5 and the
protonation-induced change of the interaction potential compared
to neutral hydrated clusters. This study reveals the preference of
OH� � �W over NH� � �WH-bonds in the neutral ground state, in line
with spectroscopic data.14 Both, OH� � �WandNH� � �WH-bonds are
significantly strengthened upon protonation,5 whereas the
increase in the acidity of the NH group is more pronounced than
that of the OH group. As a result, the topology of the hydration
shell is changed upon protonation and NH� � �W bonds are pre-
ferred. However, only C3-protonated 5HIH+(C3)–W clusters have
been considered.5 Most likely, the topologies of 5HIH+(C4)–W and
5HIH+(O)–W clusters differ strongly.17 Thus, we address herein
three main questions: (i) what is the protomer abundance within
5HIH+–Wn clusters and how is it changed compared to 5HIH+–Ln
with L = Ar and N2; (ii) what is the structure of the initial solvation
shell in 5HIH+–Wn; and (iii) do we observe proton transfer in the
size range n r 3 and a protomer dependence of nc?

To this end, we analyze IRPD spectra of mass-selected
hydrated clusters of 5HIH+ with the aid of quantum chemical
calculations. Vibrational spectroscopy in the NH and OH
stretch range can determine the protonation site, discriminate
interior ion solvation from water network formation, and signal

potential proton transfer from 5HIH+ to the Wn solvent cluster.
The comparison of our results on 5HIH+–W to those obtained
for 5HI+–W and 5HI–W illustrates the influence of different
charge states and protonation on the solvation of 5HI.

2. Experimental and
computational techniques

The microsolvation of 5HIH+ is studied by IRPD spectroscopy of
mass-selected 5HIH+–Wn (n = 1–3) clusters. Additional spectra
of colder 5HIH+–W are obtained by Ar and N2 tagging. IRPD
spectra are measured in the XH stretch range (X = N and O,
2600–3800 cm�1) with a quadrupole–octopole–quadrupole tandem
mass spectrometer described elsewhere.18–26 Briefly, protonated
clusters are generated in an electron ionization source coupled to a
pulsed molecular beam expansion. Solid 5HI (Sigma-Aldrich, 97%)
is heated to 145 1C and the resulting vapor is seeded in Ar or N2

carrier gas (8–9 bar) containing water. He/H2 gas (90/10) is added
to pure Ar (N2) in a 1 : 1 ratio to enhance the protonation efficiency.
The gasmixture is expanded into vacuum through a pulsed nozzle.
Close to the nozzle orifice, electron and/or chemical ionization of X
(X = Ar, N2, H2, or Wn) forms XH+ ions, which subsequently
protonate 5HI via proton transfer.18–20,24 Three-body collisions
with W and/or carrier gas molecules lead to cluster formation. In
the first quadrupole, the desired parent clusters are mass-selected.
Pulsed IR radiation emitted from a tunable optical parametric
oscillator (2–4 mJ pulse energy, 10 Hz repetition rate, 1 cm�1

bandwidth) is introduced into the adjacent octopole. Resonant
vibrational excitation of the parent clusters leads to the loss of the
least bonded ligand, i.e. single W molecules in the case of 5HIH+–
Wn or the loosely bound Ar/N2 tag for 5HIH+–W–Ar/N2. The
produced fragment ions are mass-selected with the second quad-
rupole and monitored by a Daly detector as a function of the IR
laser frequency to derive the IRPD spectrum of the 5HIH+–Wn or
5HIH+–W–Ar/N2 parent clusters. The ion source is triggered at
20 Hz (twice the laser frequency) facilitating subtraction of the
background signal (metastable decay). All IRPD spectra are
normalized for laser intensity variations recorded with a pyro-
electric detector. Collision-induced dissociation in the octopole
confirms the composition of mass-selected parent clusters.22,23

The protonation sites in 5HIH+ have already been examined
in a previous study.17 The 5HIH+ protomers offer two competing
H-bonding sites for W molecules, namely, their NH and OH
functional groups. The 5HIH+–Wn input structures for geometry
optimization are constructed by hand, attaching W ligands
successively to the NH and OH groups. Up to n = 3, this
approach is still feasible to find all low-energy minima. For
larger hydrates (and more flexible organic chromophores), it
may be rather difficult to find geometries by hand and, as a
consequence, systematic computational sampling techniques
such as basin-hopping or molecular dynamics should be
employed.28–30 Geometries, energies, and harmonic IR spectra
of stable 5HIH+–Wn (n = 1–3) and 5HIH+–W–Ar/N2 (ESI†)
structures are calculated at the B3LYP-D3/aug-cc-pVTZ level
using GAUSSIAN09.27,31–34 This hybrid density functional with

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 3
/2

8/
20

19
 4

:2
1:

06
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c8cp06950f


2708 | Phys. Chem. Chem. Phys., 2019, 21, 2706--2718 This journal is© the Owner Societies 2019

additive dispersion correction has proven to yield reliable
results for related aromatic clusters.11,22,23,35–39 For example,
the binding energies computed for the monohydrates of the
benzene and naphthalene cations (D0 = 3209 and 2773 cm�1)
compare favorably with the experimental values (D0 = 3290 �
120 and 2800 � 300 cm�1).40,41 Similarly, the calculated binding
energy of W2 (D0 = 1108 cm�1) matches the measured value
(D0 = 1105 � 10 cm�1).42,43 We optimize selected structures also
at the PBE0-D3/aug-cc-pVTZ level to yield reference data on
structural and spectroscopic properties. The PBE0 functional
is frequently used to compute properties of molecular clusters
and is less empirical than B3LYP.28,30,44–46 Furthermore, single-
point energy calculations of selected optimized structures are
performed at the CC2/aug-cc-pVDZ level. Comparison to neutral
and cationic s/a5HI–W clusters previously studied at the same
level (B3LYP-D3/aug-cc-pVTZ) yields the effects of protonation.22,23

Total binding energies (D0) are derived by subtracting the zero-
point corrected energies of the corresponding monomers from
that of the cluster: D0 = E0(5HIH+–Wn) � E0(5HIH+) � n�E0(W).
Binding energies of the Ar/N2 tag in 5HIH+–W–Ar/N2 are calculated
in a similar way. For selected structures, we estimate the basis set
superposition errors (BSSE) using the counterpoise method.47,48

Calculated harmonic vibrational frequencies are linearly scaled by
a factor of 0.957 derived previously from fitting the free OH
stretching frequency of cationic s/a5HI+.22 Yet, this scaling
factor yields OH stretch frequencies of W (n1/3 = 3635/
3733 cm�1) systematically lower by B20 cm�1 than the experi-
mental values (n1/3 = 3657/3756 cm�1).49 For selected 5HIH+–W
clusters, anharmonic spectra are calculated at the B3LYP-D3/
aug-cc-pVDZ level as implemented in GAUSSIAN09.50

3. Results and discussion
3.1 IRPD spectra

An overview of the IRPD spectra of 5HIH+–Wn with n = 1–3
measured in the XH stretch range is given in Fig. 1. The positions,
widths, and suggested vibrational and isomer assignments of the
transitions observed (A–L, X) are listed in Table 1, along with
computed frequencies and IR oscillator strengths. The spectra cover
the antisymmetric and symmetric OH stretching modes of water
(n3 and n1, bands A and B) and the OH and NH stretching modes of
5HIH+ (nOH and nNH). Dotted lines indicate the correspondence of
related bands in the different spectra. Bands G and H emerging in
the spectra of 5HIH+–Wn with n Z 2 already indicate the formation
of a H-bonded water network. In the following, the IRPD spectra
are disentangled by comparison with IR spectra calculated for
the possible isomers and taking into account the previous
interpretation of the 5HIH+–Ln spectra with L = Ar and N2.

17

IRPD spectra of tagged 5HIH+–W–L clusters with L = Ar and N2

are shown in Fig. S1 in the ESI.†

3.2 5HIH+–W

Internal OH rotation yields syn and anti rotamers of 5HIH+,
denoted by s5HIH+ and a5HIH+, respectively. Our previous
study of 5HIH+–Ln demonstrates the coexistence of the most

stable s/a5HIH+(C3) protomers (DE0 = 0/1.8 kJ mol�1), as well
as the s/a5HIH+(C4) and s/a5HIH+(O) isomers (DE0 = 5.1/11.1
and 117.1/117.7 kJ mol�1).17 With the exception of 5HIH+(C4),
the syn and anti rotamers of the 5HIH+ protomers have similar
energies and IR spectra and thus cannot be distinguished
at the current spectral resolution. A deep potential well
(DE 4 150 kJ mol�1) prevents the interconversion of the
drastically less stable 5HIH+(O) isomers into 5HIH+(C4).17

We compute proton affinities (PAs) of 905/902 kJ mol�1

for s/a5HIH+(C3), 900/892 kJ mol�1 for s/a5HIH+(C4), and
786/785 kJ mol�1 for s/a5HIH+(O).17 On the other hand, for
Wn clusters we calculate PAs of 681, 818, and 898 kJ mol�1 for
n = 1–3, respectively. Hence, the predicted PA of s/a5HIH+(O) is
smaller than that of the Wn cluster already at n = 2, and the
proton may be transferred from this 5HIH+ protomer to the
Wn solvent cluster. The PAs of s/a5HIH+(C3/C4) are in
the same range as that of the W3 cluster. Yet, proton transfer
may still occur if the solvation energy of the proton-
transferred structure is higher. Due to the possible proton
transfer to the Wn moiety, the notation [5HI–Wn]H

+ is more
precise. However, for consistency, we keep the 5HIH+–Wn

notation for all clusters throughout this paper. Based on our
previous results,17 we calculate herein hydrated clusters of
s/a5HIH+(C3), s/a5HIH+(C4), and s/a5HIH+(O) with W attached
to the acidic functional OH(2) and NH groups, the p-electron
cloud, or the protonated CH2 group. In general, the binding
motifs are very similar for the syn and anti rotamers of the
5HIH+–Wn clusters, with s5HIH+–Wn being systematically
more stable (Table S1, ESI†). Therefore, in the main text and

Fig. 1 Overview of the IRPD spectra of 5HIH+–Wn (n = 1–3) measured in
the XH stretch range (2700–3800 cm�1). The positions, widths, and
vibrational and isomer assignments of the transitions are listed in Table 1.
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Table 1 Positions (in cm�1) and widths (FWHM, in parentheses) of the bands observed in the IRPD spectra of 5HIH+–Wn (n = 1–3) (Fig. 1) compared to
scaled harmonic frequencies (in cm�1) and IR intensities (kmmol�1, in parentheses) of the assigned s5HIH+–Wn isomers calculated at the B3LYP-D3/aug-
cc-pVTZ level. Vibrational frequencies of the corresponding a5HIH+–Wn clusters are listed in Table S1 (ESI)

Cluster Exp. Vibration Calc. Isomer

5HIH+–W A 3732 (30) n3 3704 (119) s5HIH+(C3)–W(NH)
n3 3708 (118) s5HIH+(C4)–W(NH)
n3 3697 (134) s5HIH+(C4)–W(OH)
n3 3685 (178) s5HIH+(O)–W(OH)

B 3641 (25) n f
OH 3632 (164) s5HIH+(C3)–W(NH)

n1 3622 (54) s5HIH+(C3)–W(NH)
n1 3612 (52) s5HIH+(C4)–W(OH)
n1 3622 (40) s5HIH+(C4)–W(NH)
n1 3600 (68) s5HIH+(O)–W(OH)

C1 3600 (5) n f
OH 3588 (219) s5HIH+(C4)–W(NH)

C2 3591 (5) n f
OH 3558 (199) s5HIH+(O)–W(OH)

D1 3485 (30) n f
NH 3494 (116) s5HIH+(O)–W(OH)

D2 3470 (30) n f
NH 3478 (139) s5HIH+(C4)–W(OH)

E 3130 (100) n b
NH 3191 (1184) s5HIH+(C4)–W(NH)

F 3015 (70) n b
OH 3035 (2283) s5HIH+(C4)–W(OH)

n b
NH 3011 (1399) s5HIH+(C3)–W(NH)

5HIH+–W2 A 3725 (20) n3 3711 (131)/3707 (113) s5HIH+(C3)–W2(NH–OH)
n3 3717 (114) s5HIH+(C3)–W2(NH–W)
n3 3711 (114)/3700 (128) s5HIH+(C4)–W2(NH–OH)

G 3692 (10) n f(W)
OH 3690 (105) s5HIH+(C3)–W2(NH–W)

B 3638 (15) n1 3624 (49)/3619 (33) s5HIH+(C3)–W2(NH–OH)
n f
OH 3635 (156) s5HIH+(C3)–W2(NH–W)

n1 3624 (37)/3615 (48) s5HIH+(C4)–W2(NH–OH)
H 3348 (450) n b

OH 3283 (1565) s5HIH+(C3)–W2(NH–OH)
n b(W)
OH 3308 (921) s5HIH+(C3)–W2(NH–W)

J 3205 (450) n b
NH 3218 (1094) s5HIH+(C4)–W2(NH–OH)

K 3040 (450) n b
NH 3041 (1331) s5HIH+(C3)–W2(NH–OH)

n b
OH 3083 (2234) s5HIH+(C4)–W2(NH–OH)

L 2940 (450) n b
NH 2787 (2249) s5HIH+(C3)–W2(NH–W)

5HIH+–W3 A 3725 (20) n3 3719 (112)/3708 (114) s5HIH+(C3)–W3(OH–NH–W)
n3 3721 (111) s5HIH+(C3)–W3(NH–W–W)
n3 3722 (208) s5HIH+(C3)–W3(W–NH–W)
n3 3723 (106)/3702 (127) s5HIH+(C4)–W3(OH–NH–W)
n3 3722 (115)/3712 (112) s5HIH+(C4)–W3(OH–W–NH)
n3 3702 (147)/3695 (222) s5HIH+(O)–W3(NH–OH–W1)
n3 3717 (128)/3704 (143) s5HIH+(O)–W3(NH–OH–W2)

G 3692 (30) n f
OH 3692 (102) s5HIH+(C3)–W3(OH–NH–W)

n f(W)
OH 3694 (70) s5HIH+(C3)–W3(NH–W–W)

n f(W)
OH 3693 (111) s5HIH+(C3)–W3(NH–W–W)

n f(W)
OH 3689 (92) s5HIH+(C4)–W3(OH–NH–W)

n f(W)
OH 3679 (100) s5HIH+(C4)–W3(OH–W–NH)

n f(W)
OH 3661 (140) s5HIH+(O)–W3(NH–OH–W1)

n f(W)
OH 3677 (97) s5HIH+(O)–W3(NH–OH–W2)

B 3637 (20) n1 3630 (27)/3620 (31) s5HIH+(C3)–W3(OH–NH–W)
n f(W)
OH 3635 (151) s5HIH+(C3)–W3(NH–W–W)

n1 3631 (23) s5HIH+(C3)–W3(NH–W–W)
n f
OH 3636 (147) s5HIH+(C3)–W3(W–NH–W)

n1 3631 (29) s5HIH+(C3)–W3(W–NH–W)
n1 3632 (24)/3616 (45) s5HIH+(C4)–W3(OH–NH–W)
n1 3631 (29)/3624 (35) s5HIH+(C4)–W3(OH–W–NH)
n1 3616 (54)/3586 (100) s5HIH+(O)–W3(NH–OH–W1)
n1 3628 (36)/3617 (45) s5HIH+(O)–W3(NH–OH–W2)

X 3508 (30) n f
NH 3497 (108) s5HIH+(O)–W3(NH–OH–W1)

n f
NH 3500 (105) s5HIH+(O)–W3(NH–OH–W2)

H 3360 (450) n b(W)
OH 3375 (723) s5HIH+(C4)–W3(OH–NH–W)

n b(W)
OH 3306 (891) s5HIH+(C4)–W3(OH–W–NH)

n b(W)
OH 3326 (867) s5HIH+(C3)–W3(OH–NH–W)

n b
OH 3301 (156) s5HIH+(C3)–W3(OH–NH–W)

n b(W)
OH 3378 (663) s5HIH+(C3)–W3(NH–W–W)

n b(as)
OH 3424 (380) s5HIH+(C3)–W3(W–NH–W)

n b(s)
OH 3381 (516) s5HIH+(C3)–W3(W–NH–W)
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figures, we concentrate on s5HIH+–Wn. Corresponding data
for a5HIH+–Wn are available in the ESI.†

Fig. 2 summarizes the calculated s5HIH+–W clusters relevant for
the present study, along with their binding and relative energies (D0,
E0) and intermolecular H-bond lengths (R). Additional geometric
and spectroscopic properties are listed in Table S1 (ESI†).
Further stable binding motifs of s5HIH+–W are shown in
Fig. S2, and corresponding structures of a5HIH+–W are given
in Fig. S3 (Table S1, ESI†).

All 5HIH+ protomers exhibit competing H-bonding sites,
and most important are the acidic functional OH(2) and NH
groups acting as proton donors in OH� � �O and NH� � �O H-bonds
to W. As already observed for related heterocyclic arene
cations,23,36,41,51–53 p-stacking of W is rather unfavorable, e.g.,
D0 = 33.3 kJ mol�1 for s5HIH+(C3)–W(p), and thus not considered
further. Only one isomer with W attached to the protonated
CH2 group could be located, namely, s5HIH+(C4)–W(CH) with
D0 = 28.6 kJ mol�1. Because of the low binding energy of the
CH� � �O H-bonds, this binding motif is also not considered
further. Depending on the protonation site, the acidity of the
OH and NH functional groups is changed,17 and the H-bond
strengths vary in the same way. For example, the NH group is the
strongest proton donor in s5HIH+(C3)–W(NH) (DE0 = 0 and
D0 = 60.3 kJ mol�1, R = 1.730 Å for NH� � �O), while the OH
group is preferred in s5HIH+(C4)–W(OH) (DE0 = 3.6 and D0 =
61.8 kJ mol�1, R = 1.658 Å for OH� � �O). The OH� � �O H-bond of
the protonated OH2 oxonium group is outstandingly strong,
with D0 = 99.3 kJ mol�1 and R = 1.426 Å for s5HIH+(O)–W(OH).
This strong H-bond and the twofold degeneracy may thus
again somewhat compensate for the large energy gap of DE0 =
78.2 kJ mol�1 between s5HIH+(O)–W(OH) and the s5HIH+(C3)–
W(NH) global minimum. The NH group of the oxonium protomer
is a far less acidic than the OH2 group, with D0 = 39.5 kJ mol�1 and
R = 1.861 Å for the NH� � �O H-bond in s5HIH+(O)–W(NH). All
considered s5HIH+–W isomers are readily distinguishable by their
IR spectra in the investigated spectral range (Fig. 3 and Fig. S4,
ESI†). Our calculated binding energies of s5HIH+(C3)–W(NH) and
s5HIH+(C3)–W(OH), D0 = 60.3 and 49.4 kJ mol�1, are substantially
but systematically smaller than the corresponding H-bond
energies reported earlier at the RI-MP2/aug-cc-pVDZ level,
De = 88.6 and 76.8 kJ mol�1.5 Similar to the MP2 results,5 the
single-point energies computed at the CC2/aug-cc-pVDZ level
yield the same energy hierarchy as predicted at the B3LYP-D3/
aug-cc-pVTZ level, but the spread of relative energies is some-
what larger (Table S1, ESI†). In general, BSSE corrections of
the computed binding energies evaluated at the B3LYP-D3/aug-
cc-pVTZ level are small (on the order of 1% or less) because the
aug-cc-pVTZ basis set is rather large (Table S1, ESI†). Reference
calculations at the PBE0-D3/aug-cc-pVTZ level yield energies,
structural and spectroscopic properties comparable to those
obtained at the B3LYP-D3/aug-cc-pVTZ level (Table S1, ESI†).
Indeed, the IR spectra computed at the B3LYP-D3/aug-cc-pVTZ level
match somewhat better the experimental spectra (Fig. S5, ESI†).

In Fig. 3 the IRPD spectrum of 5HIH+–W is compared to that
of cationic 5HI+–W and to linear IR absorption spectra calculated
for relevant s5HIH+–W isomers (Table 1). The vibrational assignment

Fig. 2 Structures of selected s5HIH+–W clusters calculated at the B3LYP-D3/
aug-cc-pVTZ level (Table S1, ESI†) along with binding energies and
relative energies (D0 and E0 in kJ mol�1) and intermolecular bond lengths
(R in Å).

Table 1 (continued )

Cluster Exp. Vibration Calc. Isomer

J 3230 (450) nbOH 3110 (1927) s5HIH+(C4)–W3(OH–NH–W)
nbNH 3078 (1906) s5HIH+(C4)–W3(OH–NH–W)
nbNH 3236 (1063) s5HIH+(C4)–W3(OH–W–NH)
nb(W)
OH 3126 (1404) s5HIH+(C3)–W3(NH–W–W)
nbOH 3183 (1263) s5HIH+(O)–W3(NH–OH–W2)
nbOH 3183 (1263) s5HIH+(O)–W3(NH–OH–W2)
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is facilitated by comparing the spectra of 5HIH+–W and 5HI+–W.
Bands A and B at 3732 and 3641 cm�1 are readily assigned to the
antisymmetric and symmetric free OH stretching modes of W
(n3 and n1). Band A may also contain the red-shifted n3 mode
of s5HIH+(O)–W(OH) and s5HIH+(C4)–W(OH) predicted at
3685 and 3697 cm�1, respectively. The relative intensity of band
B is substantially enhanced for 5HIH+–W as compared to 5HI+–
W, while this is not the case for band A. Some contribution of
the free phenolic OH stretching mode (nfOH) of s5HIH

+(C3)–W(NH)
predicted at 3632 cm�1 rationalizes the higher intensity of band B.
Indeed, comparison of the IRPD spectra of 5HIH+–L with
L = Ar, N2, and W further strengthens this assignment.17 The
nfOH band of s5HIH+(C3)–Ar(p) is observed at 3635 cm�1, that is
only 6 cm�1 red-shifted from the maximum of peak B. By
comparison to 5HI+–W, bands C1/C2 are clearly assigned to
phenolic nfOH modes. We attribute C1 at 3600 cm�1 to nfOH
of s5HIH+(C4)–W(NH) predicted at 3588 cm�1, and C2 at
3591 cm�1 to nfOH of s5HIH+(O)–W(OH) predicted at 3558 cm�1.
Another indication for the production of s5HIH+(O)–W(OH) is the
doublet D1/D2 at 3485/3470 cm�1 (Dn = 15 cm�1). By analogy to
5HI+–W, it is assigned to the free NH stretching mode (nfNH). Here,
D1 is attributed to s5HIH+(O)–W(OH) and D2 to s5HIH+(C4)–W(OH)
predicted at 3494 and 3478 cm�1 (Dn = 16 cm�1), respectively.

The broad band E centered at 3130 cm�1 is interpreted as
H-bonded NH stretch (nbNH) of s5HIH+(C4)–W(NH) predicted at
3191 cm�1. Band E is somewhat red-shifted compared to nbNH in
the IRPD spectrum of cationic 5HI+–W, indicating a destabilization
of the NH bond induced by C4-protonation. The broad transition F
at 3015 cm�1 contains both nbOH of s5HIH+(C4)–W(OH) and nbNH of
s5HIH+(C3)–W(NH) predicted at 3035 and 3011 cm�1. The IRPD
spectrum shows no clear signature of the s5HIH+(C3)–W(OH)
isomer (Fig. S4, ESI†). This finding is somewhat surprising
because this isomer is predicted to be slightly more stable than
s5HIH+(C4)–W(NH) (DE0 = 10.9 and D0 = 49.4 kJ mol�1 vs. DE0 =
16.7 and D0 = 48.7 kJ mol�1). We also rule out the presence of
the s5HIH+(O)–W(NH) isomer, mostly on the basis of stability
and spectroscopy (Fig. S4, ESI†).

In conclusion, we assign the measured IRPD spectrum of
5HIH+–W to C3-protonated s5HIH+(C3)–W(NH) with NH-bonded
W, C4-protonated s5HIH+(C4)–W(OH) and s5HIH+(C4)–W(NH)
with OH- and NH-bonded W, and the OH-bonded s5HIH+(O)–
W(OH) oxonium ion. This interpretation is strengthened by a
comparison of the IRPD spectrum to exemplary anharmonic
spectra computed for the monohydrates (Fig. S6 and Table S1,
ESI†). Obviously, within the harmonic approximation, the red-
shifts of the H-bond donor stretching vibrations (nbOH and nbNH)
are underestimated by 60–110 cm�1, but both the anharmonic
and scaled harmonic spectra yield the same assignment of the
experimental transitions. At the current experimental resolution,
we cannot discriminate syn and anti rotamers but assume that
both are present in significant abundance for the assigned iso-
mers. The estimation of population ratios for the three protomers
(C3, C4, O) based on the comparison of measured and computed
band intensities is not straightforward due to overlapping transi-
tions. Furthermore, the binding energies of the 5HIH+–W clusters
are higher than the IR photon energies in the XH stretch range,
such that absorption of a single photon will not lead to fragmenta-
tion from cold clusters. Hence, multiple-photon effects or ions
with high internal energy must be considered. Moreover, due to
the very different binding energies of the individual 5HIH+–W
clusters, the photodissociation cross sectionsmay be different, too.
Still, assuming similar fragmentation cross sections for the assigned
isomers, a rough estimate of populations is possible. In contrast to
the predictions for s5HIH+(O)–W(OH), band C (C1 + C2, n

f
OH) is

significantly less intense than D (D1 + D2, n
f
NH). This result suggests

that we probe only a few oxonium ions (B10%), while the main
contribution to band D arises from s5HIH+(C4)–W(OH). The com-
parison of bands C and D also indicates that significantly fewer
s5HIH+(C4)–W(NH) than s5HIH+(C4)–W(OH) isomers are probed.
Band B is roughly twice as intense as band A, while n1 is predicted to
be half as intense as n3 in any of the calculated IR spectra. Thus, we
conclude that most signals of band B stem from nfOH of s5HIH+(C3)–
W(NH). Hence, we suggest that the major contribution (roughly
70%) to the IRPD spectrum arises from themost stable s5HIH+(C3)–
W(NH) and s5HIH+(C4)–W(OH) isomers.

3.3 5HIH+–W–Ar/N2

Tagging with Ar or N2 reduces the peak widths in the IRPD
spectra of 5HIH+–W because the binding energy of the least

Fig. 3 Comparison of the IRPD spectrum of 5HIH+–W to linear IR spectra
calculated for the most stable isomers at the B3LYP-D3/aug-cc-pVTZ
level. For comparison, the IRPD spectrum of 5HI+–W is also shown.23
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bonded ligand limits the internal temperature of the cluster.
Fig. S7 and S8 (ESI†) compare the IRPD spectra of 5HIH+–W–Ar
and 5HIH+–W–N2 to the IR spectra calculated for relevant
tagged isomers. The IRPD spectra of 5HIH+–W–Ar/N2 do not
add any new information about the monohydrated clusters but
confirm the assignment of s5HIH+(C3)–W(NH), s5HIH+(C4)–W(OH),
s5HIH+(C4)–W(NH) and s5HIH+(O)–W(OH) being the predominant
monohydrates in themolecular beam. The Ar tag is mainly attached
to theWmoiety or p-stacked. The N2 ligand is H-bonded to eitherW
or to the remaining functional group not occupied by W.

Selected structures of s5HIH+–W–Ar and s5HIH+–W–N2 are
depicted in Fig. S9 and S10 (ESI†), respectively, and Table S1
(ESI†) contains structural and spectroscopic information for all
calculated 5HIH+–W–Ar/N2 isomers. For a detailed discussion of
the 5HIH+–W–L spectra, the interested reader is referred to the
ESI.†

3.4 5HIH+–W2

Fig. 4 shows the structures of selected s5HIH+–W2 clusters
along with binding energies and H-bond lengths. Additional

Fig. 4 Structures of selected s5HIH+–W2/3 clusters calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1, ESI†) along with binding energies
(D0 in kJ mol�1) and intermolecular distances (R in Å).
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stable s5HIH+–W2 isomers are shown in Fig. S11 (ESI†). Corres-
ponding a5HIH+–W2 structures are depicted in Fig. S12 (ESI†).
Selected structural and spectroscopic properties of all calcu-
lated s/a5HIH+–W2 isomers are listed in Table S1 (ESI†).

For 5HIH+(C3/C4)–W2, we consider three binding motifs.
H-bonding of two individual W ligands to both functional
groups yields the most stable s5HIH+(C3/C4)–W2(NH–OH) with
D0 = 106.4/106.6 kJ mol�1. BSSE corrections are again on the
order of 1% of the computed binding energies (Table S1, ESI†).
Noncooperative three-body effects weaken the individual H-
bonds compared to the monohydrates, as revealed by compar-
ison of binding energies and H-bond lengths. For example,
corresponding H-bonds elongate from R = 1.730 and 1.738 Å in
s5HIH+(C3)–W(NH) and s5HIH+(C3)–W(OH) to R = 1.744 and
1.754 Å in s5HIH+(C3)–W2(NH–OH). The same trend holds for
s5HIH+(C4)–W2(NH–OH) with R = 1.814 and 1.658 Å compared
to R = 1.829 and 1.675 Å. This weakening of the H-bonds
directly translates into reduced complexation-induced red-
shifts of the corresponding nbNH and nbOH modes (Table S1,
ESI†). For example, nbNH of s5HIH+(C3)–W(NH) is predicted at
3011 cm�1 and that of s5HIH+(C3)–W2(NH–OH) at 3041 cm�1.
For the C3-protonated ion, formation of a H-bonded water
network (i.e., attachment of a H-bonded W2) at the NH group
is more favorable than at the OH group, with D0 = 104.5 and
86.8 kJ mol�1 for s5HIH+(C3)–W2(NH–W) and s5HIH+(C3)–
W2(OH–W), respectively. Due to cooperativity, the initial
H-bond is shortened from R = 1.730 Å in s5HIH+(C3)–W(NH)
to 1.636 Å in s5HIH+(C3)–W2(NH–W). In line with the altered
acidity of the functional groups for the C4-protonated ion,17

s5HIH+(C4)–W2(OH–W) is more stable than s5HIH+(C4)–
W2(NH–W), with D0 = 106.1 and 87.6 kJ mol�1, respectively.
Again, network formation strengthens the first H-bond with
R = 1.658 Å in s5HIH+(C4)–W(OH) vs. 1.560 Å in s5HIH+(C4)–
W2(OH–W). Formation of water networks yields characteristic
spectroscopic features, most prominently, nf(W)

OH and nb(W)
OH of the

solvated water in the W2 unit, predicted at 3690 and 3307 cm�1

for s5HIH+(C3)–W2(NH–W). The corresponding n3 and n1 of the
terminal free water are blue-shifted from 3708 and 3622 cm�1

in s5HIH+(C3)–W(NH) to 3717 and 3628 cm�1 in s5HIH+(C3)–
W2(NH–W). The impact on the respective functional group by
solvation with W2 is largely enhanced. For example, nbOH of
s5HIH+(C4)–W2(OH) is predicted at 3035 cm�1 and shifts down
to 2710 cm�1 for s5HIH+(C4)–W2(OH–W).

The largest binding energy of D0 = 176.7 kJ mol�1 is
calculated for s5HIH+(O)–W2(OH–OH), i.e. the oxonium ion
monohydrated at both OH groups. Yet, due to noncooperativity,
this value is significantly lower than twice the binding energy of
s5HIH+(O)–W(OH), D0 = 99.3 kJ mol�1. Formation of a water
network at the OH2 group yields s5HIH+(O)–W2(OH–W1) and
s5HIH+(O)–W2(OH–W2) with D0 = 167.3 and 169.7 kJ mol�1

(Fig. S11, ESI†). The NH group of the oxonium ion is far less
attractive, leading to s5HIH+(O)–W2(NH–OH) and s5HIH+(O)–
W2(NH–W) with only D0 = 135.5 and 73.4 kJ mol�1. Again, BSSE
corrections are on the order of only 1% of the computed
binding energies (Table S1, ESI†). In s5HIH+(O)–W2(OH–W1),
the water chain points away from the phenol ring. Proton transfer

to theW2 chain is indicated, because the OH bond of s5HIH+(O) is
already longer (rOH = 1.262 Å) than the OH� � �Wbond (R = 1.147 Å).
Thus, the ion may be better described by s5HI–H5O2

+. Yet, for
consistency, we keep the introduced notation for the structures.
On the other hand, in s5HIH+(O)–W2(OH–W2) the water chain is
bent toward the aromatic ring facilitating an additional OH� � �p
interaction with the aromatic p-electron cloud. In this structure,
proton transfer is more pronounced, with rOH = 1.434 and
R = 1.056 Å.

The assignment of the IRPD spectrum of 5HIH+–W2 (Table 1)
is based on the comparison to the corresponding calculated
spectra (Fig. 5 and Fig. S13, ESI†). Exemplary anharmonic
spectra depicted in Fig. S14 (ESI†) are in line with the following
assignments based on the harmonic spectra. Bands A and B at
3725 and 3638 cm�1 are readily assigned to n3 and n1 and are
well reproduced by essentially all considered isomers. Band G at
3692 cm�1 is characteristic of an H-bonded W2 network and
appears at 3690 and 3676 cm�1 in the calculated spectra of
s5HIH+(C3)–W2(NH–W) and s5HIH+(C4)–W2(OH–W), respectively.
In line with the assignments above, nfOH of s5HIH+(C3)–W2(NH–W)
predicted at 3635 cm�1 contributes to band B, which is again
significantly more intense than band A. The nfNH mode char-
acteristic of s5HIH+(C4)–W2(OH–W) at 3481 cm�1 is however
not observed. Hence, we assign only s5HIH+(C3)–W2(NH–W).
Consequently, band H centered at 3348 cm�1 is attributed to a
superposition of nbOH of s5HIH+(C3)–W2(NH–OH) predicted at

Fig. 5 Comparison of the IRPD spectrum of 5HIH+–W2 to calculated IR
spectra of the relevant isomers at the B3LYP-D3/aug-cc-pVTZ level.
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3283 cm�1 and nbOH of the W2 unit in s5HIH+(C3)–W2(NH–W),
which is predicted at 3308 cm�1 (nb(W)

OH ). Band J at 3205 cm�1

arises from nb(W)
NH of s5HIH+(C4)–W2(NH–OH) predicted at

3218 cm�1. Its nbOH mode at 3083 cm�1 and nbNH of s5HIH+(C3)–
W2(NH–OH) predicted at 3041 cm�1 account for band K observed
at 3040 cm�1. Finally, band L at 2940 cm�1 may be assigned to
n b
NH of s5HIH+(C3)–W2(NH–W), which is predicted to be rather

low (2787 cm�1). However, below 2800 cm�1, the laser power is
very low such that this modemay also not be detected. We cannot
safely assign any 5HIH+(O)–W2 oxonium isomer because there is
no strong signal in the IRPD spectrum around 3500 cm�1. In this
range, the nfNH and nfOH modes of s5HIH+(O)–W2(OH–OH) and
s5HIH+(O)–W2(NH–OH) are predicted (3498 and 3560 cm�1,
Fig. 5). Furthermore, the nfNH modes of the two proton-transferred
structures s5HIH+(O)–W2(OH–W1) and s5HIH+(O)–W2(OH–W2) and
their intense nbOH modes of the H-bonded W2 are expected around
3500 cm�1 (Fig. S13, ESI†). For the 5HIH+–W cluster, the population
of the OH-bound oxonium isomer s5HIH+(O)–W(OH) was most
likely enhanced by its high binding energy of D0 = 99.3 kJmol�1 and
the twofold degeneracy. However, degeneracy effects no longer
promote the most stable s5HIH+(O)–W2(OH–OH) cluster or the
formation of W2 chains in s5HIH+(O)–W2(OH–W1/W2). Thus,
our spectra do not indicate proton transfer for any of the
5HIH+–Wn clusters at n = 2.

3.5 5HIH+–W3

In s/a5HIH+–W3, interior ion solvation competes with water
network formation. W3 chains at either one of the functional
groups (NH–W–W and OH–W–W) are comparably strong as
bifurcated W3 H-bonds (W–NH–W and W–OH–W). Selected
structures of s5HIH+–W3 are shown in Fig. 4. Additional
s5HIH+–W3 and selected a5HIH+–W3 isomers are depicted in
Fig. S15 and S16 (ESI†). Corresponding structural and spectro-
scopic data are listed in Table S1 (ESI†). Again, we observe a
strong modulation in the acidity of the functional groups
depending on the protonation site. As the NH group is more
acidic in s5HIH+(C3), formation of W3 networks at the NH site
(D0E 141 kJmol�1) is favored over the OH site (D0E 119 kJmol�1).
The bifurcated W–NH–W H-bond (D0 = 141.9 kJ mol�1) is slightly
favored over the linear NH–W–W chain (D0 = 140.8 kJ mol�1).
However, interior ion solvation with one water molecule
attached to the OH group and two to the NH group yields
the most stable s5HIH+(C3)–W3(OH–NH–W) isomer with
D0 = 148.4 kJ mol�1. In contrast, W3 networks at the OH site
are preferred for s5HIH+(C4) with D0 E 142–145 kJ mol�1

(Table S1, ESI†). Solvation of both functional groups yields
s5HIH+(C4)–W3(OH–W–NH) and s5HIH+(C4)–W3(OH–NH–W)
with D0 = 148.9 and 143.4 kJ mol�1 (Fig. 4). Noncooperative
effects destabilize the individual W2 chains. For example, com-
paring s5HIH+(C4)–W2(OH–W) and s5HIH+(C4)–W3(OH–W–NH),
the H-bonds within the W2 chain at the OH group elongate
from R = 1.560/1.733 to 1.580/1.744 Å. The same trend is
observed for all four interior solvated s5HIH+–W3 isomers
(Fig. 4 and Table S1, ESI†). In line with the weakening of the
individual H-bonds, for n = 3 (interior solvation) the impact
on the s5HIH+ core is also weaker than for n = 2 (water chain).

This directly translates into blue-shifts of the affected proton
donor XH stretches. For instance, nbNH of s5HIH+(C3)–W2(NH–W)
and s5HIH+(C3)–W3(OH–NH–W) are predicted at 2787 and
2834 cm�1, respectively.

Solvation of both OH groups of the oxonium ion yields
s5HIH+(O)–W3(OH–OH–W1) and s5HIH+(O)–W3(OH–OH–W2)
isomers with D0 = 229.2 and 231.5 kJ mol�1, respectively. The
latter is again stabilized by its additional interaction with the
aromatic p-electron cloud. A W2 chain is attached to one OH
site, significantly elongating the affected OH bond (rOH = 1.068
and 1.104 Å). The OH� � �W bond is still longer (R = 1.391 and
1.330 Å). Hence, in contrast to what has been predicted for the
corresponding s5HIH+(O)–W2(OH–W1) and s5HIH+(O)–W2(OH–W2)
clusters, the proton is not transferred due to the noncooperative
character of this W3 binding motif. However, proton-transferred
structures cannot be neglected for n = 3. We find four proton-
transferred structures, namely, s5HIH+(O)–W3(NH–OH–W1/W2)
with a W2 chain at one OH group and a single W at the NH
group as well as s5HIH+(O)–W3(OH–W–W1/W2) with a W3 chain
at its OH group (Fig. 4 and Fig. S15, ESI†). Interestingly,
s5HIH+(O)–W3(OH–W–W2) is the most stable structure found
with D0 = 231.8 kJ mol�1. TheW3 chain is entirely detached from
the OH group (rOH = 1.763 and ROH–W = 0.985 Å), and is arranged
over the phenol ring of neutral 5HI (Fig. 4). This isomer is
distinguished by its nfOH and nfNH predicted at 3633 and
3497 cm�1, and three intense nb(W)

OH at 3300, 3243, and 2806 cm�1.
The other three structures are significantly less stable with
D0 = 201.9, 208.8, and 216.5 kJ mol�1, respectively.

Fig. 6 compares the IRPD spectrum of 5HIH+–W3 to the
calculated IR spectra of selected s5HIH+–W3 isomers. Spectra
calculated for some additional s/a5HIH+–W3 conformers are
given in Fig. S17 (ESI†). The triplet A, G, and B at 3725, 3692,
and 3637 cm�1 unambiguously reveals the predominance of
chainlike W2 and/or W3 solvation structures. Band A is thus
assigned to n3, band B to n1, and band G to nf(W)

OH of the single-
donor water molecules. Candidates to explain this pattern are at
least the isomers considered in Fig. 6, except for s5HIH+(C3)–
W3(W–NH–W) with a bifurcated H-bond. However, a clear isomer
assignment is challenging, because the IRPD spectrum is not well
resolved below 3600 cm�1, possibly due to overlapping transitions
of several isomers. Still, we can draw some conclusions from the
comparison with the IRPD spectra of 5HIH+–W1/2 (Fig. 1). First,
band X at 3508 cm�1 is considered to be a contamination band. It
is not convincingly rationalized by any calculated mode and it
occurs at the same position as band X in the spectrum of
5HIH+–W–N2 (ESI†). Yet, one may argue that nfNH of s5HIH+(O)–
W3(NH–OH–W1/W2) predicted at 3497/3500 cm�1 gives rise to
band X. However, already for 5HIH+–W2 it remains unclear
whether oxonium clusters are probed. Any other modes of
s5HIH+(O)–W3(NH–OH–W1/W2) are also not clearly observed.
Second, bands H and J at 3360 and 3230 cm�1 can be related to
corresponding transitions in the IRPD spectra of 5HIH+–W1/2.
In analogy to the spectrum of 5HIH+–W2, band H may be
assigned to nb(W)

OH of the solvated water and/or nbOH of the
5HIH+(C3) protomer. Corresponding transitions are predicted
at 3225 and 3301 cm�1 for s5HIH+(C3)–W3(OH–NH–W). In the
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case of 5HIH+–W2, band J is assigned to nbNH of the 5HIH+(C4)
core. The corresponding intense nbNH mode of s5HIH+(C4)–
W3(OH–W–NH) is predicted at 3236 cm�1. Bands J and H
may also be explained by the two intense nb(W)

OH of the very
stable proton-transferred s5HIH+(O)–W3(OH–W–W2) oxonium
isomer, which are predicted at 3300 and 3243 cm�1. Still, the
IRPD spectrum of 5HIH+–W3 is already well reproduced by the
two most stable carbenium ions s5HIH+(C3)–W3(OH–NH–W)
and s5HIH+(C4)–W3(OH–W–NH). Finally, probably due to over-
lapping bands of several isomers, the spectral resolution is not
sufficient to definitely exclude any of the isomers considered in
Fig. 6 based on their IR spectra. A suggested, detailed assignment of
the observed bands to vibrational modes and isomers is listed in
Table 1. Wemost likely do not observe proton-transferred structures
for n = 3, or at most only at low percentage. To unambiguously
evidence whether proton transfer happens at n = 3 or not, the
isomer contribution must be disentangled more accurately by
double-resonance spectroscopy.

3.6 Comparison to 5HIH+–Ln (L = Ar, N2)

Recently, we studied the sequential microsolvation of 5HIH+

with nonpolar (L = Ar) and quadrupolar (L = N2) solvents.
17 The

IRPD spectra of the 5HIH+–L clusters with L = Ar, N2, and W are
compared in Fig. S18 (ESI†).

The same protomers have been identified in the 5HIH+–Ln
clusters, namely, C3, C4 and O. C4-Protonation significantly
affects the adjacent OH group. As a result, s- and a5HIH+(C4)

rotamers are distinguishable by their well-resolved nfOH bands
appearing in the spectra of 5HIH+–Ar and 5HIH+–N2. In contrast,
the current 5HIH+–Wn spectra are not sufficiently well resolved to
distinguish s- and a5HIH+ rotamers. O-Protomers have unam-
biguously been identified by the IRPD spectra of larger 5HIH+–
(N2)2/3 clusters recorded in different fragmentation channels.17

While the IRPD spectra measured in the n - 0 loss channel
correspond to the superposition of all three protomers, 2 - 1
and 3 - 2 loss channels provide the isomer-pure spectrum of
O-protonated 5HIH+(O)–(N2)2/3 clusters.

In general, the growth of 5HIH+–Ln clusters (L = Ar, N2, W)
follows similar trends. Our previous study related the acidity of
the functional groups to the charge distribution in the individual
protomers.17 In 5HIH+(C3) the NH group is most acidic, whereas
in 5HIH+(C4) it is the OH group. For the oxonium, exclusively
H-bonding to its OH2 group is observed due to its high binding
energies of D0 = 15.2 (Ar), 29.8 (N2), and 99.3 (W) kJ mol�1

compared to only D0 = 5.5 (Ar), 9.3 (N2), and 39.5 (W) kJ mol�1 for
the NH-bound minimum. H-bonding and p-stacking compete in
the growth of 5HIH+–Arn clusters. In contrast, the microsolvation
of 5HIH+ with N2 is dominated by H-bonding to the functional
groups instead of p-stacking, and the same is true for micro-
hydration with W. The L–L interaction is rather small for
both Ar and N2 (B100 cm�1),54,55 because it relies mainly on
dispersion. Hence, their 5HIH+–Ln clusters strongly prefer interior
ion solvation over the formation of solvent networks. In
contrast, the permanent dipole moment of W promotes the
formation of water networks as the W–W interaction is rather
strong (B1000 cm�1).42,51,52 Upon network formation, strong
cooperative effects strengthen preexisting H-bonds, in particular
in the presence of a positive charge. Indeed, the formation of W2

andW3 chains is indicated by the characteristic triplet of n3, nf(W)
OH ,

and n1 in the IRPD spectra of 5HIH+–W2/3. Complexation-induced
frequency red-shifts (DnXH) of H-bonded proton donor stretching
modes are a convenient measure of intermolecular H-bond
strengths. Therefore, we evaluate the DnbOH and DnbNH red-shifts
(Table 2) observed in 5HIH+–L dimers as a function of the ligand
(L = Ar, N2, W). Fig. S19 (ESI†) illustrates the dependence of the
DnbOH and DnbNH red-shifts on the PAs of the ligands.6 Generally,
the impact on the proton donor group increases monotonically in
the order Ar o N2 o W. The DnbOH red-shifts are larger than the
DnbNH ones. However, one must be careful with their direct
comparison because only for s/a5HIH+(C4) both DnbOH and DnbNH
are observed (Table 2). Our previous IRPD study of 5HIH+–Ar/N2

already revealed an increase of the acidity of the OH group in the
order s5HIH+(C3) o a5HIH+(C4) o s5HIH+(C4) o s/a5HIH+(O).17

Indeed, complexation has the largest impact on the OH group of
s/a5HIH+(O)–L, which is the strongest H-bond donor with
D0 = 15.2, 29.8, and 61.8 kJ mol�1 for Ar, N2, andW, respectively.

3.7 Comparison to neutral 5HI–W and cationic 5HI+–Wn

A direct comparison of the (structural) properties of neutral
5HI–W and cationic 5HI+–W to the protonated 5HIH+–W clusters
is challenging because protonation strongly affects the chemical
structure. While only two isomers, namely, syn and anti rotamers,
exist in the S0 and D0 states of 5HI(+), we observe (at least) six

Fig. 6 Comparison of the IRPD spectrum of 5HIH+–W3 to calculated IR
spectra of the relevant isomers at the B3LYP-D3/aug-cc-pVTZ level.
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protomers for 5HIH+, namely, s/a5HIH+(C3), s/a5HIH+(C4), and
s/a5HIH+(O).

In the neutral ground state (S0), NH- and OH-bound
hydrates of both s- and a5HI rotamers could be identified by
isomer-selective IR spectroscopy.56 While neutral a5HI–W clusters
are more stable by DE0 4 1.1 kJ mol�1, protonation reverses this
trend, such that protonated s5HIH+–W are more stable by DE0 4
1.5 kJ mol�1. In the S0 state, OH� � �W bonds are stronger than
NH� � �W bonds. Upon C3-protonation the neutral NH� � �W bond is
strengthened from De = 40.2 to 88.6 kJ mol�1.5 The strengthening
of the OH� � �W bond is less pronounced with De = 43.3 vs.
76.8 kJ mol�1.5 These results were rationalized by the large
charge density on the pyrrole ring of 5HIH+(C3), which affects
the acidity of the OH and NH groups. Our recent analysis of the
NBO charge distribution in 5HIH+(C3), 5HIH+(C4), and
5HIH+(O) quantifies this qualitative argument.17

The IRPD spectrum of 5HI+–W is depicted in Fig. 3. Number
and positions of the bands (A–F) are similar to those observed
for 5HIH+–W, indicating comparable structures of the 5HI core
and similarmicrohydrationmotifs (OH� � �WandNH� � �WH-bonds).
However, band widths and intensities differ significantly. The
spectrum of 5HI+–W was explained by the coexistence of
5HI+–W(OH) and 5HI+–W(NH).23 Also in the cationic ground
state (D0), OH� � �W bonds are stronger than NH� � �W bonds, yet
the interaction strengths are significantly enhanced compared to
the neutral clusters. Hence, OH� � �W bonds are strongly preferred
over NH� � �W bonds by a factor of 10.23 A very rough estimate
of the population of the 5HIH+–W protomers yields that
5HIH+(C3)–W(NH) and 5HIH+(C4)–W(OH) contribute E70%,
5HIH+(C4)–W(NH) E20%, and 5HIH+(O)–W(OH) E10%. Thus,
due to the strong variation of the acidity of the NH and OH groups
upon protonation, there is no longer any preference for OH� � �W or
NH� � �W bonds. In the D0 state, clusters of s5HI+ are more stable
than those of a5HI+, and the same is true for the protonated species.

IRPD spectroscopy of 5HI+–Wn clusters reveals the competition
between interior ion solvation and the formation of H-bonded
water networks.23 For 5HI+–W2, interior ion solvation at both
acidic groups (OH/NH) is strongly preferred (Z90%). For
5HI+–W3, two isomers coexist which bear one single W and
one W2 dimer H-bonded to either of the functional groups. The
IRPD spectrum of 5HI+–W3 suggests a strong preference for
attachment of the W2 dimer at the OH group, leading to an
estimated population ratio of 10 : 1 for OH/W/NH :OH/NH/W.23

Proton transfer from 5HI+–Wn to the solvent was not observed
for nr 3. These results are in line with our current findings on
the 5HIH+–Wn clusters.

3.8 Comparison to PhH+–Wn

It is instructive to compare our results for 5HIH+–Wn to those
obtained by IRPD spectroscopy of the related PhH+–Wn clusters
because (i) similar protonationmechanisms have been evidenced
for PhH+, resulting in carbenium PhH+(p/o) and oxonium
PhH+(O) ions,14,18–20,24 and (ii) as a consequence, the micro-
hydration is expected to be similar. In our previous study,17 we
compared the protonation of 5HIH+ and PhH+ and their micro-
solvation by Ar and N2, revealing that the acidity of the OH group
increases as s5HIH+(C3) o a5HIH+(C4) o s5HIH+(C4) o
PhH+(p/o) o s5HIH+(O) o a5HIH+(O) o PhH+(O).17 The acidity
of the functional group(s) correlates with the H-bond strength
and is crucial for proton transfer.

The IRPD spectra of PhH+–Wn with n r 5 were interpreted
by PhH+(p/o)–Wn and PhH+(O)–Wn clusters, for which proton
transfer occurs at different critical sizes of the hydration shell
(nc). In the case of PhH+(O)–Wn, the critical size is determined
as nc = 3, and for PhH+(o/p)–Wn as nc = 4.14 Most likely, the
transferred proton is the excess proton, coming from the OH2

group of PhH+(O) and the CH2 group of PhH+(p/o). However, for
all PhH+–Wn exclusively the OH group is solvated. Hence, the
Wn network has to bridge the OH group and the protonated
CH2 group in PhH+(p/o) which is only possible for WnZ4 chains.
Our current IRPD spectra of 5HIH+–Wn do not indicate proton
transfer at n r 3 for any of the assigned protomers. This
finding is interesting as we also observe hydrated oxonium
ions, 5HIH+(O)–Wn. To elucidate the microsolvation mechanism,
we compare the acidity of the OH groups of PhH+(o/p) and
PhH+(O) to those of the observed 5HIH+(C3), 5HIH+(C4), and
5HIH+(O) clusters with the aid of the measured complexation-
induced red-shifts of the OH stretch (DnOH) (Table 2). Most
obviously, the acidity of the OH group of 5HIH+(C3) is the
smallest, because its nOH has the highest measured frequency
(3635 cm�1),17 and we do not observe OH� � �W bonds for
5HIH+(C3)–W. Preferentially, s/a5HIH+(C4) are solvated at the
OH group, yet the observed DnOH shifts are of medium size
(DnOH =�569/�583 cm�1). The OH� � �WH-bond in PhH+(o/p)–W
is comparably strong with DnOH = �654 cm�1. Unfortunately,
DnOH has not been measured for PhH+(O)–W,14 but is estimated
to be larger than �877 cm�1. Hence, we determine the largest
value of DnOH = �1304 cm�1 for a/s5HIH+(O)–W. Considering
the red-shifts induced by attachment of Ar and N2 at the OH
group of PhH+(O) and 5HIH+(O), we again infer a somewhat

Table 2 Observed frequencies of the proton donor stretching modes
(nXH, X = N/O, in cm�1) of 5HIH+ and PhH+ and corresponding
complexation-induced frequency red shifts (DnXH) in 5HIH+/PhH+–L clusters
(L = Ar, N2, W)

Isomer nXH

DnXH

L = Ar L = N2 L = W

PhH+(O) 3552 (X = O)a �18a �9a +33d

3477 (X = O)a �148a �440a 4�877d

PhH+(o/p) 3554 (X = O)b �61 �146 �654
a/s5HIH+(O) 3555 (X = O)c �20 �15 +36

3480 (X = O)c �115 �335 �1304c

3503 (X = N) Not observed Not observed Not observed
s5HIH+(C3) 3635 (X = O) Not observed Not observed Not observed

3405 (X = N) �40 �65 �390
a5HIH+(C4) 3598 (X = O) �63 �118 �583

3478 (X = N) �24 �68 �348
s5HIH+(C4) 3584 (X = O) �49 �131 �569

3478 (X = N) �13 �68 �348

a Values correspond to Ne-tagged PhH+(O)–Ne(OH),20 which closely
approximate those of bare PhH+(O). Complexation-induced red-shifts
are calculated relative to PhH+(O)–Ne(OH). b Value corresponds to
p-bonded PhH+(o/p)–Ar(p),20 which closely approximates that of bare
PhH+(o/p). c Values calculated at the B3LYP-D3/aug-cc-pVTZ level.
d Values taken from ref. 14.
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larger acidity of the OH group of PhH+(O).17 Hence, proton
transfer may occur at nc Z 4 for 5HIH+(O)–Wn.

4. Conclusions

Herein, we investigate the initial microhydration of a prototypical
protonated heteroaromatic biomolecule using IRPD spectroscopy of
size-selected 5HIH+–Wn (W = H2O, n = 1–3) clusters in the XH
stretching range and calculations at the B3LYP-D3/aug-cc-pVTZ
level. Our results may be summarized as follows.

We observe clusters of the C3- and C4-protonated carbenium
ions, 5HIH+(C3) and 5HIH+(C4), and the oxonium ion,
5HIH+(O). Detection of 5HIH+(O)–Wn clusters is surprising at first
glance because they are significantly less stable (DE04 75 kJ mol�1).
However, the H-bonds to the protonated OH2 group are very strong
(D0 4 99 kJ mol�1). In line with our previous results obtained for
5HIH+–L with L = Ar and N2,

17 5HIH+(O)–Wn clusters benefit from
the strong OH� � �W bond and the twofold degeneracy of the
corresponding minimum. At the current spectral resolution, syn
and anti rotamers (s- and a5HIH+) are not distinguishable. As
the energy differences between their clusters are rather small
(DE0 = 1–5 kJ mol�1), we assume the production of both s- and
a5HIH+–Wn clusters.

5HIH+–Wn grow by H-bonding of the first W ligand to the
acidic NH and OH groups, and p-stacking of W is unlikely. The
absolute and relative strengths of the NH� � �W and OH� � �W
H-bonds strongly depend on the 5HIH+ protomer. The strongest
H-bond is found in 5HIH+(O)–W(OH) with W attached to one of
its OH groups with an outstandingly high binding energy of
D0 = 99.3 kJ mol�1. The acidity of the OH group (NH group)
increases (decreases) in the order 5HIH+(C3) o 5HIH+(C4) o
5HIH+(O).17 Thus, we predominantly observe 5HIH+(C3)–
W(NH), both 5HIH+(C4)–W(NH) and 5HIH+(C4)–W(OH), and
5HIH+(O)–W(OH) clusters. IRPD spectra of tagged 5HIH+–W–
Ar/N2 clusters confirm this assignment. Interior ion solvation
and formation of water networks compete for 5HIH+–W2. We
assign carbenium clusters with both functional groups solvated,
s5HIH+(C3)–W2(NH–OH) and s5HIH+(C4)–W2(NH–OH), and
those with W2 water chains at their respective most acidic
functional group, s5HIH+(C3)–W2(NH–W) and s5HIH+(C4)–
W2(OH–W). The IRPD spectrum of 5HIH+–W2 does not clearly
show features of any 5HIH+(O)–W2 clusters. The spectrum of
5HIH+–W3 clearly indicates W2 water chains at the NH and OH
groups. It can readily be explained by the twomost stable carbenium
ions, s5HIH+(C3)–W3(OH–NH–W) and s5HIH+(C4)–W3(OH–W–NH).
Isomer s5HIH+(C3)–W3(W–NH–W) with a bifurcated H-bond
may also contribute to the measured spectrum. Again, we
exclude the oxonium 5HIH+(O)–W3 clusters. Future IR-UV or
IR-IR double resonance spectroscopy may facilitate disentangling
the isomer contribution to the IRPD spectrum of 5HIH+–Wn.

Compared to the growth of 5HIH+–Ln clusters (L = Ar, N2),
H-bonding is strongly preferred for L = W, and Wn networks
compete with interior ion solvation, which is not the case for
L = Ar/N2. The strength of individual H-bonds increases in the
order Ar o N2 o W as shown by comparison of the respective

complexation-induced frequency red-shifts (DnXH) of the corres-
ponding H-bonded proton donor stretching modes.

Protonation significantly strengthens the OH� � �W and
NH� � �W H-bonds observed in neutral 5HI–W due to the excess
charge.5 The distribution of the excess positive charge is very
different in the individual protomers directly affecting the
acidity of the OH and NH groups. In the neutral S0 ground
state, a5HI–W clusters are more stable than s5HI–W.56 In
contrast, ionization into the D0 state and protonation reverse
the relative stability of the rotamers.22,23 The mechanism of the
growth of the initial solvation shell (n o 4) is very similar for
cationic and protonated hydrates.

IRPD spectra of the PhH+ subunit of 5HIH+ revealed proton
transferred at critical sizes nc = 3 and 4 in the case of PhH+(O)–
Wn and PhH+(o/p)–Wn, respectively.

14 In contrast, we do not
observe any clear characteristics of proton-transferred structures in
the 5HIH+–Wn clusters up to n = 3. Yet, we observe an increase in the
acidity of the OH group in the order 5HIH+(C3) o 5HIH+(C4) o
PhH+( p/o) o 5HIH+(O) o PhH+(O). Hence, proton transfer may
occur at nc Z 4 for 5HIH+(O)–Wn.
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Diastereo-specific conformational properties of
neutral, protonated and radical cation forms of
(1R,2S)-cis- and (1R,2R)-trans-amino-indanol by gas
phase spectroscopy†

Aude Bouchet,a Johanna Klyne,a Giovanni Piani,bc Otto Dopfer*a and
Anne Zehnacker*bc

Chirality effects on the intramolecular interactions strongly depend on the charge and protonation

states. Here, the influence of chirality on the structure of the neutral, protonated, and radical cation

forms of (1R,2S)-cis- and (1R,2R)- rans-1-amino-2-indanol diastereomers, prototypical molecules with

two chiral centers, is investigated in a molecular beam by laser spectroscopy coupled with quantum

chemical calculations. The neutral systems are structurally characterised by double resonance IR-UV

spectroscopy, while IR-induced dissociation spectroscopy is employed for the charged molecules. The

sterical constraints due to the cyclic nature of the molecule emphasise the chirality effects, which

manifest themselves by the formation of an intramolecular hydrogen bond in neutral or protonated

(1R,2S)-cis-amino-indanol. In contrast, this interaction is not possible in (1R,2R)- rans-amino-indanol. In

the protonated species, chirality also influences the spectroscopic probes in the NH/OH stretch range

by fine-tuning subtle effects such as the hyperconjugation between the s(OH) orbital and s* orbitals

localised on the alicyclic ring. The radical cation undergoes opening of the alicyclic ring, which results in

an ionisation-induced loss of the chirality effects.

1. Introduction

Stereochemistry plays an important role in the activity of
biomolecules and their interaction with the environment. This
is especially true for molecules bearing two adjacent chiral
centres, which can be of identical or opposite chirality. The two
diastereomers often possess distinct properties, in particular
from a medicinal point of view. Methylphenidate, used for the
treatment of hyperactivity, is especially illustrative in this respect as
its activity is due to the form with the chiral centres of identical
chirality, the other form being inactive.1 In a similar fashion,
antimalarial cinchona alkaloids like quinine are amino-alcohols
with both amino and hydroxy groups borne by asymmetric carbons.
In their active form, the substituents have opposite chirality.2

Gas-phase studies provide information on the structural
differences between the diastereomers, without the complica-
tions imposed by the solvent.3–10 The stereochemical effects
observed in diastereomers isolated in the gas phase are often
weak. Indeed most of the neutral systems studied so far like
peptides,11,12 polyols,13 or amino-alcohols like neurotransmitters14

and cinchona alkaloids15,16 only display minor structural and
spectroscopic differences. However, larger differences are observed
between diastereomers interacting with a cation.17 Cyclic systems
stand out because the presence of the ring induces additional
constraints, which may enhance the chirality effects.18–20

For example, the two diastereomers of 1,2,3,4-tetrahydro-3-
isoquinoline-methanol involve an OH� � �N or an NH� � �O inter-
action depending on the relative chirality of the adjacent
asymmetric carbon and nitrogen atoms.20,21

Life chemistry involves species in different pH and redox
states, which motivates the study of protonated or cationic
species in parallel to that of the neutral. However, few com-
parative studies have been reported on stereochemical effects
in different charge states to assess the sensitivity of stereo-
chemical factors (enhancement or reduction) upon ionisation
or protonation.5,6,16,20

This investigation compares the vibrational spectroscopy and
structures of (1S,2R)-cis- and (1R,2R)-trans-1-amino-2-indanol
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isolated in a supersonic expansion, either neutral (AI), ionised
(AI+), or protonated (H+AI). In this paper, cis- and trans-1-
amino-2-indanol will be denoted by cis-AI and trans-AI, respec-
tively (Scheme 1). The reason behind this choice of molecules is
the presence of an amino-alcohol function, which is common
to many important pharmaceutical compounds like neuro-
transmitters or antimalarial drugs.14,22 cis-AI is indeed part
of peptoids used as potent inhibitors of the HIV protease.23

The efficiency of the antiviral drug demands proper stereo-
chemistry of this sub-unit.23 Moreover, the presence of an
aliphatic ring is expected to enhance the differences between
the two diastereomers. Neutral cis-AI has already been studied
under jet-cooled conditions by means of Resonance-Enhanced
Multiphoton Ionisation (REMPI) and double resonance vibra-
tional spectroscopy.24 Its hydrates25 as well as its chiral recog-
nition properties have also been investigated with the same
experimental approach in the neutral ground state.5,26 However,
no spectroscopic and theoretical data are available for trans-AI
and any of the radical cation or protonated species.

The aim of this work is to determine the structural differences
due to chirality in the neutral molecules and to assess how they
are modified upon ionisation or protonation, by investigating
neutral, protonated, and radical cation species of the same chiral

molecules with the same computational and spectroscopic
techniques. To this end, we compare the structural information
gained from IR-UV double resonance experiments on neutral
cis- and trans-AI to those obtained by IR photodissociation for
the radical cation and protonated forms using single-photon
dissociation (IRPD) of Ar-tagged ions and/or IR multiple-
photon dissociation (IRMPD) of the bare ions. Quantum
chemical calculations are conducted as a support to the inter-
pretation of the vibrational spectra.

2. Computational and
experimental methods
2.1. Computational methods

The potential energy surfaces of neutral and protonated cis- and
trans-AI are investigated by exploring the possible orientations
of the OH and NH2/3 groups around the C–O and C–N axes. The
pseudo-equatorial (eq) and pseudo-axial (ax) orientations of
these functional groups are also considered by varying their
position relative to the median plane of the indane core of the
molecule. Systematic initial calculations at the B3LYP/6-31G(d,p)
level are performed for rotation of the OH andNH2/3 groups, for the
two possible positions of the functional groups, namely eq or ax.
For the starting geometries of neutral cis-/trans-AI, steps of 901
and 1201 are used for the OH and NH2 groups, respectively. For
protonated cis-/trans-H+AI, the OH group has been rotated in steps
of 601. Hence, 24 geometries for each diastereomer of AI and 12 for
each diastereomer of H+AI are calculated at the B3LYP/6-31G(d,p)
level.27,28 The most stable ones are further optimised and their
vibrational frequencies calculated at the dispersion-corrected
B3LYP-D3/aug-cc-pVTZ level (Table 1).29,30 All density functional
calculations are performed using GAUSSIAN09.31 The open-shell

Scheme 1 Chemical structures of (1S,2R)-cis-AI (left) and (1R,2R)- rans-AI
(right). Asterisks indicate the chiral centres.

Table 1 Calculated electronic (Ee), zero-point energy corrected (E0) and free (DG) relative energies in kJ mol�1, H-bond lengths (lNH-O or lOH–N) in Å,
scaled harmonic frequencies in cm�1 and IR intensities of nOH and nNH in km mol�1 for AI, H+AI and AI+ calculated at the B3LYP-D3/aug-cc-pVTZ level

OH conf. NH2/3 conf. Ee E0 DG lNH–O lOH–N nOH nNH (as)a nNH (as)a nNH (s)a

Neutral
cis-AII eq ax 0 0 0 — 2.059 3461 (108) 3427 (9) — 3345 (3)
cis-AIII ax eq 0.74 0.10 �0.23 — 2.048 3469 (104) 3455 (13) — 3376 (3)
trans-AII eq eq 0 0 0 — 2.767 3613 (38) 3415 (4) — 3335 (1)
trans-AIII eq eq 4.03 3.26 2.80 2.941 — 3648 (39) 3410 (3) — 3328 (1)

Protonated
cis-H+AII eq ax 0 0 0 2.057 — 3670 (131) 3368 (81) 3319 (74) 3219 (71)
cis-H+AIII ax eq 4.54 4.60 4.36 1.889 — 3669 (115) 3361 (71) 3310 (75) 3164 (112)
trans-H+AII eq eq 0 0 0 2.681 — 3655 (103) 3343 (74) 3320 (83) 3244 (41)
trans-H+AIII eq eq 4.94 4.61 4.06 2.722 — 3641 (69) 3342 (75) 3314 (81) 3239 (43)

Radical cation
AI+I — — 0 0 0 — — 3613 (247) 3521 (84) — 3409 (175)
AI+II — — 2.66 0.74 0.74 — — 3627 (350) 3523 (92) — 3417 (317)
AI+III — — 2.43 3.00 3.44 — — 3569 (75) 3518 (88) — 3407 (178)
AI+IV — — 4.67 4.52 4.53 — — 3621 (225) 3518 (88) — 3405 (170)
AI+V — — 5.37 4.64 4.90 1.786 — 3654 (179) 3456 (218) — 3157 (366)
AI+VI — — 10.27 9.50 9.14 — — 3644 (144) 3448 (220) — 2981 (449)
AI+VII — — 11.49 10.34 9.93 — — 3641 (161) 3451 (226) — 3091 (452)
AI+VIII — — 0.69 4.83 9.41 1.780 — — 3351 (62) 3293 (74) 3022; 3017 (184; 188)

a as and s indicate the asymmetric and symmetric NH stretch vibrations.
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radical cations are calculated at the unrestricted level (UB3LYP),
and spin contamination is found to be negligible. Because of
insufficient agreement between the experimental IRPD spectra
of H+AI–Ar and the spectra calculated for H+AI, the properties of
H+AI–Ar complexes have also been calculated. Because of the high
flexibility of the open form of the AI+ radical cations (vide infra),
their potential energy surface is initially explored by molecular
dynamics (MD) simulations. For this purpose, the AMBER force
field is employed in the NVE ensemble, at a temperature defining
the initial velocities of 500 K, as implemented in the Gabedit
software.32 Subsequently, geometry optimisation and frequency
calculations are performed at the B3LYP-D3/aug-cc-pVTZ level
for the 32 most stable isomers resulting from this exploration.
All reported energies are corrected for zero point energy. Moreover,
all binding energies of the Ar-tagged complexes are corrected for
basis set superposition error.

The vibrational spectra of the stable structures are con-
voluted by a Lorentzian line shape of 3 cm�1 full width at
half-maximum (FWHM) in the 3 mm range and 10 cm�1 in the
fingerprint range, which accounts for the respective experi-
mental resolution achieved. The harmonic frequencies of
neutral AI are scaled by 0.955 to fit the experimental data of
cis-AI.24 Scaling factors of 0.96 and 0.98 are applied to the
frequencies of the ionic species in the 3 mm and fingerprint
ranges, respectively, to improve the agreement with the experi-
mental spectra. All calculated frequencies given in the text,
figures and Table 1 include the scaling factor.

Visualisation of hydrogen bonds (H-bonds) is achieved by
means of the non-covalent interaction (NCI) technique.33

Details of this method and its application to intramolecular
H-bonds have been described recently.33–35 Briefly, the NCI
technique rests on the topological analysis of the electron
density r and its reduced gradient s(r) in regions of weak
electron density and small reduced gradient. The zones where
s(r) is close to zero, i.e. close to minima of electron density, are
characteristic of non-covalent interactions. The visualisation is
accomplished by plotting iso-surfaces of the reduced gradient
and rests on a RGB colouring scheme to rank the interactions
using the sign of the second eigenvalue, l2, of the Hessian
matrix. Red iso-surfaces correspond to positive l2, i.e. repulsive
regions, while blue iso-surfaces correspond to negative l2,
i.e. regions corresponding to favourable interactions. Green
iso-surfaces correspond to weak delocalised interactions, i.e.
regions where l2 is almost zero.

2.2. Experimental methods for the neutral AI molecules

Electronic and vibrational spectra of neutral AI are recorded in
a supersonic jet by expanding cis- or trans-AI seeded in helium
(B3 bar) through a 300 mm pulsed nozzle into a chamber
maintained at 10�6 mbar. The experimental setup in Orsay
has been described in detail elsewhere.36–40 The cis- and trans-
AI samples (499%) are contained in an oven heated toB410 or
B360 K, respectively. Mass-resolved S0–S1 spectra are obtained
by means of one-color REMPI. The supersonic beam crosses the
slightly focused UV laser (4 m focal length) in the ion-source

region of a linear one-meter time-of-flight mass spectrometer.
The ions are detected using a microchannel plate detector.

Vibrational spectra are obtained using the IR-UV double
resonance technique.41–43 To this end, two counter propagating
synchronised laser beams are focused on the cold region of the
supersonic expansion. The UV probe laser is fixed on each of
the main transitions observed in the S0–S1 spectrum, while the
IR pump laser is scanned in the range of interest. Absorption of
the IR photons is measured as a dip in the ion current induced
by the UV probe, allowing for the measurement of mass-
resolved conformer-selective vibrational IR spectra.

The UV radiation is generated by mixing the frequency-
doubled output of a dye laser with the fundamental radiation
of its Nd:YAG pump laser. The wavelength calibration is
achieved using a wavemeter. The tuneable IR source is an
optical parametric oscillator (IR-OPO) laser based on a KTP
crystal. The IR pulse is fired 50 ns before the UV pulse and
focused by a lens with 0.5 m focal length. The resolution of the
UV laser is 0.02 cm�1, while that of the IR-OPO laser is 3 cm�1.

2.3. Experimental methods for the ionic systems

2.3.1. Infrared photodissociation (IRPD). The vibrational
spectra of the H+AI and AI+ ionic species are recorded in the
3 mm range (2800–3800 cm�1) using the messenger technique44,45

by single photon IRPD spectroscopy of mass-selected H+AI–Ar or
AI+–Ar cluster ions in a tandem quadrupole mass spectrometer
in Berlin, which is coupled to an electron impact ionisation
source and an octopole ion trap.46,47 A pulsed supersonic plasma
expansion is generated by electron and chemical ionisation, and
subsequent clustering reactions of the ions occur in the high-
pressure regime of this expansion. The expanding gas mixture is
produced by passing Ar carrier gas (2–6 bar) through a reservoir
filled with cis- or trans-AI heated to 410 and 385 K, respectively.
Cluster ions are mass selected by the first quadrupole and
irradiated in an adjacent octopole with a tunable IR laser pulse.
The excitation of vibrational resonances induces the evaporation
of the Ar ligand, which is the only fragmentation channel
observed. The fragment ions are selected by the second quadru-
pole and monitored using a Daly detector as a function of the
laser frequency to obtain the IRPD spectra of the parent clusters.
The IR laser beam is generated using an IR-OPO pumped by
a nanosecond Q-switched Nd:YAG laser, with a pulse energy of
2–5 mJ in the 2800–3700 cm�1 range, a repetition rate of 10 Hz,
and a bandwidth of 1 cm�1. The calibration of the IR laser
frequency is accomplished using a wavemeter. To establish and
confirm the composition of a given cluster ion, collision-induced
dissociation (CID) spectra are recorded. For this purpose, the
octopole is filled with N2 up to 10�5 mbar, resulting in collisions
with B10 eV collision energy in the laboratory frame. Recent
applications of this IRPD approach of tagged ions in the Berlin
laboratory include hydrocarbon ions,48–57 silicon-containing
ions,58–60 and biological molecules and their hydrates.61–66

2.3.2. Infrared multiple photon dissociation (IRMPD). The
IR spectra of isolated cis- and trans-H+AI are obtained in the
fingerprint range (900–1800 cm�1) by means of IRMPD spectro-
scopy. The spectra are recorded in a Fourier transform ion
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cyclotron resonance (FT-ICR) mass spectrometer equipped with
an electrospray ion source and coupled to the IR beamline of a
tunable free electron laser (FEL) at the CLIO (Centre Laser
Infrarouge d’Orsay) facility in Orsay.67 H+AI ions are produced
by spraying a 10�3 M solution of cis- or trans-AI dissolved in
MeOH/H2O (4 : 1) at a flow rate of 120 mL min�1. The produced
ions are accumulated in a hexapole ion trap for 1 s and
transferred into the ICR trap via an octopole ion guide. Sub-
sequently, the H+AI ions are mass selected and irradiated
for 1 s. Typical average powers of the FEL operating at 25 Hz
are about 1.5 W at 1000 cm�1 and 0.7 W at 1800 cm�1. The
bandwidth of the FEL radiation (FWHM) is of the order of
0.5% of the central wavelength, which corresponds to 5 cm�1 at
1000 cm�1. The calibration of the wavelength is achieved via
the spectrum of a polystyrene film. The step size employed is
B4 cm�1. The only fragmentation channel observed upon
IRMPD of cis- and trans-H+AI (m/z 150) is m/z 133, corres-
ponding to loss of NH3, which can be explained in terms of
stereochemical constraints within the molecules.68 Parent and
fragment ion intensities are monitored as a function of the
laser frequency, and the IRMPD efficiency is then calculated as
R = �log(Iparent/Itotal), in which Iparent is the parent ion intensity
and Itotal the sum of the parent and fragment ion intensities.
Recent applications of the IRMPD approach at CLIO from our
groups include hydrocarbon ions,69 protonated neurotransmitters,70

metal–organic complexes,71–73 and chiral recognition studies.5,74,75

3. Results
3.1. Computational results

3.1.1. Neutral AI molecules. Fig. 1 displays the most stable
calculated structures of cis- and trans-AI. cis-AI occurs in two
almost isoenergetic conformers, denoted cis-AII and cis-AIII,
which have been studied before.24,25 The previous B3LYP/
6-31G** calculations indicate that the most stable form, cis-
AII, displays OH and NH2 substituents in eq and ax positions
(eq–ax), respectively. The slightly less stable conformer has the
opposite conformation resulting from the ring inversion, with
OH and NH2 substituents in ax and eq positions (ax–eq), respec-
tively. Only these two conformers are found below 10 kJ mol�1.24,25

Our calculations performed at the B3LYP-D3/aug-cc-pVTZ level
(i.e., with a larger basis set and including dispersion) lead to
similar conclusions. At this level, cis-AIII is hardly higher in energy
(0.1 kJmol�1) than cis-AII. Both conformers have an intramolecular

H-bond of comparable strength, as shown by similar OH� � �N
distances of 2.059/2.048 Å for cis-AII/II. The NCI plots for cis-AII
and cis-AIII in Fig. 1 both show the bicoloured iso-surface typical of
the intramolecular H-bond. The red part of this iso-surface, like
the red disk-shaped iso-surfaces located at the centre of each ring,
is the signature of the ring closure while the blue part characterises
the favourable H-bond interaction. The additional iso-surface
observed in cis-AIII (NH� � �CH) is not significant as the reduced
gradient is very close to zero: its sign becomes unstable, which
makes it impossible to assign the zone to either attraction or
repulsion.35

In contrast to cis-AI, trans-AI can adopt many more con-
formations below 10 kJ mol�1 (Fig. 1 and Fig. S1 in the ESI†).
We find eight conformers, which is a sign of a less constrained
molecule. In the four most stable forms, both substituents are
in the equatorial position (eq–eq). The first conformer with
both substituents in the axial position, namely trans-AIV, is
higher in energy by 8.6 kJ mol�1 compared to trans-AII. None of
these conformers has a H-bond, as evidenced by the long
OH� � �N distances (e.g., 2.767 Å for the most stable trans-AII
conformer) and the NCI plot in Fig. 1, which explains the less
constrained geometry along the COH and CNH2 torsions. In
contrast, ring inversion causes a much higher energy difference
in trans-AI than in cis-AI, as expected from the known equator-
ial preference of the substituents.

3.1.2. Protonated AI molecules (H+AI). The amino group of
AI is by far the most stable site of protonation, as is well known
for aromatic amino-alcohols.76 Indeed, the methylamine fragment
has a higher proton affinity (899 kJ mol�1) than the ethanol
(776.4 kJ mol�1) and benzene (750.4 kJ mol�1) fragments.77

Similar to neutral AI, the main structural difference between
cis- and trans-H+AI is the ability of cis-H+AI to form an intra-
molecular H-bond between the NH3

+ and OH groups. cis-H+AI
has the same two conformers as the neutral form (Fig. 2), with
the same energetic order. However, the difference in energy
between cis-H+AII and cis-H+AIII (4.6 kJ mol�1) is much larger
than in the neutral molecule (0.1 kJ mol�1). In the most stable
cis-H+AII isomer, the NHax� � �Oeq distance amounts to 2.057 Å,
while it is much shorter in the less stable cis-H+AIII isomer
(NHeq� � �Oax = 1.888 Å). Therefore it seems that the more stable
form displays the weaker H-bond, corresponding to the longer
NH� � �O distance, a point to which we shall return in Section 4.

In contrast to cis-H+AI, five low-energy minima are found for
trans-H+AI (Fig. 2 and Fig. S2 in the ESI†). Similar to the neutral

Fig. 1 Most stable structures and NCI plots of cis- and  rans-AI calculated at the B3LYP-D3/aug-cc-pVTZ level. Relative energies are given in kJ mol�1.

Paper PCCP

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 T
U

 B
er

lin
 -

 U
ni

ve
rs

ita
et

sb
ib

l o
n 

1/
17

/2
01

9 
6:

00
:4

8 
PM

. 
View Article Online

http://dx.doi.org/10.1039/c5cp00576k


This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 25809--25821 | 25813

molecule, the two most stable ones, trans-H+AII and trans-
H+AIII, have both OH and NH3

+ groups in the equatorial
position. They only differ by the rotation of the OH group.
The three higher energy conformers, trans H+AIIII–V, are more
than 10 kJ mol�1 less stable than trans-H+AII and have their
functional groups in the axial position. As for the neutral
molecule, the trans conformation prevents the formation of
an intramolecular H-bond in H+AI.

The NCI analysis of the most stable conformers in Fig. 2
visualises the differences between cis- and trans-H+AI on the
one hand and cis-H+AII and cis-H+AIII on the other hand. The
bicoloured iso-surface typical of the intramolecular H-bond is
clearly observed for cis-H+AI while it is absent for trans-H+AI.
The red and blue colours of the iso-surface are more pro-
nounced in cis-H+AIII than in cis-H+AII, as expected for its
stronger H-bond, which in turn induces more steric con-
straints. The electronic density at the critical point confirms
this visual observation. While in the repulsive part the ring
strain due to the benzene and alicyclic rings appears at the
same positive values of B0.020 and 0.035 a.u., the two cis-H+AI
conformers differ by the electronic density at the critical points
characteristic of the H-bonds. In both positive and negative l2
regions, the electronic density is higher for cis-H+AIII (0.031 vs.
0.023 a.u. and 0.039 vs. 0.020 a.u.).

3.1.3. Radical AI+ cations. Systematic exploration of the
potential energy surface of the open-shell cis- and trans-AI+

radical cations evidences the planarity of the NH2 group
(sp3-sp2 hybridisation) accompanied by opening of the aliphatic
ring due to the cleavage of the NC–CO bond. This cleavage occurs
for both the equatorial and axial conformations of the sub-
stituents, and for both the cis and trans forms of the radical
cation. Such a ring opening upon ionisation has already been
described for indane derivatives, like 2-indanol, giving rise to
distonic ions.78 In AI+, the formation of the non-cyclic distonic
ion causes the loss of chirality. The formed distonic ions are
therefore identical, independent of whether initially produced
from the cis or trans form.

Once the aliphatic ring is open, the system is much
more flexible since the two resulting side chains (HC–NH2

and H2C–CHOH) can adopt many different conformations.
The potential becomes much richer with several minima close
in energy and separated by low barriers. The exploration using
AMBER results in 32 stable structures, which have subsequently
been optimised at the B3LYP-D3/aug-cc-pVTZ level. The eight
most stable conformers are presented in Fig. 3 and can be
classified into three families. For structures denoted AI+I to
AI+VII, the NBO analysis reveals that the excess positive charge is
mainly localised on the HC–NH2 chain (iminium, 0.51–0.71 e
for I–VII), and the OH-bearing carbon atom carries most of the
spin (Mulliken spin density 0.42–0.90). Among these isomers,
the four low-lying AI+ geometries (AI+I–IV, E0 r 4.6 kJ mol�1)
make up the first class of AI+ structures, which do not allow for

Fig. 2 Most stable structures and NCI plots of cis- and  rans-H+AI calculated at the B3LYP-D3/aug-cc-pVTZ level. Relative energies are given in kJ mol�1.

Fig. 3 The eight most stable geometries of the radical cation AI+ found within D0 B 10 kJ mol�1 calculated at the B3LYP-D3/aug-cc-pVTZ level.
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the formation of an intramolecular H-bond. Secondly, struc-
tures denoted AI+V–VII (4.6 r E0 r 10.4 kJ mol�1) have H-bonds
between the iminium group and the radical site. Third, a
proton transfer from the OH group to the NH2 group is
observed in the keto conformer AI+VIII, which is found at E0 =
4.8 kJ mol�1. For this third class of conformers, the positive
charge is localised on the NH3 group (ammonium, 0.89 e) and

the spin on the carbon atom bearing the keto group (spin
density 0.69).

3.2. Electronic and vibrational spectroscopy of neutral AI

The electronic spectroscopy of cis-AI has already been reported.24

Briefly, the S0–S1 transition origin in Fig. 4 consists of a doublet at
36918 (B) and 36915 cm�1 (R). The splitting has been explained
by the presence of two almost isoenergetic conformers, cis-AII and
cis-AIII, based on IR-UV fluorescence dip experiments.24 On the
basis of dispersed emission spectra, the vibronic bands observed
at 69 and 95 cm�1 have been assigned to low-frequency modes of
the most stable cis-AII, responsible for the B origin.

The S0–S1 electronic spectra of cis- and trans-AI are very close
to each other (Fig. 4). The transition origin of trans-AI appears
at 37 017 cm�1, about 100 cm�1 higher in energy than those
of the two cis-AI isomers. These values are very close to those
reported for 2-indanol (37 019 cm�1),79 1-amino-indane (36 947
and 37 064 cm�1 for the axial and equatorial conformers,
respectively),80 and indane (36 904 cm�1).81 This observation
shows that neither the presence of the NH2 or OH group nor
the cis or trans character of the molecule strongly influences the
electronic transition localised on the phenyl ring. The main
difference in trans-AI relative to cis-AI is that there is no
indication of the presence of a second conformer. Indeed,
changing the carrier gas from helium to neon or argon does
not modify the relative intensities observed in the spectrum.
Vibronic bands appear at similar frequencies as for cis-AI. The
vibronic bands of trans-AI observed at 79 and 100 cm�1 are
assigned to the puckering and the butterfly motions (calculated
values of 90 and 134 cm�1 in S0 for trans-AII), and the bands at
161 and 178 cm�1 are overtone and combination bands of the
former. The two fundamentals are slightly higher in frequency
relative to cis-AI, where they appear at 69 and 95 cm�1 (calcu-
lated values of 83 and 124 cm�1 in S0 for cis-AII). Moreover, the
origin transition is significantly less pronounced relative to the

Fig. 4 S0–S1 electronic spectra of jet-cooled cis-AI17 (bottom) and  rans-
AI (top) recorded atm/z 149. The inset shows the transition origin of cis-AI
with the doublet structure R/B assigned to the two conformers I/II. The
wavenumber scale is relative to the transition origin of each diastereomer
at 36915 cm�1 for cis-AI and 37017 cm�1 for  rans-AI.

Fig. 5 IR-UV double resonance spectra of jet-cooled cis-AI17 (left) and  rans-AI (right) compared to the vibrational IR absorption spectra of the most
stable conformers calculated at the B3LYP-D3/aug-cc-pVTZ level.
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other vibronic bands in trans-AI, indicating a larger modifica-
tion of the potential energy surface upon electronic excitation.

The vibrational spectrum of trans-AI is compared in Fig. 5 to
those previously obtained for the two conformers of cis-AI.24

The IR-UV double resonance spectra recorded using the UV
laser fixed on the six most intense peaks observed in the UV
spectrum of trans-AI are all the same, which confirms the
presence of a single isomer. They show a single OH stretch
band (nOH = 3616 cm�1) and a much weaker band assigned to
the NH2 asymmetric stretch nNH at 3412 cm�1. This vibrational
pattern can easily be assigned to the most stable trans-AII
conformer by considering the calculated IR absorption spectra
of the lowest lying eq–eq and ax–ax isomers. For this conformer,
nOH is calculated at 3613 cm�1 and nNH at 3415 cm�1. The spacing

between the two peaks of trans-AIII does not reproduce the
experimental data with the same accuracy. In contrast, the vibra-
tional spectra recorded by setting the UV probe frequency on the
two components of the R/B doublet observed for cis-AI differ from
each other.24 Their nOH bands appear at 3459 and 3467 cm�1 and
their nNH transitions at 3418 and 3440 cm�1 for the R and B
origin, respectively. Hence, nOH is observed in very different
spectral ranges for the cis and trans diastereomers. While its
frequency is typical of a free OH group in trans-AI, both cis-AI
conformers have an intramolecular OH� � �N interaction. The
similar nOH frequencies show that the intramolecular H-bonding
is almost the same in the two cis-AI conformers.24,35 The nNH
band appears at a similar frequency in trans-AI (3412 cm�1) and
cis-AII (3418 cm�1). cis-AIII stands out with a much higher value
(3440 cm�1), a point that will be discussed in Section 4.

3.3. Vibrational spectroscopy of protonated AI (H+AI)

3.3.1. IRMPD spectra in the fingerprint range. The IRMPD
spectra of cis- and trans-H+AI in Fig. 6 show noticeable differences
in their frequencies and intensity ratios for several vibrational
bands. The spectra are dominated by a strong transition in the
1420–1460 cm�1 range. Unsaturated spectra obtained by decreas-
ing the irradiation time in the ICR cell from 1 s to 200 ms yield
the position of this transition as 1429 cm�1 for cis-H+AI and
1455 cm�1 for trans-H+AI. Moreover, the peak near 1100 cm�1 is
red shifted by 20 cm�1 for cis-H+AI (1075 cm�1) relative to trans-
H+AI (1095 cm�1), as well as the one observed near 1000 cm�1

(shifted by 42 cm�1). The peak observed at 1358/9 cm�1 is
almost the same for both diastereomers and the band located
at around 1600 cm�1 is found significantly broader for cis-H+AI.

3.3.2. IRPD spectra in the 3 lm range. The IRPD spectra of
the cis-H+AI–Ar and trans-H+AI–Ar clusters shown in Fig. 7
reveal four major peaks easily assigned to the nOH and three
nNH stretches. Surprisingly, the nOH vibration appears at higher
frequency when the OH group is involved as a proton acceptor
in the H-bond. It is observed at 3670 cm�1 for cis-H+AI–Ar and

Fig. 6 IRMPD spectra of cis-H+AI (left) and  rans-H+AI (right) monomers
compared to the vibrational IR absorption spectra of the most stable
conformers calculated at the B3LYP-D3/aug-cc-pVTZ level. Unsaturated
spectra are obtained by decreasing the irradiation time in the ICR cell from
1 s (black lines) to 200 ms (grey lines).

Fig. 7 IRPD spectra of cis-H+AI–Ar (left) and  rans-H+AI–Ar (right) compared to the vibrational IR spectra of the most stable Ar complexes of each
diastereomer (with Ar@NHI in blue, Ar@NHII in red and Ar@NHIII in green) calculated at the B3LYP-D3/aug-cc-pVTZ level. Peaks indicated by asterisks in
the experimental spectrum of  rans-H+AI–Ar are due to a contamination of cis-H+AI–Ar. Relative energies with respect to the most stable cis- or  rans-
H+AI–Ar complex in kJ mol�1 are indicated on each spectrum.
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at 3651 cm�1 for trans-H+AI–Ar. The three nNH modes also
reveal spectral differences between cis- and trans-H+AI–Ar. The
asymmetric nNH bands occur between 3304 and 3328 cm�1 for
trans-H+AI–Ar, while they are observed at 3280 and 3352 cm�1

for cis-H+AI–Ar. The symmetric nNH band is found at 3240 cm�1

for trans-H+AI–Ar and appears as a broad doublet at 3154
and 3132 cm�1 for cis-H+AI–Ar. This latter feature is strongly
red shifted compared to the one of trans-H+AI–Ar, confirming
the presence of the intramolecular H-bond with NH3

+ as a
proton donor.

Additional small peaks, marked with asterisks in Fig. 7, are
also observed in the spectrum of trans-H+AI–Ar at 3670, 3352,
and 3280 cm�1, which correspond to those characteristics
of the cis diastereomer. These features are then assigned to a
cis contaminant present in the trans sample.

3.3.3. Conformational assignment. The linear IR absorp-
tion spectrum predicted for the cis-H+AII conformer shows
satisfactory agreement with the IRMPD spectra measured in
the fingerprint range (Fig. 6). In particular, the peaks located at
1358, 1075 and 971 cm�1 in the experimental spectrum,
assigned to an aliphatic CH bending mode, the CO stretch,
and a coupled mode mainly involving an aromatic out-of-plane
CH bend and deformation of the substituents, are close to the
calculated frequencies of 1362, 1067 and 965 cm�1, respec-
tively. The intense peak observed at 1429 cm�1 is assigned to
the NH3 umbrella inversion calculated at 1437 cm�1. The weak
and broad bands located at 1602 cm�1 are mainly attributed to
the asymmetric NH3 bend coupled to the phenyl C–C stretch
mode 8b (Wilson notation),82 predicted at 1598 cm�1. Thus, all
significant transitions show deviations of less than 10 cm�1

between the experimental IRMPD and simulated IR spectrum
of cis-H+AII, which is of the order of the spectral resolution of
10 cm�1. In contrast, the IRMPD spectrum is not consistent
with the IR spectrum predicted for the cis-H+AIII conformer,
especially for the most intense peaks predicted at 1449, 1004,
and 925 cm�1, with deviations of 20, 71, and 46 cm�1, respec-
tively. The analysis of the IRMPD spectrum of cis-H+AI indicates
the predominance of the cis-H+AII isomer at room temperature,
with at most minor population of the less stable cis-H+AIII
isomer.

In the 3 mm range, the comparison of the experimental IRPD
spectrum of cis-H+AI–Ar with those calculated for cis-H+AII/II
(Fig. S3 in the ESI†) immediately reveals that the Ar ligand
substantially affects the spectrum.83–88 Hence, Ar complexation
must be taken into account in the calculations. To this end,
geometries and vibrational frequencies of the cis-H+AII/II–Ar
clusters (Fig. 7 and Fig. S5 in the ESI†) have been calculated.
It turns out that the preferred Ar binding site for both con-
formers is indeed the NH3

+ group with a NH� � �Ar contact.83–88
For cis-H+AII–Ar, the preferred Ar binding site is the NH group
pointing toward the phenyl ring (Ar@NHI), because Ar benefits
from the additional attractive dispersion interaction with the
aromatic p-electrons.89 The second and third most stable
isomers correspond to Ar binding to the NH group pointing
away from the molecule (Ar@NHII) and to that involved in the
NH� � �O H-bond (Ar@NHIII). The corresponding Ar binding

energies are 11.2, 9.8 and 7.2 kJ mol�1, respectively. Clusters
of cis-H+AIII–Ar are found at least 6.3 kJ mol�1 higher in energy
than that of the most stable cis-H+AII–Ar conformer, which
corresponds to a significant increase of the energy gap between
cis-H+AII and cis-H+AIII induced by the Ar tagging.

In the three cis-H+AII–Ar complexes described above, nOH
is not affected by Ar complexation. On the other hand, the
spacing observed between the two asymmetric nNH modes
(72 cm�1) is well reproduced only by the Ar@NHI cluster
(65 cm�1), which is the most stable cis-H+AII–Ar isomer. This
spacing is predicted to be only 40 and 46 cm�1 for Ar@NHII and
Ar@NHIII, so that these isomers can be excluded. The broad
peak observed near 3150 cm�1 assigned to the H-bonded nNH
mode is about 70 cm�1 lower than the value predicted for
Ar@NHI. However, as none of the Ar binding sites for cis-H+AII/II
induce such a large red shift of this mode, this effect is
probably related to a larger anharmonicity of the H-bonded
nNH. The preferred Ar binding site to cis-H+AIII is the NH group
directed away from the molecule (Ar@NHIII). The predicted nOH
frequency is identical to that of the cis-H+AII–Ar complexes.
However, the splitting of the asymmetric nNH predicted to be
53 cm�1 is much smaller than the observed one. Moreover, the
IRMPD spectrum at room temperature does not reveal any
significant population of cis-H+AIII. Therefore, we assign the
IRPD spectrum of cis-H+AI–Ar mainly to a single isomer, namely
the most stable Ar@NHI isomer of cis-H+AII–Ar, without defini-
tively ruling out a slight contribution of higher energy isomers
responsible for the shoulder observed at around 3340 cm�1.

The calculated spectra of the trans-H+AII/II conformers with
equatorial substituents fit the IR(M)PD spectra in Fig. 6 and 7
much better than those of the conformers with axial substituents
(trans-H+AIIII–V, Fig. S3 and S4 in the ESI†). In the NH stretch
range, the asymmetric nNH frequencies are almost identical (3340
and 3336 cm�1) for all three axial conformers (trans-H+AIIII–V),
whereas in the two equatorial trans-H+AII/II conformers, these nNH
bands are well separated in frequency (Table 1, Fig. S3 in the
ESI†). They are found at 3343 and 3320 cm�1 for trans-H+AII, and
at 3342 and 3314 cm�1 for trans-H+AIII, which fits well the
experimental spectrum. These preliminary observations allow
for ruling out significant contributions of axial conformers both
at room temperature (IRMPD) and in the supersonic expansion
(IRPD). Thus, as expected from the calculated energies, the eq–eq
conformers are the only species identified in the gas phase.

In the fingerprint range, the spectra calculated for trans-
H+AII and trans-H+AIII do not permit the decision whether one
or both equatorial conformers contribute to the experimental
spectrum (Fig. 6). trans-H+AII may provide a slightly better
match with the experiment with respect to band positions
and relative intensities, and its spectrum can reproduce all
main features in the IRMPD spectrum. These observations may
indicate that the IRMPD spectrum is dominated by the trans-
H+AII conformer, whereas contributions of trans-H+AIII are
at most minor.

In the 3 mm range (Table 1, Fig. S3 in the ESI†), nOH is
calculated to be 14 cm�1 lower in frequency for trans-H+AIII
(3641 cm�1) than for trans-H+AII (3655 cm�1). The experimental
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nOH transition is observed as a single band at 3651 cm�1,
indicating that only one of the two conformers is present in the
expansion, and its absolute value suggests the assignment to the
more stable trans-H+AII isomer. Additional calculations for trans-
H+AII–Ar clusters (Fig. S5 in ESI†) reveal that, similar to cis-H+AI,
Ar binds to the NH3

+ group, which does not affect the nOH
frequency. The calculated Ar binding energy to the OH group
(6.6 kJ mol�1) is much smaller than those to the NH groups
(9.0–10.9 kJ mol�1). Therefore, the experimental spectrum is
attributed to trans-H+AII–Ar with Ar bound to NH3

+. In parti-
cular, the most stable and nearly isoenergetic trans-H+AII–
Ar@NHI and H+AII–Ar@NHII isomers are thought to be respon-
sible for the spectral splitting in the asymmetric nNH range,
with peaks at 3328, 3316, and 3304 cm�1. The match of the
symmetric nNH measured to be 3240 cm�1 is also good with
these two isomers. The broad and weak band at 3205 cm�1 may
be due to a small contribution of the third trans-H+AII–Ar@NHIII

isomer, with Ar at the third NH group. In summary, the analysis
of the IRPD spectrum of trans-H+AI–Ar is fully consistent with the
presence of the most stable trans-H+AII conformer, which also
fits the conclusion derived from the IRMPD spectrum.

The analysis of the vibrational spectra of cis- and trans-H+AI
recorded at room temperature in a trap on the one hand and
in a cold supersonic expansion on the other hand results
in identifying mainly a single conformer in both cases. This
result is attributed to a large energy difference between the two
most stable isomers predicted to be 4.6 kJ mol�1 for both
diastereomers.

3.4. Vibrational spectroscopy of the AI+ radical cations

The IRPD spectra recorded for the cis- and trans-AI+–Ar radical
cations in Fig. 8 are identical within experimental error. The
spectrum of trans-AI+ is recorded in a narrower range and
displays a lower signal-to-noise ratio due to the higher melting
point of trans-AI (B144 vs. B120 1C). The rich spectra reveal a
relatively large number of peaks, suggesting that several con-
formers are present. Despite being perhaps surprising at first
sight, this observation is rationalised by the calculations, which
predict that the alicyclic ring of neutral AI opens up upon
ionisation leading to the formation of the same achiral non-
rigid open structures for both diastereomers. The main bands
appear at 3648, 3581, 3403, 3275, 3046, and 3010 cm�1.

In Fig. 8, the experimental IRPD spectra of AI+–Ar are
compared to those calculated for the eight low-lying AI+ con-
formers, which are located within 10 kJ mol�1 above the most
stable isomer. The computed spectra shown in the figure are
drawn to the same scale. It is immediately clear that none of
the individual calculated spectra can account for all bands
observed in the measured spectra. Indeed, all eight conformers
are required to assign all measured transitions. The agreement
is not perfect since it is likely that not all minima on the flat
potential of the open cation are found. Finally, we note that the
DFT calculations do not take into account the Ar tagging, which
may induce additional minor spectral shifts and splittings and
stabilise different AI+ conformers to a different degree.88–90

However, the analysis of the frequencies in terms of conformer

families allows for disentangling the rich IRPD spectrum,
providing a tentative but fully consistent assignment. In con-
trast to the neutral and protonated species it is perhaps not
surprising to detect higher energy species for the radical cation.
The AI+ ions are formed by electron or chemical ionisation of
cis-/trans-AI followed by ring opening, which releases a substantial
amount of internal energy into the cation (420 kJ mol�1), which
can then cool down by collisions into the many minima separated
by low energy barriers.

Concerning the assignment of the IRPD spectra, the four
most stable iminium isomers (AI+I–IV), which do not have
intramolecular H-bonds, have quite similar IR spectra in the
considered spectral range. Their nOH transitions are predicted
between 3613 and 3627 cm�1, except for AI+III for which it is
calculated at 3569 cm�1. Their asymmetric and symmetric nNH
bands are located at around 3520 and 3410 cm�1, respectively.
This first group of non H-bonded conformers is therefore
thought to be responsible for the peaks observed at 3602,
3581, 3504 and 3403 cm�1. The second group of iminium
structures, AI+V–VII, have an intramolecular NH� � �O H-bond
and have calculated nOH transitions between 3641 and 3654 cm�1,
i.e. at higher frequency than the non H-bonded conformers.
Moreover, their free nNH bands are located at around 3450 cm�1

and the H-bonded nNH are strongly red shifted to below 3160 cm�1.

Fig. 8 IRPD spectra of cis-AI+–Ar and  rans-AI+–Ar radical cation com-
plexes compared to the vibrational IR spectra of the most stable open
structures of AI+ calculated at the B3LYP-D3/aug-cc-pVTZ level. Relative
energies in kJ mol�1 are indicated on each spectrum.
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Thus, the peaks located at 3010, 3138, 3648 cm�1 and the broader
feature at around 3430 cm�1 are attributed to this H-bonded
conformer family. Finally, the last type of AI+ structure (such as
AI+VIII) has keto and ammonium functional groups. In this case, no
nOH but the three nNH bands characteristic of the NH3

+ group occur
in the 3 mm range. For AI+VIII, a NH� � �O H-bond is predicted with a
red shifted decoupled H-bonded nNH band at 3019 cm�1. The two
asymmetric free nNH are calculated at 3293 and 3351 cm�1. This
ammonium-type radical cation is then thought to give rise to the
experimental bands at 3046, 3275, and 3327 cm�1.

These qualitative assignments strongly support the conclu-
sion that cleavage of the aliphatic ring occurs upon electron
impact ionisation. The resulting floppy structure is responsible
for the relatively rich IRPD spectra. It allows for identifying
three main types of open structures, namely (i) the non
H-bonded iminium type, (ii) the H-bonded iminium type with
H-bonds between the iminium N–H group and the chain
bearing the radical site, and (iii) a keto-ammonium type with
a NH� � �O H-bond. All major peaks in the IRPD spectra can be
rationalised by these conformer families.

4. Discussion

The two diastereomer molecules studied in this work differ by
the relative position of the OH and NH2 substituents, which is
dictated by steric constraints in the alicyclic part of the mole-
cules. In the cis form, the two functional groups are on the
same side of the indane frame, which sterically favours the
formation of the intramolecular H-bond. In the trans form, this
interaction is not possible. Besides the presence or absence of
the H-bond, the diastereomers also differ in the shape of the
potential along the puckering motion, which has been shown
to be very sensitive to small perturbations.40,81,91,92 As a result,
neutral cis- and trans-AI differ by the number of populated
conformers under supersonic jet conditions. While the ax–eq
and eq–ax positions of the OH–NH2 substituents are isoenergetic
in cis-AI, equatorial preference manifests itself by a large energy
difference between the ax–ax and eq–eq conformations in trans-AI.
The differences between cis- and trans-AI on the one hand and the
two conformers I and II of cis-AI on the other hand are strongly
reflected by their OH and NH stretch frequencies.

The NBO analysis can rationalise the shifts of the nOH and
nNH modes, as reflected by the population of the antibonding
s*(OH) or s*(NH) orbitals. To this end, we discuss the energetic
contribution of the interactions between donor and acceptor
NBOs, which has been estimated with second-order perturbation
theory by means of the stabilisation energy E associated with
delocalisation (Table 2).93

Surprisingly, the delocalisation of the H-bond acceptor lone
pair (LP) towards the s* orbital of the donor results in a smaller
energy gain than its delocalisation to s* orbitals localised on
the aliphatic ring, either on CC or CH bonds, and called s*(ali)
hereafter. For example in cis-AII, the delocalisation of LP(N)
into s*(OH) is less important (E = 21.2 kJ mol�1) than the
delocalisation into s*(ali) (E = 41.2 kJ mol�1). This is also the

case for cis-H+AII: the delocalisation of LP1(O) into s*(NH)
results in a 7.0 kJ mol�1 stabilisation whereas the LP1(O) -
s*(ali) is stabilised by 14.8 kJ mol�1. This result has already
been reported for a cyclic amino-alcohol, (S)-1,2,3,4-tetrahydro-
3-isoquinoline methanol (THIQM).20 The second important
aspect is that delocalisation takes place also from bonding
s(ali) orbitals localised on the alicyclic ring (s(CC) or s(CH))
into the s*(NH) or s*(OH) orbitals, influencing thereby the
stretching frequency of the latter. In cis-AII, for example, the
delocalisation of s(ali) in s*(NH) leads to a stabilisation of
18.4 kJ mol�1.

The difference between cis- and trans-AI is mainly due to the
presence or absence of the intramolecular H-bond, which
involves a population transfer from LP(N) to the H-bonded
s*(OH) orbital (LP(N) - s*(OH) in Table 2). The difference
between the two cis-AI isomers I and II is more subtle and can
be related to the cyclic nature of the molecule, which imposes
constraints on the overlap between the electron donating
and accepting orbitals and hence modifies their vibrational
frequencies. The stabilisation energies reported in Table 2
allow for rationalising these effects. Neutral cis-AII and cis-AIII
differ in the way the s*(NH) orbital is populated. In both cases,
the contribution comes only from s(ali), arising from CNH and
CNCO, where CO (CN) is the asymmetric carbon directly bonded
to O (N). The delocalisation of s(ali) leads to an energy of
3.6 kJ mol�1 higher in cis-AII than in cis-AIII, which induces the
substantially lower frequency of nNH experimentally observed
and calculated in cis-AII. On the other hand, the main con-
tribution to s*(OH) stems from LP(N) but there is an additional
contribution from s(ali), arising from COH in cis-AII and from
CCO in cis-AIII. A better overlap between s*(OH) and s(COH)
than between s*(OH) and s(CCO) enables more delocalisation
in the former than in the latter, which explains the slightly
smaller nOH frequency in cis-AII.

Protonation of trans-AI has little consequence, and the same
non H-bonded conformer as in the neutral is observed. The
effect of protonation is more prominent for cis-AI with a change

Table 2 Stabilisation energies in kJ mol�1 associated with delocalisation
between the donor and acceptor orbitals calculated at the B3LYP-D3/aug-
cc-pVTZ level

Delocalisationa cis-AII cis-AIII trans-AII cis-H+AII cis-H+AIII
trans-
H+AII

s(ali) - s*(NH) 18.4 14.8 22.8 19.7 19.3 22.8
s(ali) - s*(OH) 7.1 6.1 7.1 8.3 8.9 8.9
s(NH) - s*(ali) 19.0 18.1 23.9 15.7 18.7 19.3
s(OH) - s*(ali) 12.3 13.8 15.1 12.6 9.9 11.7
s(NH) - s*(OH) 0 0 0 0 2.2 0
LP(N) - s*(ali) 41.2 39.5 48.6 — — —
LP(N) - s*(OH) 21.2 22.4 0 — — —
LP1(O) - s*(ali) 21.6 14.1 14.4 14.8 14.7 20.2
LP1(O) - s*(NH) 0 0 0 7.0 18.1 0
LP2(O) - s*(ali) 64.5 57.4 59.8 53.3 43.8 62.0
LP2(O) - s*(NH) 0 0 0 0 4.6 0

a s(*)(ali) are the bonding and antibonding sigma orbitals of the bonds
localised on the aliphatic rings (s(*)(CC) and s(*)(CH)), s(*)(NH) those of
the amino/ammonium groups, s(*)(OH) those of the hydroxy group,
LP(N) and LP(1or2)(O) are the nitrogen and oxygen lone pairs, respectively.
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in the direction of the H-bond compared to the neutral. The
NH� � �O interaction in the protonated form is stronger than
the OH� � �N interaction in the neutral, because the NH3

+ group
is positively charged. The difference in the symmetric nNH
frequencies between trans-H+AI and cis-H+AI is obviously
related to the presence or absence of the H-bond. The H-bond
results in an energy gain due to the delocalisation of LP(O) into
s*(NH) of 7.0 kJ mol�1. More difficult to understand is the
smaller nOH frequency in trans-H+AI relative to cis-H+AI. It can
be explained in terms of a better delocalisation of s(COCN) into
the s*(OH) orbital (E = 8.9 vs. 8.3 kJ mol�1). This example
confirms the high sensitivity of the vibrational frequencies on
hyperconjugation.20,94

The difference in energy between cis-AII and cis-AIII is more
pronounced in the protonated species than in the neutral, with
an energy gap of 4.6 kJ mol�1 in favour of cis-H+AII. Therefore,
for cis-H+AI only one isomer is detected. The barrier between
the two conformers cis-H+AII and cis-H+AIII is calculated to
be 4.0 kJ mol�1 (II - I, Fig. S6 in the ESI†), which enables
their interconversion at room temperature and relaxation
towards the most stable one, the energy difference being large
enough for the population of conformer II to be negligible.
The barrier is low enough for the interconversion to happen in
the jet as well.95

As observed for the neutral, cis-H+AII and cis-H+AIII show
structural and spectroscopic differences. In particular, the
less stable cis-H+AIII isomer surprisingly displays the stronger
H-bond, with the shorter N� � �O and NH� � �O distances. Like
in the neutral, the delocalisation involving the alicyclic ring
orbitals s*(ali) is of prime importance and explains this obser-
vation. Indeed, the CO–CN distance is longer in cis-H+AIII
(1.558 Å) than in cis-H+AII (1.544 Å) due to the population
transfer from s(CO–CN) into s*(OH) (8.9 kJ mol�1) and s*(NH)
(5.9 kJ mol�1), which are smaller in cis-H+AII (8.3 and 5.5 kJ mol�1,
respectively). The shorter CO–CN distance in cis-H+AII dictates
in turn steric constraints on the H-bond, which prevent it from
being optimal.

The same complex IRPD spectrum is observed for the
cis- and trans-AI+ radical cations. This is due to the fact that
ionisation causes the ring to open up, which results in a floppy
structure with a rich conformational landscape and the loss
of the two chiral centres. Ionisation therefore induces the
disappearance of chirality effects by ring opening. A similar
loss of chirality upon ionisation has been observed before in
amines, which become planar in the radical cation.20

5. Conclusion

(1R,2S)-cis and (1R,2R)-trans amino-indanol provide a peculiar
case of an amino-alcohol, in which the formation of an intra-
molecular H-bond is strongly influenced by the relative chirality
of the OH and NH2 bearing carbons. While the formation of an
OH� � �N H-bond would be possible in both (1R,2S) and (1R,2R)
diastereomers of a linear 1-amino-2-alcohol, steric constraints
due to the alicyclic ring make this interaction possible only in

cis-AI and not in trans-AI. The vibrational frequency of the
H-bond donor is strongly influenced by the formation of the
H-bond, and to a smaller extent by hyperconjugation with s*
orbitals of the alicyclic ring. Ionisation leads to the opening of
the alicyclic ring resulting in the loss of chirality for both chiral
centres, CO and CN. As a result, the IR spectrum of the radical
cation is identical, independent of whether it is formed from
cis- or trans-AI. In contrast, the protonated species show the
same chirality effect on H-bond formation as the neutral, which
manifests itself by a different spectroscopic signature in the
symmetric NH stretch range for cis- and trans-H+AI. More subtle
effects of chirality are also observed on the acceptor OH stretch
frequency, due to chirality-dependent population transfer from
the s(COCN) orbital into the s*(OH) orbital. Cyclic systems, by
adding sterical constraints to those brought by chirality, there-
fore allow for sensitive detection of subtle stereochemical
effects including the influence of chirality on hyperconjugation.
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89 A. Bouchet, M. Schütz, B. Chiavarino, M. E. Crestoni,
S. Fornarini and O. Dopfer, Phys. Chem. Chem. Phys., 2015,
17, DOI: 10.1039/C5CP00221D.

90 N. Solca and O. Dopfer, J. Chem. Phys., 2004, 120, 10470.
91 A. Bouchet, J. Altnoder, M. Broquier and A. Zehnacker,

J. Mol. Struct., 2014, 1076, 344.
92 Y. Loquais, PhD thesis, Univ. Paris Sud, 2013.
93 A. E. Reed, L. A. Curtiss and F. Weinhold, Chem. Rev., 1988,

88, 899.
94 E. Gloaguen, V. Brenner, M. Alauddin, B. Tardivel, M. Mons,

A. Zehnacker-Rentien, V. Declerck and D. J. Aitken, Angew.
Chem., Int. Ed., 2014, 53, 1.

95 R. S. Ruoff, T. D. Klots, T. Emilsson and H. S. Gutowsky,
J. Chem. Phys., 1990, 93, 3142.

PCCP Paper

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 T
U

 B
er

lin
 -

 U
ni

ve
rs

ita
et

sb
ib

l o
n 

1/
17

/2
01

9 
6:

00
:4

8 
PM

. 
View Article Online

http://dx.doi.org/10.1039/c5cp00576k


 
 

82 
 



 
 

83 
 

3.4 Stereochemistry-dependent structure of hydrogen-bonded 

dimers: The case of 1-amino-2-indanol  
 

A. Bouchet, J. Klyne, S. Ishiuchi, O. Dopfer, M. Fujii, A. Zehnacker 

Phys. Chem. Chem. Phys., 2018, 20, 12430-12443 

https://10.1039/c8cp00787j 

 

 

Reproduced by permission of the PCCP Owner Societies. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comment on the author´s contribution 

Experimental data were acquired by Johanna Klyne, Aude Bouchet and Shun-ichi Ishiuchi. The 

calculations were performed by Aude Bouchet. The draft of the manuscript was written by Aude 

Bouchet and reviewed by all co-authors. All work was supervised by Otto Dopfer, Masaaki Fujii and 

Anne Zehnacker.

 

Stereochemistry effects on the structure of molecular aggregates are studied in the 

prototypical 1-amino-2-indanol. Conformer-selective IR-UV double resonance 

spectroscopy reveals how stereochemistry shapes its dimers.  

https://10.0.4.15/c8cp00787j


 
 

84 
 

 

  



12430 | Phys. Chem. Chem. Phys., 2018, 20, 12430--12443 This journal is© the Owner Societies 2018

Cite this:Phys.Chem.Chem.Phys.,

2018, 20, 12430

Stereochemistry-dependent structure
of hydrogen-bonded protonated dimers:
the case of 1-amino-2-indanol†
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To understand the role of chirality in shaping biological supramolecular systems it is instructive to visualize

the subtle effects of stereochemistry on the structure of model aggregates at the molecular level. Here,

we apply conformer-specific IR-UV double-resonance laser spectroscopy in a cold ion trap to derive a

detailed description of the protonated homodimers of (1R,2S)-cis- and (1R,2R)- rans-1-amino-2-indanol

(c-AI2H
+,  -AI2H

+). Although the protonated monomers (c-AIH+,  -AIH+) only differ by the chirality of one

carbon atom, their conformations are clearly distinct. c-AIH+ has an intramolecular NH+� � �O hydrogen

bond (H-bond), while  -AIH+ lacks such an interaction. This has crucial consequences on the geometry

and stability of the corresponding c-AI2H
+ and  -AI2H

+ dimers. While there is a competition between

intra- and intermolecular H-bonds in c-AI2H
+, the formation of  -AI2H

+ does not require deformation of

the monomers. This difference results in higher binding energies of  -AI2H
+ compared to c-AI2H

+. To

optimize the H-bond network, the two dimers do not necessarily involve the corresponding most stable

monomers. c-AI2H
+ and  -AI2H

+ differ in their UV photodissociation mass spectra and in their electronic

spectra, which suggests different geometries also in the excited state.

1. Introduction

Intramolecular hydrogen bonding (H-bonding) plays a key role in
shaping molecular structure. An exemplary case are biopolymers
like proteins, whose secondary structures result from a subtle
balance between different noncovalent interactions.1,2 These
interactions mainly involve H-bonding with OH or NH groups
as proton donors and N or O atoms as proton acceptors, as well
as p� � �p stacking.3,4 Less conventional forces like XH� � �p inter-
actions (with X = O, N, C) also play an important role.5,6 These
different interactions compete with each other within a mole-
cular system, as they do with interactions with the surroundings,
whichmay disrupt the intramolecular conformation. An important
example of this subtle balance is the formation of b-sheets in
proteins. When long-range NH� � �OC intramolecular H-bonds are

unfavorable compared to short-range NH� � �OC intermolecular
H-bonds, dimer formation (b-sheets) is preferred to self-
organization of monomers (a-helices).7

The solvent also influences the shape of the molecule by
providing competing H-bonding sites. The desire to overcome
complications arising from the solvent has prompted numerous
studies in the gas phase, where molecules can be isolated from
their environment. Studies of the competition between intra- and
intermolecular H-bonds in isolated model systems encompass
microsolvation studies in supersonic jets or ion traps, in particular
the formation of hydrates of both neutral and protonated
species.8–25

1,2-Amino-alcohols are prototypical systems to study the
competition between inter- and intramolecular H-bonds. The most
stable structure of isolated linear 1,2-amino-alcohols is stabilized by
an intramolecular OH� � �N H-bond.26,27 Open conformations or
structures with an NH� � �O interaction may be observed28 especially
in the bulk, where intermolecular H-bonds are predominant.29,30

The less stable NH� � �O formmay also be stabilized by complexation
under jet-cooled conditions,31,32 as well as other open forms.33,34

Cyclic amino-alcohols stand out due to strong steric constraints
imposed by the ring.16,35,36 In this case, NH� � �O structures may
compete with OH� � �N structures in terms of stability.37

Similar to natural a-peptides, 1,2-amino-alcohols possess
OH and NH2 groups separated by two carbon atoms, which
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has important consequences in terms of molecular recognition
and biological activity. Therefore, numerous studies have been
conducted under isolated conditions on these two classes of
molecules, due to their role as neurotransmitters, for example
ephedrine or norephedrine for 1,2-amino-alcohols, or glutamic
acid for natural amino acids.34,38–41

Dimer formation can lead to the rupture of the intramolecular
H-bond. In the jet-cooled amino-ethanol dimer, the intramolecular
H-bonds of the monomers break, and a head-to-head dimer with
two strong intermolecular H-bonds is formed.42 Protonated species
are interesting because they are often present under biologically
relevant conditions. Furthermore, H-bonds of protonated groups
are often stronger than those in neutral species. However,
electronic spectroscopy of protonated homodimers has been
the subject of very few studies only.43,44 In particular, protonated
dimers of amino-alcohols have not been studied so far.

This work characterizes the structure of the isolated protonated
homodimer of 1-amino-2-indanol (AI, Fig. 1), a prototypical cyclic
1,2-amino-alcohol, to describe how the competition between intra-
and intermolecular H-bonds is controlled by the stereochemistry
of the monomer subunits. The investigation of such isolated
gas-phase dimers facilitates a precise description of these effects.
AI is composed of a benzene chromophore and a flexible five-
membered aliphatic ring bearing an amino-alcohol functional
group. The two carbon atoms that bear the amino (NH2) and the
hydroxyl (OH) substituents are chiral. As a result, AI exists as two
diastereomers, (1R,2S)-cis-AI and (1R,2R)-trans-AI denoted c-AI and
t-AI, respectively. Its sterically constrained geometry makes AI a
very efficient ligand for asymmetric catalysis in the hydrogenation
of ketones.45 In addition, AI plays an important role in drug
design, in particular in the synthesis of the anti-HIV drug
Indinavir.46 Finally, AI exhibits multiple interaction sites, namely

the OH and NH2 groups and the aromatic ring, which are respon-
sible for its chirality recognition properties in the gas phase.47

In neutral AI, the formation of an intramolecular OH� � �N
H-bond is only possible when the two carbon atoms with the
OH and NH2 groups are of opposite chirality, i.e., in c-AI.35 The
c-AI diastereomer also differs from t-AI by its larger conforma-
tional flexibility. Indeed, for c-AI, two conformers obtained by
puckering of the aliphatic ring were detected under jet-cooled
conditions, while only one was observed for t-AI.35,48 Furthermore,
the formation of an intramolecular NH+� � �O H-bond is only
possible for jet-cooled protonated c-AIH+ and not for t-AIH+.35

In this work, we first compare the structures of the c-AIH+

and t-AIH+ monomers isolated in a cryogenic ion trap to those
previously identified by infrared photodissociation (IRPD) of
Ar-tagged ions in a supersonic expansion.35 We then extend
these studies to the corresponding protonated AI2H

+ homodimers.
To this end, the electronic spectra of the cryogenically-cooled
monomers and dimers are recorded by means of ultraviolet photo-
dissociation (UVPD) spectroscopy. Additionally, double resonance
IR-UV spectroscopy in the XH stretch range (X = C, N, O) is applied to
obtain conformer-specific vibrational spectra. Quantum chemical
calculations are conducted to assign the experimentally observed
structural isomers.

2. Experimental and
computational methods
2.1. Experimental methods

Protonated AI monomers and dimers are generated in an
electrospray ionization (ESI) source.49 The sprayed solution contains
10�4 M AI dissolved in methanol/water (10/1) containing 0.5%

Fig. 1 Scheme of the studied molecules. Most stable calculated structures of neutral and protonated c-AI and  -AI monomers predicted at the
B3LYP-D3/6-31G++(d,p) level of theory. Relative zero-point corrected energies (DE0) are given in kJ mol�1.
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formic acid. The sample (499%) purchased from Sigma-Aldrich
is used without further purification.

UVPD and IR-UV spectra are recorded at cryogenic temperature
in a recently-developed cold quadrupole ion trap (QIT) tandem
mass spectrometer described elsewhere.50,51 The ESI-generated
ions pass through a glass capillary heated to 60 1C by dry air
before entering vacuum. Behind a skimmer, the ions are size-
selected by a quadrupole mass spectrometer (m/z 150 for mono-
mers, m/z 299 for dimers), deflected by a quadrupole bender,
and guided through an octopole to a copper QIT mounted onto
the cold head of a closed-cycle cryostat. Through a pulsed nozzle
(pulse duration of 120 ms), He buffer gas is introduced into
the QIT held at 4 K to cool the ions. Recent analysis of the
(ro)vibrational temperature of protonated tyrosine results in
Trot/vib B 17 K.50

UVPD spectra are recorded with a tunable frequency-doubled
dye laser operating at 20 Hz. Resonant excitation of a UV
transition leads to photofragmentation of the ions stored in
the QIT. Once the RF voltage of the QIT is turned off, the
resulting fragment ions are ejected into a time-of-flight mass
spectrometer and detected by a dynode converter detector. UVPD
spectra are obtained by monitoring the loss of NH3 (m/z 133) for
both c-AIH+ and t-AIH+. The main photofragments of c-AI2H

+ and
t-AI2H

+ are different. UVPD spectra of c-AI2H
+ are recorded

monitoring the loss of c-AI (m/z 150). For t-AI2H
+, the concomitant

loss of t-AI and NH3 (m/z 133) or t-AI and H2O (m/z 132) are the
main fragmentation channels monitored to derive the UVPD
spectrum. Spectra are recorded as a function of the UV frequency
using a fast digitizer board.

IR-UV depletion spectra are recorded using a tunable IR
optical parametric oscillator (OPO) laser pulse introduced into
the cryogenic QIT 10 ms before the UV probe laser. The IR-OPO
is pumped by a pulsed nanosecond Nd:YAG laser operated at
10 Hz, resulting in IR pulse energies of 1–7 mJ per pulse. The
frequency of the UV laser is fixed to a conformer-specific UV
transition, while the IR burn laser is scanned in the XH stretch
range (2400–3700 cm�1). The spectra are generated recording
the depletion signal that is due to depopulation of the zero
vibrational level of the electronic ground state (S0) of the
optically-excited molecules. All the spectra are normalized for
the variation of the laser power. The typical resolution and power
for the UV and IR lasers are 0.1 and 1.3 cm�1, and o100 mJ and
1–7 mJ, respectively.

Collision-induced dissociation (CID) spectra of protonated
AI monomers and dimers are recorded by filling the ion trap
with helium up to 2 � 10�7 mbar and setting the amplitude of
the RF at 420 Vpp.

2.2. Computational methods

The potential energy surfaces of the dimers are first explored by
a force field approach combining the OPLS_2005 and mmffs
force fields with the advanced conformational search as imple-
mented in the MacroModel program available in the Schrödinger
package (cutoff 21 kJ mol�1).52 All local minima found in this way
are then fully optimized in the frame of density functional theory

(DFT) using the dispersion-corrected B3LYP-D3 functional53–55

and the Pople 6-31G++(d,p) basis set.56

Harmonic vibrational frequencies are calculated at the same
DFT level, and the structures are checked for the absence of
imaginary frequencies. Simulated IR spectra are obtained by
convoluting the scaled harmonic frequencies with a Lorentzian
line shape of 3 cm�1 full width at half-maximum (FWHM) to
reflect the experimental resolution. The scaling factor is chosen
as 0.956 to obtain the same nOH of c-AIH+ and t-AIH+ as
previously calculated at the B3LYP-D3/aug-cc-pVTZ level.35 All
harmonic frequencies given in the text and the tables include
the scaling factor. Binding energies (D0) are calculated relative
to the energy of the two stable monomer conformers forming
the dimer and corrected for basis set superposition error.57 The
calculations are performed using the Gaussian09 package.58

3. Results and discussion
3.1. Protonated monomers

(a) Calculations. In our previous study of c-AI(H+) and t-AI(H+),
we discussed extensively the results of DFT calculations performed
at the B3LYP-D3/aug-cc-pVTZ level.35 For the sake of consistency
with the calculations presented below for the dimers, the properties
of c-AIH+ and t-AIH+ are recalculated here at the B3LYP-D3/
6-31G++(d,p) level. Significantly, the results obtained at this lower
level of theory fully agree with those reported previously.35 Relative
energies and vibrational frequencies of the NH, OH, and CH
stretching modes of the c-/t-AIH+

I/II conformers are listed in
Table 1.

As discussed previously,35 the two diastereomers are protonated
at the NH2 group and essentially differ in their ability to form an
intramolecular H-bond between the ammonium (NH3

+) and
hydroxyl (OH) groups. The two most stable c-AIH+ conformers,
c-AIH+

I and c-AIH+
II, are separated by 6.0 kJ mol�1 and have

opposite aliphatic ring puckering orientations relative to the
aromatic plane. In the most stable c-AIH+

I conformer, the OH
and NH3

+ groups are in equatorial (eq, C–O bond is more or less
in the plane of the ring) and axial (ax, C–N bond is perpendicular
to the plane of the ring) positions, respectively, whereas they are
in ax and eq positions in the c-AIH+

II conformer, respectively
(Fig. 1). These two different structures have a different H-bond
strength and hence NH� � �O distance, which is calculated to be
B0.140 Å shorter in c-AIH+

II.
On the other hand, the two most stable t-AIH+

I and t-AIH+
II

isomers, separated by the zero-point corrected relative energy
DE0 = 5.1 kJ mol�1, have the same aliphatic ring orientation,
with both OH and NH3

+ groups in equatorial position, and
differ only by the rotation of the OH group (Fig. 1). For steric
reasons, no intramolecular H-bond can be formed in the t-AIH+

diastereomer. Structures with both substituents in axial position
are more than 10 kJ mol�1 less stable than t-AIH+

I.
(b) Mass spectra. The UVPD mass spectra obtained by

exciting the S1 origin of c-AIH+ and t-AIH+ are presented in Fig. S1
in ESI.† They are very similar to each other. Besides the parent ion
(m/z 150) and the loss of NH3 (m/z 133) and NH3 + H2O (m/z 115),
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cleavage of two aliphatic C–C bonds is observed, leading to loss
of CH2CH2OH (m/z 105) and CHNH2CHOH (m/z 91). All these
fragments are also observed in CID spectra. NH3 loss is surprising
here, because H2O loss is usually observed in 1,2 or 1,3-amino-
alcohols, whereas NH3 loss is favored in 1,4 or 1,5-amino-alcohols.59

No big difference is observed between c-AIH+ and t-AIH+. Loss of
NH3 is slightlymore efficient compared to other fragments in c-AIH+.
Loss of small neutral molecules is sensitive to H-bond formation60,61

and to steric factors. Indeed, in cyclic systems, loss of NH3 has been
shown to be more efficient when the two substituents are in cis
position, that is on the same side of the aliphatic ring.62

(c) Electronic spectroscopy. The UVPD spectra of c-AIH+

and t-AIH+ recorded in the region of their S1 origins are shown
in Fig. 2. S1 origins of the discussed species are compiled in
Table 2. The most intense band in the c-AIH+ spectrum (band A)
is observed at 36 571 cm�1. This band is much broader
(FWHM B 15 cm�1) than the laser resolution (0.1 cm�1)
indicating a fast sub-picosecond deactivation process. Several
further transitions, shifted by +91, +155, +212, +223, +399 and
+733 cm�1 from band A, show the same broad line shape and
thus probably arise from the same conformer. On the other
hand, a series of sharp peaks is also observed and attributed
to a different conformer of c-AIH+. Its S1 origin appears at
36 694 cm�1 (band B), i.e., 123 cm�1 to the blue of band A. Band
B is associated with three weaker sharp bands shifted by +182,
+233, and +269 cm�1 from band A.

The UVPD spectrum of t-AIH+ is characterized by an intense
vibrational progression (72 cm�1 mode) built on the S1 origin at
36896 cm�1. A comparable, but significantly weaker progression
(B70 cm�1) starts at +92 cm�1 from the origin. All bands observed
in the t-AIH+ spectrum are narrow, except for the weak band
observed at 36571 cm�1. The latter transition is due to a c-AI
contamination of the t-AI sample. Such a contamination was also
observed in the previous IRPD spectrum,35 although the sample
came from a different batch.

(d) Vibrational spectroscopy. Scanning the IR frequency in
the XH stretch range (2800–3700 cm�1) with the UV probe laser

set at the transitions marked by an arrow in Fig. 2 provides the
IR dip spectra of c-AIH+ and t-AIH+ presented in Fig. 3. The IR
dip spectra recorded for c-AIH+ differ in the nNH band positions
(3050–3400 cm�1), which confirms the hypothesis that two distinct
conformers are present in the cold ion trap. The previously
measured conformer-unspecific IRPD spectrum of c-AIH+-Ar corre-
sponds to conformer A because of the absence of the nNHb band
characteristic of conformer B.35 Due to Ar-tagging at the NH3

+

group, the two free nNH modes (nNHf) of c-AIH
+-Ar are red shifted by

4 and 12 cm�1 compared to bare c-AIH+, respectively.35 Moreover,
an inversion of the intensity ratio of the nNHf bands (2 : 1- 1 :2) is
observed for c-AIH+ - c-AIH+-Ar. This trend is reproduced by the
calculations, although not with the samemagnitude (3 : 2- 1 : 1
at the B3LYP-D3/aug-cc-pVTZ level).35 Additional minor signal is
measured in the nCH range at 2904 and 2944 cm�1, which
matches the predicted frequencies of the symmetric aliphatic
CH2 and C(2)H stretching vibrations, respectively.

The second conformer of bare c-AIH+ present in the ion trap,
conformer B, is newly identified in this work by IR-UV double-
resonance spectroscopy. Its nOH band at 3666 cm�1 is slightly red-
shifted relative to that of conformer A. Its two free nNHf modes are
separated by 45 cm�1 compared to 64 cm�1 for conformer A. The
nNHb mode is observed at 3076 cm�1, that isB70 cm�1 to the red of
nNHb of conformer A, revealing a much stronger NH� � �O H-bond in
conformer B. The IR dip spectrum of this new conformer matches
the IR spectrum previously calculated for c-AIH+

II, which indeed has
a stronger intramolecular H-bond than c-AIH+

I. Similar to c-AIH+
I,

the observed red shift of its nNHb is underestimated by the calcula-
tion (DnNHb = �129 versus �226 cm�1). Again, minor nCH bands
observed below 3020 cm�1 are also consistent with corresponding
calculated ones.

Finally, by scanning the UV frequency with the IR laser set at
nOH of conformers A and B, all UV transitions are depleted
(Fig. 2). This observation indicates that all conformers of c-AIH+

are identified. The UV spectrum of conformer B is slightly
contaminated by conformer A (B15%), because the nOH frequency
of conformers A and B are separated by 5 cm�1 only. As the width

Table 1 Experimental IR frequencies (cm�1) of the single conformer of  -AIH+ and the two conformers of  -AIH+ (A and B). Scaled calculated
IR frequencies (cm�1) of the most stable conformers calculated at the B3LYP-D3/6-31G++(d,p) level. Relative electronic energies (DEel) and zero-point
corrected energies (DE0) are given in kJ mol�1

DEel DE0 nOH nNHf nNHf nNHb nCH

c-AIH+

Experimental
IRPDa — — 3670 3352 3280 3154/3132 2944
IR dip – Conf. A — — 3671 3356 3292 3154/3138 2944/2904
IR dip – Conf. B — — 3666 3347 3302 3076 3017/2958
Calculated
c-AIH+

I 0 0 3670 3371 3320 3214 2931/2904
c-AIH+

II 6.29 6.01 3670 3366 3311 3182 3019/2957/2937

t-AIH+

Experimental
IRPDa — — 3651 3328/3316 3304 3240 —
IR dip — — 3651 3328 3305 3242 3172/3018/2976/2937/2856
Calculated
t-AIH+

I 0 0 3654 3347 3321 3233 3072/3027/2978/2936/2836
t-AIH+

II 5.35 5.06 3639 3346 3315 3227 3027/2985/2897

a From ref. 35.
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of a vibrational transition is of the order of B10 cm�1, excita-
tion at the maximum of nOH of conformer B results in minor
simultaneous excitation of conformer A.

The IR dip spectrum of t-AIH+ is compared in Fig. 3 to
the IRPD spectrum of t-AIH+-Ar.35 In the nOH and nNH range
(3200–3700 cm�1), both IR spectra show bands at very similar
positions. However, in the IRPD spectrum, the nNHf bands are
split by Ar-tagging. Most prominent is the transition at 3316 cm�1,
which is absent in the IR dip spectrum of bare t-AIH+. The
IRPD spectrum was assigned to conformer t-AIH+

I,
35 and this

assignment is confirmed by the IR dip spectrum reported here.
Additional nCH transitions are now visible because of improved
signal-to-noise ratio in this spectral range. The band at 3018 cm�1

corresponds to nCH of the aromatic CH adjacent to the C(5)H group
calculated at 3027 cm�1, and the band measured at 2976 cm�1 is
assigned to the asymmetric aliphatic C(3)H2 stretch (2978 cm�1).35

As previously concluded from the IRPD data, t-AIH+
II can be ruled

out on the basis of stability (DE0 = 5.1 kJ mol�1). By scanning the
UV frequency and burning conformer t-AIH+

I at its nOH frequency
(nIR = 3651 cm

�1, Fig. 2), all UV transitions are depleted. This result
indicates that t-AIH+

I is the only conformer present in the cold trap.
Surprisingly, two conformers of untagged c-AIH+ are found

in the cold trap, while only one conformer of Ar-tagged c-AIH+-Ar is
observed in a supersonic expansion. For t-AIH+ both experiments
reveal only a single isomer, although the energy gap between the
two most stable conformers is comparable for both diastereomers.
The different behavior of c-AIH+ and t-AIH+ probably results
from the barrier separating their corresponding two conformers.
In t-AIH+, isomerization between the two conformers only involves
internal rotation of the OH group, and efficient relaxation toward
the most stable conformation is expected. Indeed, the energy
barrier between t-AIH+

II and t-AIH+
I is estimated to be smaller

than 100 cm�1 (Fig. S2, ESI†). Relaxation along the OH rotation
coordinate has been observed for the axial conformers of the
related 1-indanol molecule.63 In contrast, the larger barrier
between c-AIH+

II and c-AIH+
I resulting from concomitant ring

puckering and H-bond rupture, predicted to be close to 300 cm�1,
might cause kinetic trapping of the two conformers.35 The
difference between tagged and bare species can be understood
when considering the previous calculations for the Ar-tagged
ions.35 Ar-tagging increases the energy difference between
c-AIH+

I and c-AIH+
II by 1.7 kJ mol�1. This result illustrates that

Ar-tagging can act as a conformational selector by destabilizing
the second most stable conformer relative to the most stable one.

3.2. Protonated dimers

(a) Calculations. The conformational exploration yields more
than 20 dimer structures for both c-AI2H

+ and t-AI2H
+. Only the

most stable forms within DE0 o 2.3 kJ mol�1 are shown for
c-AI2H

+ (Fig. 4 and Table 3). For t-AI2H
+, we consider also less

stable forms (DE0) that however have high binding energies
(D0). Significantly, none of the four structures of c-AI2H

+

(c-AI2H
+
I–IV) involve the most stable neutral c-AI monomer but

the almost isoenergetic second isomer with axial OH and
equatorial NH2 groups. This effect has been observed already
for other systems, like methyl-lactate, cyanophenol, or trifluoro-
ethanol, whose complexes comprise a subunit which is unstable
as isolated monomer.64–67 Moreover, conformers c-AI2H

+
I and

c-AI2H
+
III preserve the two intramolecular H-bonds of neutral

Fig. 2 (a) Experimental UVPD spectrum of c-AIH+. IR-UV hole burning
spectra obtained by fixing the IR laser frequency at the OH stretching
transition of (b) conformer A and (c) conformer B of c-AIH+. (d) Experi-
mental UVPD spectrum of  -AIH+. (e) IR-UV hole burning spectrum
obtained by fixing the IR laser frequency at the OH stretching transition
of  -AIH+.

Table 2 Experimental S1 and S2 origins of all conformers of AI (from ref. 35),
AIH+, and AI2H

+ for both cis and  rans diastereomers

cis diastereomer trans diastereomer

S0–S1 S0–S2 S0–S1 S0–S2

Neutral monomers A 36 915 — A 37 017 —
B 36 912 —

Protonated monomers A 36 571 — A 36 896 —
B 36 694 —

Protonated dimers A 36 949 37 344ab A 37 156
B 36 951 37 111ac B 37 142
C 36 976 37 344a

a Tentative assignment. b The origin could be one quantum (11 cm�1)
down. c The origin could be one quantum (18 cm�1) up.
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and protonated monomers, and thus can form only two inter-
molecular H-bonds. The strongest one is formed between the
NH3

+ group of the protonated moiety and the oxygen lone pair
of the neutral moiety (NH+� � �O). The second intermolecular
H-bond occurs between the NH3

+ group and the aromatic p system
of the neutral monomer (NH+� � �p). In conformers c-AI2H

+
II and

c-AI2H
+
IV, the intramolecular H-bond of the neutral molecule35 is

broken to enable the formation of the strong intermolecular
NH+� � �N H-bond between the NH3

+ and NH2 groups. A further
intermolecular H-bond involves the p system of the neutral partner,
which acts as an acceptor toward the OH group (c-AI2H

+
II, OH� � �p)

or an NH+ group (c-AI2H
+
IV, NH

+� � �p) of the protonated molecule. It
has been shown previously that structuralmodification upon dimer
formation can be quantified in terms of deformation energy, which
mirrors the energy barrier for the mostly kinetically-controlled
formation of the dimer.68 Empirical observation has been made
that a deformation energy of more than B8 kJ mol�1 precludes
complex formation.32,68–70 In the c-AI2H

+ dimer, breaking the
neutral intramolecular H-bond requires less deformation energy
than breaking the ionic one. As a result, all low-energy c-AI2H

+

isomers keep the NH+� � �O intramolecular ionic H-bond of the
protonated molecular subunit.

Due to the large distance between the two subunits, a similar
noncovalent XH+� � �p (X = O or N) bond cannot be formed in any
t-AI2H

+ isomer shown in Fig. 4. Instead, the t-AI2H
+
I–IV structures

are more extended, which allows optimizing number and strength

of intermolecular H-bonds between the NH3
+/NH2 and OH groups.

These strong ionic H-bonds are easily formed for t-AI2H
+, because

there are no competing pre-existing intramolecular H-bonds in
the associated neutral and protonated t-AI(H+) monomers. The
binding energies of the t-AI2H

+ dimers are thus 3.1–10.4 kJ mol�1

larger than in c-AI2H
+.

In all four calculated t-AI2H
+ conformers, the NH3

+ group of
t-AIH+ bridges the OH and NH2 groups of neutral t-AI. The
formation of this O� � �(HNH)+� � �N bridge induces the rotation
of the OH group of the neutral partner (B1001 for t-AI2H

+
I/II/III

and B1401 for t-AI2H
+
IV) compared to the most stable neutral

t-AII.
35,48

Conformers t-AI2H
+
I and t-AI2H

+
II have one additional H-bond,

with the neutral molecule acting as H-bond donor to the oxygen
lone pair of the protonated partner. These two conformers differ in
the orientation of their neutral and protonated subunits, favoring
the formation of a NH� � �O H-bond in t-AI2H

+
I and an OH� � �O

H-bond in t-AI2H
+
II.

In the three most stable conformers t-AI2H
+
I/II/III, both partners

adopt the most favored eq/eq orientation of the OH and NH2/NH3
+

groups. However, in t-AI2H
+
IV the protonated moiety adopts the

ax/ax conformation. This results in higher relative energy, because
the t-AIH+ monomer with ax/ax conformation is calculated to be
13.1 kJ mol�1 less stable than the eq/eq form. However, the
binding energy of t-AI2H

+
IV (132.4 kJ mol�1) is slightly larger than

that of t-AI2H
+
II and t-AI2H

+
III (131.3 and 130.5 kJ mol�1,

Fig. 3 Experimental IR dip spectra of the two conformers of c-AIH+ (A and B, left) and of the single  -AIH+ conformer (right) obtained by setting the
probe at their respective UV S0–S1 transition origin, compared to the corresponding IR absorption spectra of the most stable conformers predicted at the
B3LYP-D3/6-31G++(d,p) level. The IRPD spectra obtained with Ar-tagging under jet-cooled conditions are shown at the top for comparison.
The additional band due to Ar tagging is shown by * (3316 cm�1). The band due to the contamination of cis-AIH+ is shown by ** (3671 cm�1).
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respectively), which justifies that it should be taken into account
for spectral assignments.

(b) Mass spectra. Fig. 5a compares the CID mass spectra of
c-AI2H

+ and t-AI2H
+. Main fragments are c-/t-AIH+ (loss of c-/t-AI),

Fig. 4 Most stable structures of c-AI2H
+ and  -AI2H

+ predicted by the conformational exploration. Each of them has been subsequently optimized at the
B3LYP-D3/6-31G++(d,p) level of theory. Relative zero-point corrected energies (DE0) and binding energies (D0) are given in kJ mol�1. Inter- and
intramolecular H-bond lengths are given in Å.

Table 3 Experimental IR frequencies of the three conformers of c-AI2H
+ (A, B, and C) and the two conformers of  -AI2H

+ (A and B). Scaled calculated IR
frequencies of the most stable conformers calculated at the B3LYP-D3/6-31G++(d,p) level. Relative electronic energies (DEel), zero-point corrected
energies (DE0), and binding energies (D0) are given in kJ mol�1

DEel DE0 D0

Neutral moiety Protonated moiety

nnOH nnNHa nnNHs nnC(2)H npOH npNHf npNHa npNHs npNH(O) npNH(N)

c-AI2H
+

Experimental
IR dip – Conf. A — — — 3362 3421 3323 2951 3674 — 3279 3195 B2750 —
IR dip – Conf. B — — — 3187 3437 3370 2955 3672 — 3284 3229 — —
IR dip – Conf. C — — — 3651 3380 — 2939 3675 — 3328 3269 — —
Calculated
c-AI2H

+
I 0 0 127.4 3223 3473 3387 2951 3672 — 3326 3258 2656 —

c-AI2H
+
II 2.0 1.2 124.2 3659 3412 3337 2929 3588 3359 — — 3184 2575

c-AI2H
+
III 1.9 2.3 125.9 3379 3453 3371 2947 3673 — 3329 3267 2786 —

c-AI2H
+
IV 3.7 2.3 123.7 3663 3418 3339 2927 3674 — 3374 3302 — 2392

t-AI2H
+

Experimental
IR dip – Conf. A — — — 3647 3360 — — 3647 3345 — — 3227 —
IR dip – Conf. B — — — 3651 — — — 3651 3354 — — 3222 —
Calculated
t-AI2H

+
I 0 0 134.1 3651 3403 3321 — 3652 3352 — — 3195 2134

t-AI2H
+
II �0.8 2.0 131.3 3573 3391 3317 — 3653 3352 — — 3002 2547

t-AI2H
+
III 0.9 3.2 130.5 3647 3394 3315 — 3657 3339 — — 3184 2416

t-AI2H
+
IV 13.6 15.1 132.4 3653 3393 3319 — 3654 3357 — — 3141 2503
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accompanied by a fragment ion corresponding to the con-
comitant loss of c-/t-AI and NH3 (m/z 133). Fragmentation into
neutral and protonated monomers is often observed in CID
experiments of protonated (homo-)dimers and expected within
the frame of RRKM theory.71,72

Significantly, the UVPDmass spectra of the c-/t-AI2H
+ dimers

shown in Fig. 5b are much more sensitive to stereochemistry
than those of the c-/t-AIH+ monomers. The main UVPD fragment
ions observed for c-AI2H

+ are very similar to those observed in
CID. No other fragments are detected apart from a weak peak at
m/z 131, which is the only UV-specific fragment. It may be
assigned to loss of H2O and H from AIH+. H loss is frequently
encountered in excited biomolecules.73–77

t-AI2H
+ strongly contrasts with c-AI2H

+. The dominant UVPD
fragments are m/z 132–134, followed by loss of t-AI (m/z 150).
The signals at m/z 133 and m/z 132 are safely assigned to loss of
NH3 (as observed in CID) and H2O from t-AIH+, observed
neither in CID nor in UVPD of c-AI2H

+. Interestingly, both m/z
150 and m/z 133 peaks are accompanied by peaks at m/z + 1,
which are larger than expected from natural 13C abundance. The
processes resulting in these fragments remain unclear. This
signature is completely absent in the UVPD mass spectrum of

c-AI2H
+ and in all CID spectra, showing that it is an UV-induced

stereochemistry-dependent process.
(c) Electronic spectroscopy. The UVPD spectra of c-AI2H

+

and t-AI2H
+ are shown in Fig. 6. The spectrum of c-AI2H

+ is
dominated by an intense S1 origin at 36 949 cm�1 taken as the
zero of the relative energy scale. No other transition is observed
down to 36 400 cm�1. This band is blue shifted by 378 cm�1

relative to the corresponding S1 origin transition of c-AIH+. It is
accompanied by weaker transitions that may arise from several
conformers. The IR-UV hole burning spectra presented in
Fig. 6(b)–(d) are recorded by fixing the IR probe laser at 3421,
3437, and 3380 cm�1. The choice of these frequencies will
be justified later in light of the vibrational spectra. The three
hole-burning spectra show different spectral features and allow
distinguishing three conformers whose S1 origins are located at
+0, +2, and +27 cm�1 for conformers A, B, and C, respectively.
The spectrum of conformer A exhibits a vibrational progression
(10 cm�1) starting at 37 344 cm�1 (395 cm�1 from the origin).
This spectral feature is taken as the signature of a second
electronic transition (i.e., S2). The complex contains two aromatic
chromophores, the protonated and neutral moieties, which can
be excited separately, resulting in two distinct transitions. The S1
origin of conformer B at 36951 cm�1 occurs very close to the one
of conformer A (+2 cm�1). The same kind of patterns as for A are
observed, i.e., several strong isolated bands (+47, +61, +70 cm�1)
of the S1 state, well separated from a long Franck–Condon
progression (18 cm�1 mode) starting at 37129 cm�1 (+180 cm�1)
assigned to the S2 origin of conformer B. Similar to conformer A,
the Franck–Condon pattern in this range is very different from that
of the S1 transition, which confirms the onset of a second electronic
transition. The spectrum of conformer C is weaker than those of
A and B. Its S1 origin at 36976 cm�1 is blue shifted by +27 cm�1

relative to that of A. A further and longer vibrational progression
(10 cm�1) begins 368 cm�1 above the S1 origin, which may be
attributed to the S2 origin of this conformer at 37344 cm�1.

The spectrum of t-AI2H
+ is much simpler, which indicates

smaller geometry changes upon electronic excitation. A strong
absorption appearing at 37 156 cm�1 is assigned to the S1 origin
of conformer A. It is blue shifted from the t-AIH+ monomer S1
origin by +260 cm�1, and followed by a band at 83 cm�1 and a
very weak one at 166 cm�1. This vibrational progression is
similar to that observed for t-AIH+ (B70 cm�1). A weak band at
37142 cm�1 is assigned to the S1 origin of conformer B, as
confirmed by the IR-UV hole burning spectra. Weaker bands
appear at about 65 cm�1 to the red of the S1 origin of conformer
B. However, we do not consider them as possible origins due to the
observed spectral pattern. The origins of both conformers A and B
show a doublet structure (Fig. 6e, inset). This splitting may result
from the presence of two chromophores or from hot bands.

All bands present in the UVPD spectra appear in one of the
IR-UV hole burning spectra shown in Fig. 6, which confirms
that all conformers of c-AI2H

+ (A–C) and t-AI2H
+ (A and B) are

identified. In the next step, vibrational spectroscopy is used to
determine their structures.

(d) Vibrational spectroscopy. As shown in the previous section,
IR-UV hole-burning spectroscopy of c-AI2H

+ and t-AI2H
+ allows

Fig. 5 Mass spectra obtained by (a) collision-induced dissociation (CID) of
c-AI2H

+ and  -AI2H
+; (b) photo-induced dissociation (UVPD) of c-AI2H

+

and  -AI2H
+.
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identifying three and two distinct conformers, respectively,
whose vibrational spectra are compared in Fig. 7. The frequen-
cies of the observed transitions are listed in Table 3. The IR dip
spectra of conformers A, B, and C of c-AI2H

+ are recorded
setting the UV laser at 36 967 (S1 origin(A) + 18 cm�1), 37 019
(S1 origin(B) + 68 cm�1), and 37056 cm�1 (S1 origin(C) + 80 cm�1),
respectively, as indicated by arrows in Fig. 6. The IR dip spectra of
conformers A and B of t-AI2H

+ are obtained with the UV laser set at
the respective S1 origins at 37156 and 37142 cm�1.

The three conformers A, B, and C of c-AI2H
+ are assigned to

calculated structures on the basis of stability and agreement of
experimental and simulated IR spectra. The assignment of the
experimental transitions is indicated by dashed lines in Fig. 7.
In all experimental IR dip spectra, an intense band is observed
between 3672 and 3675 cm�1, i.e., in the range of free OH
stretching modes. It can be assigned to the OH stretching mode
localized on the protonated monomer, npOH. This band allows to
exclude conformer c-AI2H

+
II, because it has an intense npOH

calculated at 3588 cm�1, which is not observed (Fig. S3 in ESI†).
Only conformer C shows a doublet (3651/3675 cm�1) in the
region of the free OH stretching mode. It can therefore be
assigned to c-AI2H

+
IV, whose OH stretching modes of the neutral

and protonated monomers, nnOH and npOH, are calculated at 3663
and 3674 cm�1, respectively. In addition, its calculated nNH and
nCH are in good agreement with the experiment. Its nnNHa appears

weakly at 3380 cm�1, while nnNHs is too weak to be observed
experimentally.

For conformers A and B, there is no additional peak in the
3650–3680 cm�1 spectral range, indicating that the OH group
of c-AI is H-bonded. We therefore expect five bands in the
3200–3400 cm�1 range corresponding to the asymmetric and
symmetric NH stretches (nn/pNHa and nn/pNHs) and the nnOH transi-
tions. Two intense and narrow bands are observed at similar
positions for conformers A and B, namely at 3279/3284 and
3421/3437 cm�1. In contrast to conformer B, the IR dip spectrum
of conformer A shows an additional broad feature at 3323 cm�1.
The vibrational pattern observed for conformer A is well reproduced
by the spectrum of c-AI2H

+
III (see Fig. 7). On the other hand, the

spectrum of conformer B is well reproduced by that calculated for
c-AI2H

+
I.

The two intense narrow bands can be assigned to the
antisymmetric NH stretching transitions (nnNHa and npNHa). The
peaks observed at 3187 and 3362 cm�1 for conformers B and A,
respectively, are assigned to nnOH, calculated at 3223 and 3379 cm�1

for c-AI2H
+
I and c-AI2H

+
III. This mode is observed at much

lower frequency than in the corresponding neutral monomer
(3467 cm�1) due to cooperative effects.32,78

All dimers involve a strong intermolecular H-bond from one
NH+ of the protonated moiety to the OH (c-AI2H

+
I/III) or NH2

group (c-AI2H
+
IV) of the neutral molecule. Thus npNH(O/N) is

Fig. 6 Left: Experimental UVPD spectra of c-AI2H
+ (a) without IR and with IR set at the NH stretching vibration nnNHa of (b) conformer A, (c) conformer B,

(d) conformer C. Right: Experimental UVPD spectra of  -AI2H
+ (e) without IR and with IR set at the OH stretching transition of (f) conformer A and

(g) conformer B.
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strongly shifted down in frequency. npNH(O) is calculated at
2786 cm�1 for c-AI2H

+
III, which corresponds to the broad

feature observed around 2750 cm�1 for conformer A. Such
broadening is often observed for intense proton donor stretching
bands of H-bonds with similar strength.24 npNH(O) of c-AI2H

+
I and

npNH(N) of c-AI2H
+
IV are calculated at 2656 and 2392 cm�1,

respectively, i.e., outside of the scanned range, supporting the
assignment to conformers B and C.

The IR spectra of conformers A and B of t-AI2H
+ have a

single sharp band at 3647 and 3651 cm�1, respectively, in the
3400–3700 cm�1 range. This observation allows ruling out
t-AI2H

+
II and t-AI2H

+
III, because their spectra show two bands

in this range (see Fig. S4 in ESI†). The IR spectra of conformers
A and B exhibit similar patterns. The main difference between
them is the presence of a single sharp band for B (3354 cm�1)
and a doublet for A (3345/3360 cm�1). These features enable to
assign conformers A and B to t-AI2H

+
I and t-AI2H

+
IV, respec-

tively. The sharp bands at 3647 and 3651 cm�1, respectively,
are a superposition of nnOH and npOH. The band at 3354 cm�1

of conformer B can be assigned to npNHf, and the doublet of
conformer A corresponds to overlapping npNHf and nnNHa. Finally,
the broad shoulder of the npNH(O) transition in both experi-
mental spectra cannot be rationalized by the calculations. It
may be the overtone of the scissoring motion of NH3

+ observed
at 1620 cm�1 in the room-temperature IRMPD spectrum of the
corresponding dimer (Fig. S5 in ESI†).

The analysis of t-AI2H
+ reveals that although t-AIH+ with

axial OH and NH3
+ is not detected in the cold ion trap, the

dimer involving this conformer is kinetically trapped and
detected because of its high binding energy. The population
of less stable conformers stabilized by complexation and/or
kinetic trapping has often been observed in both supersonic
expansions and cryogenic ion traps.42,79–83

The vibrational spectra of rare gas-tagged c-AI2H
+ and t-AI2H

+

have also been recorded using the conformer-unspecific IRPD
method. The spectral signatures reported in Fig. S6 in ESI† are in
agreement with those obtained via IR dip experiments presented
in the main part of this article. They are thus not discussed here.

Fig. 7 Experimental IR dip spectra of the three conformers of c-AI2H
+ (Conf. A, B, and C, left) and the two conformers of  -AI2H

+ (Conf. A and B, right)
selected by the UV transitions named A, B, or C and distinguished by an arrow in Fig. 6. IR dip spectra are compared to the corresponding IR absorption
spectra of the assigned conformers predicted at the B3LYP-D3/6-31G++(d,p) level (see corresponding structures in Fig. 4).
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4. Further discussion
4.1. Stereochemical effects

The AI and AIH+ diastereomers differ in several aspects due to
stereochemistry and steric constraints induced by the aliphatic
ring. Indeed, the two functional groups are in ax/eq position in
c-AI2H

+. In contrast, t-AI2H
+ has its two substituents in equivalent

positions in each partner. The eq/eq conformation of both t-AI and
t-AIH+ is greatly favored from a stability point of view. Despite of its
lower relative stability, the ax/ax conformation of t-AIH+ is observed
experimentally, because it leads to a large binding energy of
t-AI2H

+
VI. Thus, our finding that c-AIH

+ showsmore conformational
flexibility than t-AIH+ is not reflected in the corresponding dimers.

Because of steric and stereochemical constraints, c-AI2H
+

has an intramolecular H-bond, while t-AI2H
+ does not. Yet,

t-AI2H
+ has two strong intermolecular H-bonds. The NH3

+

group is inserted between OH and NH2 of t-AI and acts as
proton donor toward both of them in a bifurcated H-bond. The
most stable t-AI2H

+
I dimer has an additional H-bond between

the OH group of t-AIH+ and the NH2 group of t-AI. None of the
t-AI2H

+ structures involves strong interaction between the aromatic
rings and the rest of the molecule, which explains the limited
Franck–Condon activity observed in the UV spectrum (Fig. 6).

The binding motifs are completely different in c-AI2H
+
I, due

to the presence of an intramolecular H-bond. Indeed, all
observed dimers contain the most stable c-AIH+

I monomer that
binds to c-AI through a strong H-bond, in which NH3

+ acts as
proton donor, while the acceptor is either N or O of the neutral.
In all c-AI2H

+ dimers, the amino-alcohol of the neutral molecule
and the aromatic ring of the protonated moiety are close to
each other, which might explain the observed vibrational
progressions in the UVPD spectra.

In contrast to the mass spectra of the monomers, those of
the dimers strongly depend on stereochemistry and activation
mode (CID vs. UVPD). The CID and UVPD mass spectra of the
c-AI2H

+ dimer are dominated by loss of c-AI. In contrast, loss of
t-AI + H2O or t-AI + NH3 is dominant in the UVPD mass
spectrum of t-AI2H

+. Interestingly, loss of t-AI + H2O only
appears in UVPD and not in CID.

4.2 Effect of dimer formation on electronic
spectroscopy – localization of the excitation

We can raise the question whether the two origin transitions
(S1, S2) are localized on the neutral and protonated parts of the
dimer. Exciton-type coupling is very weak in this sort of
systems, because the electronic transitions are not strongly
allowed.84–89 As a result, the dipole–dipole coupling term is
weak; it is negligible at distances such as those involved in the
dimers studied here. Therefore, we only expect site splitting.
The peculiar vibronic pattern observed in the UVPD spectra of
all three conformers of c-AI2H

+ suggests that two electronic
states contribute to the spectrum. The first one displays limited
Franck–Condon activity, while the second shows a ten-membered
vibrational progression of a low-frequency intermolecular mode.
It is however difficult to determine which of these transitions arise
from electronic excitation of the neutral or protonated subunit.

Because of strong structural modification (inversion of the
H-bond from OH� � �N to NH+� � �O), protonation shifts the S1
origin of c-AIH+ down in energy by B340 cm�1 relative to
neutral c-AI.35 The S1 origin of c-AI2H

+ occurs in the same range
as that of c-AIH+, whereas the S2 origin of c-AI2H

+ appears close
to S1 of c-AI. It is therefore tempting to assign the S1 and S2
origins to the excitation of the protonated and neutral part,
respectively.

Only one strong origin is observed in the spectrum of each
conformer of t-AI2H

+, which is blue-shifted relative to both t-AI
and t-AIH+ origins. It is impossible to assign it without excited
state calculations.

5. Conclusions

In summary, (1R,2S)-cis- and (1R,2R)-trans-1-amino-2-indanol
(c- and t-AI) provide a useful model to visualize the effects of
stereochemistry on the structure of protonated molecular
aggregates at the molecular level. The major difference between
the two diastereomers is the presence of two conformers of
similar energy in case of c-AIH+, while a single conformer
dominates the population of t-AIH+. Whereas c-AIH+ displays
an intramolecular H-bond, steric constraints related to the
aliphatic ring do not allow such H-bond formation in t-AIH+.
As a consequence, the structure of c-AI2H

+ results from a
balance between inter- and intramolecular H-bonds. The ionic
NH+� � �O H-bond of c-AIH+ is strong and remains intact in the
c-AI2H

+ dimer. When the OH� � �N H-bond of neutral c-AI is kept
intact, the dimer is stabilized by NH+� � �O and NH+� � �p inter-
actions. When it is disrupted, NH+� � �N and NH+� � �p or OH� � �p
interactions stabilize the dimer. In contrast, in t-AI2H

+, NH3
+

bridges the OH and the NH2 groups of neutral t-AI, resulting in
strong intermolecular H-bonds. The two aromatic rings are
kept far apart. Finally, the excited state processes are very
different in the two dimers. While the UVPD mass spectrum
of c-AI2H

+ is similar to that obtained in CID (loss of c-AI and
c-AI + NH3), that of t-AI2H

+ displays loss of t-AI + H2O. Indeed,
photoreactivity is very sensitive to structural factors, and conformer-
dependent photoreactivity has been evidenced already in cryogenic
ion trap experiments.90,91 Excited state calculations required to
assign the electronic states and their vibronic spectra are beyond
the scope of the present work and are target of future work.

As a general conclusion, this work demonstrates that the
combination of ESI, cold ion trap, and double-resonance laser
spectroscopy is a powerful tool to study the structure of
molecular aggregates. The approach developed in this work
will allow us to expand the size of molecular systems to
biological supramolecular systems and thus provide a deep
understanding of the stereochemistry-based control of biological
supramolecular systems.
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Conformation of protonated glutamic acid
at room and cryogenic temperatures†

Aude Bouchet,ab Johanna Klyne,a Shun-ichi Ishiuchi,b Masaaki Fujii*b and
Otto Dopfer*a

Recognition properties of biologically relevant molecules depend on their conformation. Herein, the

conformation of protonated glutamic acid (H+Glu) isolated in quadruple ion traps is characterized by

vibrational spectroscopy at room and cryogenic temperatures and dispersion-corrected density

functional theory calculations at the B3LYP-D3/aug-cc-pVTZ level. The infrared multiple photon

dissociation (IRMPD) spectrum recorded in the fingerprint range at room temperature using an IR free

electron laser is attributed to the two most stable and nearly isoenergetic conformations (1-cc and 2-cc)

with roughly equal population (DG298 = 0.0 kJ mol�1). Both have bridging CQO� � �(HNH)+� � �OQC ionic

H-bonds of rather different strengths but cannot be distinguished by their similar IRMPD spectra. In

contrast, the higher-resolution single-photon IRPD spectrum of H2-tagged H+Glu recorded in the

conformation-sensitive X–H stretch range in a trap held at 10 K distinguishes both conformers. At low

temperature, 1-cc is roughly twice more abundant than 2-cc, in line with its slightly lower calculated

energy (DE0 = 0.5 kJ mol�1). This example illustrates the importance of cryogenic cooling, single-

photon absorption conditions, and the consideration of the X–H stretch range for the identification of

biomolecular conformations involving hydrogen bonds.

1. Introduction

Proteinogenic glutamic acid (Glu, 2-aminopentanedioic acid,
Fig. 1) is one of the 20 naturally occurring a-amino acids,
ubiquitous especially in food, and metabolized to numerous
essential functional compounds (e.g., glucose, lactate).1 Its sodium
salt, monosodium glutamate, is a common flavor enhancer (E620,
umami taste) and the most abundant excitatory neurotransmitter
in the central nervous system of vertebrates.1–3 The inter- and
intracellular transport of glutamate depends on its interplay with
ionic alkali metals such as K+ and Na+.2

Since amino acids occur in various charge states (anionic,
zwitterionic, protonated) at physiological conditions (pH = 7.4), their
biochemical recognition is determined by the charge-dependent
three-dimensional geometry. Although Glu is deprotonated
(glutamate) in most biological media, the investigation of its
conformational landscape for different charge states, including its
protonated form, allows for describing the structure of this ubiqui-
tous biomolecule under various environmental pH conditions.

Isolated biomolecules are nowadays readily accessible in
various protonation andmetalation states by electrospray ionization
(ESI). Moreover, mass spectrometry combined with spectroscopic
techniques allows for exploring the structure of the bare molecular
ion without any perturbing influence of solvation and counter ions.
Solvent effects like self-solvation of charges4 and production of
zwitterionic species5 can however be mimicked by characterizing
(de-)protonated species or metal ion complexes.

For the highly flexible isolated neutral Glu molecule, 385 con-
formers are predicted within an energy range of DEB 75 kJ mol�1

at the CCSD/6-311++G(d,p) level, and 35 of them lie below
12.4 kJ mol�1.6 The preferred minimum energy geometries
differ in torsional angles of the alkyl chain and the presence
of stabilizing NH� � �O and/or OH� � �N H-bonds. Five conformers
of Glu are detected by microwave spectroscopy in a supersonic
jet, and all of them possess an intramolecular NH� � �O H-bond
between the NH2 and CO groups belonging to the a or g part of
the alkyl chain.7 The a-CO group is located at the end of the
alkyl chain bearing the NH2 group, while the other end is
denoted g (Fig. 1). When the NH� � �O H-bond involves the g-CO
group, additional stabilization results from an OH� � �N H-bond
between the a-OH and NH2 groups, forcing the a-OH group to flip
over to become an H-bond donor (trans orientation).

Similar to nearly all amino acids, protonation of Glu occurs
preferentially at the basic NH2 group. The resulting NH3

+ group
favors the formation of additional ionic H-bonds and significantly
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reduces the conformational flexibility and entropy of H+Glu.3,6,8–11

The protonation thermochemistry of Glu has widely been
discussed,8–10,12,13 and its proton affinity (PA) has recently been
remeasured as 945.3 � 5.8 kJ mol�1,10 consistent with the
theoretical predictions of PA = 939–948 kJ mol�1.10,12,13 Protonation
of Glu reduces the conformational space due to the locking effects
arising from the strong and directional ionic H-bonds involving the
NH3

+ group. At the B3LYP/6-311++G(d,p) level, the total number
of conformers decreases from 385 within an energy range of
DEB 75 kJ mol�1 for neutral Glu to 80 within DE = 130 kJ mol�1

for H+Glu.6 The six most stable H+Glu conformers lie within
DEB 22 kJ mol�1 and exhibit compact folded structures stabilized
by a bridging O� � �(HNH)+� � �O H-bond motif involving NH3

+ and
the two available COOH groups.6 The reduction of conformational
space upon protonation of Glu has experimentally been verified by
a preliminary analysis of the infrared multiple photon dissociation
(IRMPD) spectrum of mass-selected H+Glu ions recorded at room
temperature.11 The experimental spectrum has been assigned
to the two most stable H+Glu conformers 1-cc and 2-cc shown
in Fig. 1 (DG298 = 3 kJ mol�1 at the B3LYP/6-31++G** level), both
of which exhibit the intramolecular CQO� � �(HNH)+� � �OQC
H-bond motif.

In the previous IRMPD study at 300 K,11 however, the
individual contributions of the two low energy H+Glu conformers
1-cc and 2-cc could not be disentangled for the following reasons.

First, the fingerprint spectral range investigated (900–1900 cm�1)
is not sensitive to the structural difference between the two
conformers. Second, both the elevated temperature and the
multiple photon process induce substantial broadening of the
vibrational transitions. To overcome these difficulties, herein
single-photon IRPD spectra of cryogenically cooled H+Glu-H2

ions are measured in the more informative N–H and O–H
stretch range, which is highly sensitive to the conformation
and intramolecular H-bond motif. H2 tagging in the cryogenic
trap reduces both the internal energy (temperature) and the
effective fragmentation energy of the ions.14–17 The resulting
highly-resolved IR spectra allow for a clear-cut identification of
both conformers.

In a first step, this work compares the IRMPD spectrum of
bare H+Glu recorded at room temperature in the fingerprint
range with the IR free electron laser (IR-FEL) CLIO (Centre Laser
Infrarouge d’Orsay, France) to the one previously measured using
the Free Electron Laser for Infrared eXperiments (FELIX).11

Second, the IRPD spectrum recorded for cryogenically-cooled
H+Glu-H2 clusters in the informative X–H stretch (X = C, N, O, H)
range will allow for quantifying the individual contribution of
the conformers identified in the room temperature IRMPD experi-
ments. This experimental work is supported by a systematic
computational conformational exploration of H+Glu and the
analysis of the strengths of the competing intramolecular
H-bonds which control the conformation.

2. Experimental and
computational methods

In both experiments, H+Glu ions are generated in a standard
ESI source, which allows for soft ionization and vaporization of
Glu (which has low vapor pressure and volatility). The sprayed
solution contains 10�4 M L-Glu dissolved in a water/methanol
mixture (1/10) including 0.5% formic acid. L-Glu is purchased
from Sigma-Aldrich and used without further purification.

IRMPD spectra of H+Glu are recorded in the fingerprint
range (900–1900 cm�1) in a Paul-type quadrupole ion trap (QIT)
coupled to the beamline of the tunable IR-FEL CLIO.18–21 The
ion beam generated in the ESI source is introduced into the
QIT, where the desired H+Glu ions are mass selected, thermalized,
and confined. The trapped H+Glu ions are then irradiated at fixed
laser frequencies by 8 ms macropulses of the IR-FEL beam focused
into the center of the QIT, where resonant vibrational excitation
leads to fragmentation. After each macropulse, a mass spectrum is
recorded, and three mass spectra are averaged at each frequency.
IRMPD spectra are obtained by scanning the IR-FEL in steps of
B4 cm�1 and recording the fragmentation yield R as a function
of the photon energy, according to:

R = �ln(IP/(IP + SIF)). (1)

Here, IP and IF refer to the abundances of the parent and
fragment ions, respectively. For H+Glu (m/z 148), the main
fragment observed is m/z 130 (loss of H2O), and additional
fragments occur at m/z 102 (loss of formic acid, HCOOH) and

Fig. 1 Structures of the four most stable N-protonated L-H+Glu conformers
(1-cc to 4-cc) with atom numbering, along with the two most stable H+Glu-H2

clusters (1-cc-NHf and 2-cc-NHf) calculated at the B3LYP-D3/aug-cc-pVTZ
level (Table 1). Cartesian coordinates of all structures are available in
Table T1 in ESI.†
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84 (loss of HCOOH and H2O). All fragment channels exhibit the
same IR action spectrum albeit with different fragmentation
efficiency (Fig. S1 in ESI†). Assuming a linear dependence, the
measured IRMPD spectra are normalized for IR-FEL photon
flux (FIR B PIR/nIR) derived from the variation of the FEL power
PIR (Fig. S1 in ESI†). CLIO is operating at 25 Hz with the
electron accelerator set to 44.4 MeV, providing IR radiation in
the 900–1900 cm�1 range with a bandwidth of around 0.5%.
Recent applications of IRMPD spectroscopy using IR-FELs from
our group include a large variety of protonated and metalated
(bio-)organic molecules.22–40

Single-photon IRPD spectra of H+Glu-H2 at cryogenic
temperature are recorded in the X–H stretch range (2400–
4200 cm�1) in a recently developed cold QIT tandem mass
spectrometer described elsewhere.41 The ESI-generated ions
pass through a glass capillary heated to 60 1C by dry air before
entering vacuum. After a skimmer, H+Glu ions are size-selected
by a quadrupole mass spectrometer, deflected by a quadrupole
bender, and guided through an octopole to a copper-coated QIT
mounted onto the coldhead of a closed-cycle cryostat. A He/H2

(80/20) buffer gas mixture is introduced into the QIT held at
10 K through a pulsed nozzle with a pulse duration of 140 ms to
improve cooling of the ions and formation of clusters with H2

in the QIT. A recent analysis of the (ro)vibrational temperature of the
related protonated tyrosine molecule results in Trot/vib B 13 K.41 A
laser pulse with 1 cm�1 bandwidth emitted from a tunable IR
optical parametric oscillator (OPO) pumped by a nanosecond
Nd:YAG laser operating at 10 Hz induces resonant photo-
dissociation of the trapped H+Glu-H2 ions. Excitation into
vibrational resonances of H+Glu-H2 induces the evaporation of
the H2 ligand, which is the only fragmentation channel
observed. Once the RF voltage of the QIT is turned off, the
resulting fragment ions are ejected into a time-of-flight mass
spectrometer and detected by a dynode converter detector. The
signal is recorded by a fast digitizer as a function of the IR frequency.
The measured spectra are plotted as the fragmentation yield R.

The high flexibility of the alkyl chain and the three functional
groups result in a plethora of conformers for H+Glu.6 An
exhaustive exploration of the conformational space is accomplished
by dispersion-corrected density functional theory calculations at
the B3LYP-D3/aug-cc-pVTZ level.42 The ‘‘very tight’’ optimization
criterion including an ultrafine integration grid is employed to
compute the structure, energy, and vibrational spectrum of the
conformers. Relative electronic energies at 0 K (DE0) and dissociation
energies (D0) are corrected for harmonic zero-point vibrational
energies. Gibbs free energies (DG298) are evaluated at room
temperature to assess entropy effects. Calculated harmonic
linear IR absorption spectra support the vibrational and conformer
assignment. A scaling factor of 0.98 is applied to the computed
harmonic fingerprint spectrum (o2000 cm�1), whereas scaling
factors of 0.95 and 0.948 are applied to N–H/C–H/O–H and H–H
stretch modes, respectively, to optimize the agreement with the
experimental IRPD spectra. Evaluation of the intramolecular
H-bonds in H+Glu is achieved by means of the noncovalent
interaction (NCI) technique.43,44 Visualization is obtained by
plotting the reduced gradient of the electron density s(r)

against the electron density r oriented by the sign of the second
eigenvalue l2 of the Hessian matrix, r* = r sign(l2). The
r* values (given in a.u.) provide a measure of the strength of
the H-bonds. By use of a BGR color code covering the range
�1.5 o r* o 1.5 a.u., a representation of the isosurfaces at
0.5 a.u. is derived, in which blue surfaces correspond to
attractive interactions (negative l2) and red surfaces to repulsive
interactions (positive l2).

3. Results and discussion
3.1. Conformational analysis

Initial starting geometries for H+Glu are generated from optimized
structures of its building blocks, i.e., protonated glycine and
protonated alanine, by systematic variation of all dihedral
angles. In addition, cis and trans conformations are considered
for both carboxylic groups (a-/g-COOH). The minima identified
are numbered in ascending energetic order, and the cis (c) or
trans (t) conformation of the a-/g-COOH groups are annotated
for each stable structure (Fig. 1 and S2 in ESI†). For example,
the most stable structure 1-cc has both COOH groups in cis
configuration. We find the same six most stable conformers as
reported previously,6 with the expected deviations in relative
energies coming from the different level of calculation. Significantly,
adding empirical dispersion to the B3LYP functional allows
for reproducing the energetic order predicted at the CCSD/6-
311++G(2df,p) level, whereas the uncorrected B3LYP level
predicts the opposite order for the two most stable conformers
of H+Glu.6 This result emphasizes the importance of dispersion
for the prediction of the relative energies of the conformers.
Relevant structural and energetic properties of the four most
stable conformers (Fig. 1) are listed in Table 1. By comparing
the free enthalpies calculated for the most stable neutral
conformer c26 and the most stable protonated conformer 1-cc, the
proton affinity of Glu is evaluated as PA =�DH298 = 950.7 kJ mol�1,
in decent agreement with literature values.8,10,12,13

The four most stable conformers 1-cc to 4-cc are characterized
by two distinct orientations of the alkyl chain and two distinct
H-bonding motifs (HBa, HBg). All four conformers are of the cc
type, indicating that the planar cis configuration of the COOH
group is more stable than the planar trans orientation. The alkyl
chain in 1-cc and 3-cc is rather folded, with dihedral angles of D1
B �501 (C1C2C3C4) and D2 B �701 (C2C3C4C5), while 2-cc and
4-cc are more extended (D1 B +1601, D2B +701). In general, the
ionic H-bonds between the NH3

+ and COOH groups prefer
NH� � �O bonding to the OQC group over the OH group,
as OQC is a better electron donor. All four conformers 1-cc to
4-cc are stabilized by strong and short NH� � �OQC bonds (HBg)
between the NH3

+ and g-COOH groups. On the other hand, the
weaker NH� � �O H-bonds (HBa) between NH3

+ and a-COOH are
stronger in 1-cc and 2-cc (NH� � �OQC) than in 3-cc and 4-cc
(NH� � �OH). 3-cc and 4-cc are obtained from 1-cc and 2-cc by a
rotation of a-COOH by 1801, respectively. As a result, 1-cc and 2-cc
are separated by only DE0 = 0.5 kJ mol�1 (DG298 = 0.0 kJ mol�1),
3-cc and 4-cc differ by DE0 = 2.0 kJ mol�1 (DG298 = 0.9 kJ mol�1),
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and a relatively high energy gap of DE0 B DG B 12 kJ mol�1

occurs between these two groups of conformers. Although there
are several transition states interconverting 1-cc and 2-cc, they are
all located at least 60 kJ mol�1 above the two minima, indicating
that these may readily be trapped in their deep potential wells by
high barriers.

The analysis of the lengths and strengths of the intra-
molecular NH� � �O ionic H-bonds (HBa, HBg) based on the
optimal geometries (Table 1 and Fig. 1) and the NCI calculations
(Table 2 and Fig. 2) provides further explanation for the relative
energies of the four most stable conformers. The different
folding of the alkyl chain creates different steric constraints,
leading to different H-bond strengths. All four conformers have
a rather similar short, strong, and nearly linear NH� � �Og
H-bond (HBg) with little variation in its length (1.581–1.605 Å),
angle (161–1641), and strength (�r* = 0.062–0.065 a.u.). The g
part of H+Glu is longer and thus much more flexible than the a
part, and the resulting low steric constraint allows for a good
geometrical (induced) fit and nearly optimal development of
this H-bond in all four conformers. This is not at all true for the
NH� � �Oa H-bonds (HBa), which are very distorted, and thus
much weaker, longer, and less linear than the HBg bonds. In
addition, there is a much larger variation of the HBa length
(2.075–2.566 Å), angle (80–1121), and strength (�r* = 0.016–
0.024 a.u.) for the four conformers, because of their different
degrees of steric hindrance. Conformer 4-cc is characterized by
a bifurcated H-bond involving a-OH and two NH groups of
NH3

+. Due to its large variation, the strength of HBa controls
the relative energies of the most stable conformers, although it
is the weaker one out of the two ionic NH� � �O H-bonds. For
example, both H-bonds in 1-cc are slightly shorter, stronger,
and more linear than those in 2-cc, leading to larger stabilization.
In addition, although HBg is slightly stronger or equivalent in
3-cc and 4-cc compared to 1-cc and 2-cc, their HBa H-bonds are

weaker. This is partly due to noncooperative effects between
HBg and HBa, resulting from multiple solvation of the positive
charge on NH3

+ at different NH sites. Thus, the weaker HBa in
3-cc and 4-cc correspond to stronger HBg. Finally, the NCI

Table 2 Electronic density r* for s(r*) minima in the negative range of
NCI plot for attractive H-bond interactions (Fig. 2)

Interaction 1-cc 2-cc 3-cc 4-cc

HBg NH+� � �Og �0.063 �0.062 �0.065 �0.062
HBa NH+� � �Oa �0.024 �0.022 �0.018 �0.016
HBCH CHy� � �Oa �0.007 — �0.010 �0.013

Fig. 2 NCI plots of the four most stable H+Glu conformers (1-cc to 4-cc).
The structures show isosurfaces of intramolecular H-bonds (HBa, HBg,
HBCH). The graphs plot the reduced density gradient s(r*) as a function of
the density r* (=r�sign(l2) in a.u.) in the negative range corresponding to
attractive forces.

Table 1 Geometrical parameters (Å, 1) and relative and binding energies (kJ mol�1) of the most stable H+Glu and H+Glu-H2 conformers calculated at the
B3LYP-D3/aug-ccpVTZ level (Fig. 1)

D1a D2a N–H–Oa N–H–Og N–Hf N–Ha N–Hg HBa HBg HBH2
DE0 DG298 D0

1-cc �48.3 �72.3 111.5 164.3 1.017 1.027 1.063 2.075 1.597 — 0.0 0.0 —
2-cc +165.0 +72.4 106.6 163.1 1.019 1.026 1.060 2.161 1.605 — 0.5 0.0 —
3-cc �47.6 �65.3 105.1 162.2 1.019 1.021 1.066 2.169 1.581 — 11.9 11.8 —
4-cc +153.3 +67.1 85.6 161.3 — 1.020 1.063 2.462 1.597 — 13.9 12.7 —

80.0 1.019 2.566

1-cc-NHf �48.6 �72.6 111.6 164.0 1.019 1.027 1.060 2.079 1.607 2.180 0 0 340
2.173

2-cc-NHf +163.6 +71.6 104.6 162.4 1.020 1.025 1.058 2.194 1.613 2.309 0.74 6.18 317
2.340

a Dihedral angles C1C2C3C4 (D1) and C2C3C4C5 (D2).
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analysis also indicates that additional but much weaker CHg� � �Oa
H-bonds (HBCH) also slightly contribute to the stabilization of these
four conformers (�r* = 0.007–0.013 a.u.).

Owing to the different H-bond strengths, the four conformers
1-cc to 4-cc exhibit different N–H bond lengths (Table 1) and
vibrational signatures in the N–H stretch range (n(NH), Table 3
and Fig. 4). First, the N–H stretch of the free NH group, n(NHf), is
predicted 20 cm�1 lower in 2-cc than in 1-cc, consistent with the
2 mÅ longer N–Hf bond length. This is related to the stronger
ionic H-bonds in 1-cc, which reinforce the remaining free N–H
bond to a larger extent than in 2-cc. Second, the stronger HBa/g
H-bonds in 1-cc result in slightly longer N–Ha/g bonds (by 1 to
3 mÅ) and consequently in lower frequencies of the corresponding
N–Ha/g stretches, n(NHa/g), in comparison to 2-cc (�24/�38 cm�1).
In 3-cc and 4-cc, the N–Ha bond lengths are almost the same as the
N–Hf bond lengths, consistent with the much weaker HBa H-bonds
in these conformers. Thus, n(NHf) and n(NHa) are strongly
coupled and give rise to antisymmetric and symmetric N–H
stretch modes predicted at 3327 and 3264 cm�1 for 3-cc, and at
3328 and 3276 cm�1 for 4-cc, respectively. Finally, the O–H
stretch frequencies, n(OH), are almost not affected by the
intramolecular H-bonds, as shown by their similar frequencies
(Dn(OH) r 6 cm�1) and bond lengths (0.972 Å for a/g-OH of
all four conformers). From these computational results, it is
expected that the N–H stretch modes will be most sensitive to
the H+Glu conformation.

3.2. IRMPD spectrum of H+Glu and comparison with
predicted IR spectra

The experimental IRMPD spectrummeasured in the fingerprint
range (900–1900 cm�1) is compared in Fig. 3 to the linear IR
absorption spectra calculated for the four most stable conformers
(1-cc to 4-cc). The calculated IR stick spectra are convoluted with a
Gaussian line profile using a width of 20 cm�1 (FWHM) to facilitate
convenient comparison with the experimental IRMPD spectrum.
Observed peak positions with corresponding vibrational and

conformer assignments are given in Table 3. The width of the
transitions observed (J–N) is of the order of 30 cm�1 and arises from
the FEL bandwidth (B5 andB10 cm�1 at n = 1000 and 2000 cm�1,
respectively), unresolved rotational structure, spectral broadening
due to the multiple photon character of the IRMPD process, and
spectral congestion due to overlapping vibrational transitions and
contributions from different conformers.

The experimental spectrum is well reproduced by the calculated
IR spectra of the two most stable conformers 1-cc and 2-cc.

Table 3 Experimental vibrational frequencies (cm�1) extracted from the IRMPD and IRPD spectra of H+Glu and H+Glu-H2 (Fig. 3 and 4) compared with
scaled harmonic frequencies of H+Glu and H+Glu-H2 conformers calculated at the B3LYP-D3/aug-cc-pVTZ levela

Experiment Assignment 1-cc 2-cc 3-cc 4-cc 1-cc-NHf 2-cc-NHf

A 4137/4131 n(H2) 4133 (23) 4125 (12)
4126/4121

B 3551 2n(COa)
C 3520/3514 n(OHa/g) 3518/3517

(133/172)
3519/3516
(139/173)

3522/3518
(162/142)

3520/3517
(142/165)

3519/3518
(130/173)

3521/3517
(143/166)

D 3340 n(NHf) 3332 (101)
E 3320 n(NHf) 3312 (82) 3327 (85) 3328 (74) 3303 (208) 3301 (110)
F 3215 n(NHa) 3205 (115) 3264 (80) 3276 (77) 3218 (109)
G 3164 n(NHa) 3181 (108) 3185 (100)
H 2944 n(CH) 2d(NH3) 2904 (6) 2895 (3) 2903/2893 (8/11) 2889/2878 (5/3) 2904 (7) 2895 (3)
I 2790 n(NHg) 2594 (1170) 2632 (1221) 2557 (1155) 2607 (1223) 2628 (1144) 2664 (1202)

J 1777 n(COa) 1775 (271) 1777 (302) 1811 (267) 1817 (279)
K 1702 n(COg) 1698 (339) 1698 (319) 1690 (310) 1695 (338)
L 1480 d(NH3) 1510 (233) 1510 (262) 1515 (258) 1511 (236)
M 1428 d(CH2) 1426 (150) 1425 (144) 1430 (158) 1427 (136)
N 1164 d(OH) 1170 (348) 1169 (461) g: 1176 (254) g: 1178 (236)

a The peak positions reported for the fingerprint range (IRMPD spectrum, bands J to N) are the maxima of the convoluted spectra.

Fig. 3 Comparison of IRMPD spectrum (fragmentation yield R) of bare
H+Glu recorded at room temperature in the fingerprint range using the
IR-FEL CLIO with linear IR absorption spectra of the four most stable
H+Glu conformers (1-cc to 4-cc) calculated at the B3LYP-D3/aug-cc-
pVTZ level (Table 3).
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The two experimental CQO stretch transitions appear at
n(CO) = 1777 (band J, a-CO) and 1702 cm�1 (band K, g-CO), in
good agreement with values of 1775 (1777) and 1698 (1698) cm�1

predicted for 1-cc (2-cc), respectively. The experimental splitting,
Dn(CO) = 75 cm�1, is also correctly reproduced for both 1-cc and
2-cc (DnCO = 77 and 79 cm�1, respectively). The presence of two
separated free n(CO) bands in the IRMPD spectrum is a clear
indication that protonation predominantly occurs at the NH2

group rather than at the oxygen atoms of the CO groups. The
ammonium umbrella inversion mode is observed at d(NH3) =
1480 cm�1 (band L) and coupled CH2 bending modes of the alkyl
chain at d(CH2) = 1428 cm�1 (band M). d(NH3) is overestimated
by 30 cm�1 in the calculations for 1-cc and 2-cc, while d(CH2) is
well reproduced (Dn = �2–3 cm�1). Possibly, anharmonicity
effects are stronger for d(NH3), in particular because the NH3

+

group is involved in two ionic H-bonds. In addition, in cases in
which two close-lying bands occur in a linear IR spectrum, the
effects of multiple photon absorption may reduce the frequency

of the higher-frequency band in the IRMPD spectrum.45 Finally,
band N observed at 1164 cm�1 in the IRMPD spectrum is mostly
assigned to the in-plane OH bending mode of the a-/g-OH
groups, predicted at d(OH) = 1170 and 1169 cm�1 in the
convoluted spectra of 1-cc and 2-cc, respectively.

The calculated IR spectra of 3-cc and 4-cc fail in the CQO
stretch range, because their predicted splitting of Dn(CO) B
120 cm�1 is too large as their a-CO group is free and not
H-bonded to the NH3

+ group. In addition, the NH� � �OHa
H-bond is the reason for the large splitting of the d(OH) band
in the spectra of 3-cc and 4-cc in the 1100–1200 cm�1 range,
which is not observed experimentally. These two spectral con-
sequences of the NH� � �OHa H-bond definitely allow for ruling
out conformers 3-cc and 4-cc. The IR spectra of the higher
energy conformers 5-cc and 6-ct exhibit additional transitions
in the range between 1200 and 1400 cm�1 and do not reproduce
the experimental n(CO) splitting (Fig. S2 and S3 in ESI†).
Finally, in line with the analysis of the previous IRMPD spectrum
of H+Glu measured with FELIX,11 the IRMPD spectrum recorded
here with the FEL CLIO strongly supports the assignment to
conformers 1-cc and/or 2-cc as the only H+Glu conformer(s)
present at room temperature. This result accounts for a reduction
of the conformational space of Glu upon protonation, mainly
induced by partial self-solvation of the NH3

+ group by the two
ionic H-bonds to the available CQO groups via a double intra-
molecular H-bond motif. Significantly, the spectral resolution of
the IRMPD spectrum is insufficient to disentangle and quantify
the individual contributions of 1-cc and/or 2-cc.

Our IRMPD spectrum of H+Glu recorded at CLIO is compared
in Fig. S4 in ESI† to the one measured previously with FELIX.11

These two spectra show the same positions for the main peaks
to within 5 cm�1, which is consistent with the step size used
in our experiment (4 cm�1). However, one can notice subtle
but significant differences in the band shapes, and additional
minor transitions are detected in the FELIX spectrum. On the
other hand, the resolution is higher for the CLIO spectrum than
for the FELIX spectrum, with a FWHM of B30 cm�1 compared
to B50 cm�1 (band K), respectively. Possible reasons for the
different appearance of the IRMPD spectra recorded with CLIO
and FELIX, including (i) the different evaluation of the IRMPD
yield (Fig. S5 in ESI†), (ii) the different pulse structure and
intensities of the IR-FELs, and (iii) different ion preparation
(thermalization and type of ion trap), are discussed in Fig. S4 in
ESI.†45–47 Both IRMPD spectra recorded at 300 K are interpreted
by the same two almost isoenergetic H+Glu conformers 1-cc and
2-cc. Although the resolution of the IRMPD spectra is insufficient
to separate the contribution of each individual conformer, the
calculations predict roughly equal population at room temperature
(DG298 = 0.0 kJ mol�1).

3.3. IRPD spectrum of cold H+Glu-H2 clusters

Before discussing the IRPD spectrum of H+Glu-H2, we briefly
consider the expected effects of the H2 messenger on the structure
and spectral signatures of H+Glu. These effects depend strongly
on the H2 binding energy and have been characterized for
small ions48–52 and larger (cluster) ions, including protonated

Fig. 4 Experimental IRPD spectrum (fragmentation yield R) of H+Glu-H2

recorded in the cryogenic ion trap held at 10 K in the 2400–4200 cm�1

range (Table 3) compared with linear IR absorption stick spectra of the four
most stable bare H+Glu conformers (1-cc to 4-cc) and the most stable
1-cc-H2 and 2-cc-H2 clusters calculated at the B3LYP-D3/aug-cc-pVTZ
level. The inset shows an expanded view of the H2 stretch band. The
top trace shows the variation of the IR laser power as a function of the
frequency.
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water clusters,14,53 metal oxide clusters54 or protonated
biomolecules.15,55–58 Similar to atomic rare gas ligands (e.g.,
He, Ne, Ar),14,31,59–64 molecular H2 (D2) is an attractive messenger
ligand to reduce the internal energy and effective fragmentation
threshold, allowing for single-photon IRPD of cold molecular
ions. Although H2 binding to small cations can be rather strong
because of the concentrated positive charge,48–50 the perturbation
of larger (bio-)molecular ions and their IR spectra is often rather
minor. Nonetheless, even for protonated amino acids and small
peptides, in which H2 preferentially binds to the NH3

+ group, H2

tagging may have significant consequences, as shown recently in
detail for protonated glycine (H+Gly-H2).

58 Comparison between
the IRPD spectra of H+Gly-H2 and H+Gly-He reveals that the O–H
stretch is nearly unaffected by H2, whereas the free symmetric
and antisymmetric N–H stretches are red shifted by 17 and
11 cm�1 upon H2 tagging, respectively. At the same time, the
bound N–H stretch involved in the intramolecular H-bond is
blue shifted by 14 cm�1. In addition, H2 tagging of the protonated
SarGly dipeptide induces a 12 cm�1 red shift of the free N–H
stretch upon H2 attachment.55 From these previous results, one
may expect relatively weak binding of a single H2 ligand to the
NH3

+ group of H+Glu, with modest red shifts of the free N–H
stretches and essentially no shift of the O–H stretch bands.

The IRPD spectrum of H+Glu-H2 recorded between 2400 and
4200 cm�1 for an ion trap temperature of 10 K is shown in
Fig. 4, and the assignments of the transitions observed (A–I) are
listed in Table 3. Band A near 4130 cm�1 is attributed to the
H–H stretch fundamental, n(H2), which becomes strongly IR
active because of the nearby positive charge. The n(H2) band is
split into four peaks between 4121 and 4137 cm�1. The most
intense transition C is split into two components at 3514 and
3520 cm�1 and is attributed to the O–H stretch bands of the
a-/g-OH groups, n(OHa/g). Bands D to I are located in the range
of free and H-bonded N–H stretch bands, n(NHf) and n(NHa/g),
and the C–H stretch modes, n(CH). The detailed assignment of
the N–H stretch bands requires the calculated IR spectra to
disentangle the contribution of the possible H+Glu conformers
and the effects of the H2 messenger. In general, the widths of
the narrow bands in the IRPD spectrum of H+Glu-H2 (B10 cm�1)
is much smaller than those for the IRMPD spectrum of the bare
ion (B30 cm�1), mainly due to the much lower temperature of
the ions in the cryogenic trap (Trot/vibB15 K).

Fig. 4 compares the IRPD spectrum measured for H+Glu-H2

to the calculated IR absorption spectra of the four most stable
bare conformers 1-cc to 4-cc, as well as the most strongly bound
1-cc-H2 and 2-cc-H2 clusters denoted 1-cc-NHf and 2-cc-NHf,
respectively (Fig. 1 and Table 3). Since the conformations of
1-cc and 2-cc are not drastically different with respect to the
number and nature of H-bonds, the H2 tag prefers the same
binding site for both conformers and thus induces similar
(minor) spectral modifications. Hence, the initial assignment
is carried out on the basis of the IR spectra predicted for the
bare H+Glu conformers. For all four conformers 1-cc to 4-cc, the
n(OHa/g) fundamentals are calculated at 3516–3522 cm�1,
which matches band C. The n(OHa) and n(OHg) frequencies
are separated by 2–4 cm�1, consistent with the experimental

splitting of 6 cm�1. Surprisingly, the n(OH) frequencies of 3-cc
and 4-cc differ not much from those of 1-cc and 2-cc although
their a-OH group acts as an H-bond acceptor. According to the
calculations, the nearby very weak band B at 3551 cm�1 can also
not arise from a shift of n(OHa/g) induced by H2 tagging.
Hence, it is tentatively assigned to the first overtone of n(COa)
measured as 1777 cm�1 at room temperature.

While the n(OH) frequencies of all four conformers are very
similar, their n(NH) frequencies show a much larger variation
and allow for an unambiguous conformer assignment. First,
3-cc and 4-cc can readily be eliminated from an assignment,
because their intense n(NHa) fundamentals predicted at 3264
and 3276 cm�1, respectively, do not match the experimental
spectrum. This conclusion is in line with the analysis of the
IRMPD spectrum in the fingerprint range recorded at room
temperature (Fig. 3). Bands D and E at 3340 and 3320 cm�1 are
thus assigned to free n(NHf) modes of 1-cc and 2-cc predicted at
3332 and 3312 cm�1, respectively. In addition to the absolute
frequencies, also the observed 20 cm�1 spacing between D and
E is accurately reproduced by the calculations. Then, bands F
and G at 3215 and 3164 cm�1 are attributed to the weakly
H-bound n(NHa) bands of 2-cc and 1-cc calculated at 3205 and
3181 cm�1, respectively. As expected from the analysis of the
bond lengths and NCI values (Section 3.1), the stronger
NH� � �Oa H-bond in 1-cc causes a larger red shift in n(NHa).
The band H at 2944 cm�1 is mainly attributed to C–H stretch
fundamentals of the alkyl backbone, n(CH), predicted as very
weak transitions in this frequency range. Intensity considerations
of the n(CH) bands suggest that a substantial contribution to band
Hmay also arise from the first overtone of the umbrella motion of
the NH3

+ group measured at 1480 cm�1 at room temperature.64

Finally, the strongly H-bonded n(NHg) fundamentals of 1-cc
and 2-cc calculated as very intense transitions at 2594 and
2632 cm�1, respectively, are attributed to the broad intense
band I centered at 2790 cm�1. The somewhat larger difference
between experimental and predicted frequencies (B150–200 cm�1)
is typical for such strong H-bonds at this level of theory, as
previously noted for related biomolecules with an ammonium
group involved in strong ionic intramolecular H-bonds.57,64

In an effort to estimate the effects of H2 tagging on the
structures and IR spectral features, the most stable structures
of 1-cc-H2 and 2-cc-H2 are calculated. As expected from the
positive charge distribution, H2 prefers bonding to the NH3

+

group, with binding energies of the order of D0 B 300–350 cm�1

for 1-cc-NHf and 2-cc-NHf (Fig. 1, Table 1). In addition, the
anisotropy of the charge-quadrupole and charge-induced dipole
interaction favors a T-shaped over a linear approach of H2

toward the positive charge.49,50 H2 bonding to the available
free NH group of 1-cc and 2-cc causes minor red shifts in the
corresponding N–H stretchmode (B10–30 cm�1, Fig. 4, Table 3,
bands D and E). At the same time, the N–H stretch modes
involved in intramolecular N–H� � �O H-bonds (bands F/G and I)
exhibit small blue shifts due to noncooperative effects on the
H-bond strengths upon successive solvation of the positive charge.
In contrast, the n(OH) frequencies are essentially unaffected by H2

tagging (r2 cm�1), in agreement with the experimental observation.
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H2 binding to the OH groups is indeed calculated to be less
favorable (D0 B 250 cm�1) than binding to the NH3

+ group and
induces large predicted red shifts in the corresponding n(OH)
mode (e.g., B100 cm�1 for n(OHa)) of 1-cc-OHa and 2-cc-OHa
(Fig. S6 and S7 in ESI†). As the experimental IRPD spectrum of
H+Glu-H2 lacks such transitions, the H2 ligands bind exclusively
to the NH3

+ group, as already established for the related
H+Gly-H2 cluster.58 Combining the relative band intensities of
bands G/F (B2) with the calculated IR cross sections of 1-cc-NHf

and 2-cc-NHf provides a rough but consistent estimate of the
population ratio of 2/1 for 1-cc/2-cc (and its H2 clusters). Such a
strong preference for 1-cc over 2-cc at cryogenic temperature
(T B 15 K) is consistent with the calculated energy gap between
both isomers (DE0 = 0.5 kJ mol�1).

The H–H stretch fundamental n(H2) is dipole forbidden for
isolated H2 and becomes strongly IR active by complexation
with H+Glu, because the positive charge induces a nonvanishing
transition dipole moment mainly along the intermolecular axis.
A further effect of complexation is a modest electron transfer
from the bonding s orbital of H2 to the NH3

+ group of H+Glu
(Dq = 6 me). As a result, the H–H bond is weakened and the
frequency is red shifted from n(H2) = 4161.2 cm

�1 in bare H2
65 to

B4130 cm�1 in H+Glu-H2 (band A). The magnitude of the n(H2)
red shift directly reflects the stronger intermolecular bond in the
n(H2) excited vibrational state due to the increase in polarisability
and quadrupole moment of H2.

49 In general, the n(H2) red shift is
correlated with the intermolecular bond strength, and the modest
shift of B30 cm�1 is consistent with the low calculated binding
energy of D0 B 300 cm�1.49 Similar small frequency shifts were
previously reported for related protonated peptides tagged by H2.

66

Closer inspection of band A reveals four components at 4121, 4126,
4131, and 4137 cm�1 (inset in Fig. 4). Two components split by
8 cm�1 are predicted for 1-cc-NHf and 2-cc-NHf. Further splittings
may arise from ortho and para nuclear spin modifications of H2,
which exhibit a slightly different binding energy to H+Glu.49

4. Concluding remarks

The analysis of the room-temperature multiple-photon IRMPD
spectrum of bare H+Glu recorded in the fingerprint range and
the single-photon IRPD spectrum of cryogenic H2-tagged H+Glu
recorded in the X–H stretch range by quantum chemical
calculations results in the identification of the same two conformers
1-cc and 2-cc of this protonated amino acid in the gas phase in both
temperature regimes. These almost isoenergetic conformers are
separated by a large energy gap from further isomers. Although
the resolution of the IRMPD spectrum is insufficient to separate
the contribution of each individual conformer, the calculations
predict roughly equal population at room temperature (DG298 =
0.0 kJ mol�1). In contrast, the higher-resolution IRPD spectrum
of H+Glu-H2 recorded at B15 K in the X–H stretch range
unambiguously disentangles the individual contribution of the
two isomers, yielding an estimated population ratio of 2/1 in
favor of 1-cc at cryogenic temperature, which is indeed calculated
to be slightly more stable than 2-cc by DE0 = 0.5 kJ mol�1.

This example illustrates the importance of cryogenic cooling,
single-photon absorption conditions, and consideration of
the X–H stretch range for the identification of biomolecular
conformations involving hydrogen bonds. The 1-cc and 2-cc
conformers are separated by high barriers and are both char-
acterized by two strong nonequivalent intramolecular ionic
NH� � �O H-bonds (HBa/g) between the NH3

+ group and the
two available CQO groups, leading to a CQO� � �(HNH)+� � �OQC
motif. For steric reasons, the strengths of the HBa and HBg
bonds are however rather different, as quantified by bond length,
frequency shift, and NCI analysis. Because the g side is longer by
one CH2 unit, its larger flexibility enables a stronger H-bond to be
formed. The effect of H2 tagging has been quantified and found
to be minor, in line with its low interaction energy. This detailed
study of the gas phase conformations of H+Glu at room and
cryogenic temperatures represents the first step for further
investigations of larger H+Glu-containing clusters and aggregates.
In particular, the characterization of chirality recognition
processes in isolated and (micro-)hydrated cold complexes
involving glutamic acid and other chiral biomolecules are current
targets in our laboratories.
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31 A. Bouchet, M. Schütz and O. Dopfer, ChemPhysChem, 2016,
17, 232–243.

32 A. Bouchet, J. Klyne, G. Piani, O. Dopfer and A. Zehnacker,
Phys. Chem. Chem. Phys., 2015, 17, 25809–25821.

33 O. Dopfer, J. Phys. Org. Chem., 2006, 19, 540–551.
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Probing chirality recognition of protonated
glutamic acid dimers by gas-phase vibrational
spectroscopy and first-principles simulations†

Johanna Klyne, a Aude Bouchet, ‡b Shun-ichi Ishiuchi, b Masaaki Fujii, b

Markus Schneider,c Carsten Baldaufc and Otto Dopfer *ae

The homochirality of the amino acid metabolism still puzzles biochemists. Vibrational spectroscopy of

mass-selected gas-phase amino acids and their clusters can precisely reveal their conformation and

might ultimately help to decode the interactions responsible for chirality recognition. Infrared photo-

dissociation (IRPD) and conformer-selective IR–IR hole burning spectra of protonated glutamic acid dimers

(LL-/LD-Glu2H
+) recorded in the fingerprint and XH stretch ranges (1100–1900 and 2600–3600 cm�1)

provide direct insight into their stereospecific interactions. Glu2H
+ dimers are generated by electrospray

ionization and stored in a cryogenic quadrupole ion trap held at 10 K. The assignment of the IRPD spectra is

supported by vibrational analysis using many-body dispersion-corrected hybrid density-functional theory.

Sampling of the conformational space is accomplished by basin hopping and replica-exchange molecular

dynamics simulations. The most stable LD-Glu2H
+ dimer (LD1) is predicted to be more stable than the most

stable LL-Glu2H
+ dimer (LL1) by DE0 = 4.0 kJ mol�1, which relies on stronger secondary interactions in LD1

as demonstrated by the noncovalent interaction method. IR–IR hole burning spectroscopy reveals the coexis-

tence of at least four LD-Glu2H
+ and three LL-Glu2H

+ conformers. Their IR-dip spectra are assigned to the

most stable conformers at room and cryogenic temperature, revealing incomplete thermalization of the ions

by kinetic trapping in the cold trap. We observe different population ratios of LL and LD conformers of

Glu2H
+, as revealed by specific nNH2

and nCO intensities (fingerprints of chirality recognition).

1. Introduction

In natural organisms, many chiral biomolecules, such as sugars
or amino acids, almost exclusively possess a single handedness.
The origin of this homochirality remains an open question.1–6

In this context, two issues are discussed: how is an initial
enantiomeric excess produced, and how is it amplified to result

in homochirality? Several factors are discussed as driving forces
for an initial imbalance in favour of a certain enantiomer, i.e.
one of the two exact mirror images of a chiral molecule:

1. An imbalance may be induced by parity violation.1–3 Parity
describes the symmetry of a physical object with respect to
point reflection of its spatial coordinates. For chiral systems it
can be violated within the framework of electroweak interaction,
leading to very small energy differences between enantiomers
(E10�11 J mol�1).1,7 High-resolution gas-phase spectroscopic tech-
niques have been applied to measure this intrinsic property of
chiral molecules, so far without success.7,8

2. After an excess of L-amino acids on the Murchison meteorite
has been observed,9 extraterrestrial circularly-polarized radiation
has been suggested as the chirality-determining factor on prebiotic
earth.4,5,10 Irradiation of a racemic mixture of amino acids with
circularly-polarized ultraviolet light can indeed produce an enantio-
meric excess in the laboratory,11 even under conditions similar to an
extraterrestrial environment.12

3. A small initial chiral excess may rest upon a statistical
imbalance produced in a preceding chemical reaction.6,13

Since all three processes most likely result only in a
minor imbalance, amplification based on chirality recognition
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is imperative. Different chemical and physical models, such as
asymmetric amplification14 or chiral autocatalysis,15,16 are
currently developed.3 The chemical or physical amplification
of an enantiomeric imbalance for a given molecular species
can only happen by the formation of diastereomeric species
(e.g., a dimer of two chiral partners). Amplification is then
based on the different physico-chemical properties of the
diastereomeric species. To investigate if such preferential
stereospecific pairing occurs in simple amino acid dimers,
herein we study the structure-based recognition in homochiral
(LL) and heterochiral (LD) dimers of glutamic acid (L-/D-Glu),
one of the 20 natural amino acids.

While only L-amino acids are incorporated into naturally
synthesized proteins, also detectable amounts of D-amino acids
are found in mammalian tissues.17,18 The anion of L-Glu,
L-glutamate, is the principal excitatory neurotransmitter in the
brain.19–23 D-Glutamate can also bind to its receptors. However,
glutamate transport is enantioselective,24,25 illustrating the
correlation between molecular handedness and biochemical
function, i.e. chirality recognition.

Chirality recognition is defined as the preference to form
one diastereomeric structure instead of the other because of
different interactions between the two subunits of a contact
pair. It is suggested to result from a subtle balance of inter- and
intramolecular hydrogen bonds (H-bonds), and the decisive
role of weak stereospecific interactions has been demonstrated.26–28

The weak spectral signatures of these H-bonds may be hidden in
the condensed phase. Therefore, sensitive gas-phase experiments
are suitable for their detection in isolated tailor-made molecular
clusters.26,29,30 For example, mass spectrometry revealed the extra-
ordinary self-organization of homochiral protonated serine (Ser)
tetramers4 and octamers,31–33 that were hereupon presented as a
possible origin for biomolecular homochirality.34 A recent gas-
phase vibrational spectroscopy study revealed an asymmetric, yet
highly H-bonded structure for the Ser8H

+ magic number cluster.35

Structure and stability of serine dimers (Ser2H
+) have been

studied by means of mass spectrometry and quantum chemical
calculations,36–38 as well as infrared (IR) spectroscopy.39,40

In an effort to unravel signatures of chirality recognition, the
energy difference between homo- (LL) and heterochiral (LD)
Ser2H

+ was measured36 and calculated39 yielding DG of
0.2 � 0.2 kJ mol�1 and 0.49 kJ mol�1, respectively, in favour
of the LL dimer. Furthermore, recent spectroscopic studies
successfully demonstrated chirality recognition in neutral
molecular clusters.26–28,41 These studies have been expanded
to ionic chiral molecules and clusters.42–46

Our present research rests on previous investigations by
means of gas-phase spectroscopy and theory. Neutral Glu is
rather flexible, resulting in 385 isomers predicted within
DE B 75 kJ mol�1.47–49 Five of these were detected by microwave
spectroscopy in a cold molecular beam, all with an intramolecular
NH� � �OC or N� � �HO H-bond between the a-carboxyl (a-COOH)
and amino (NH2) groups.50 Protonation of the amino group
(NH2 - NH3

+) leads to conformational locking of GluH+ by
formation of strong cooperative HOCO� � �HNH+� � �OCOH ionic
H-bonds. As a consequence, only two almost isoenergetic

isomers are observed in the gas phase.47,51,52 Recently, our
IRPD spectra of cryogenic GluH+ revealed their relative abundance
as approximately 2 : 1, showing the importance of cryogenic
cooling, single-photon absorption conditions, and consideration
of the XH stretch range (2600–3600 cm�1) for the identification of
molecular conformation.51 IR spectra and quantum chemical
analysis of alkali-metalated GluM+ (M = Li-Cs) revealed cation
size-dependent conformational locking by HOCO� � �M+� � �OCOH
bridges.52–54 Herein, we apply cryogenic infrared photodissociation
(IRPD) and IR–IR hole burning spectroscopy and first-principles
simulations to homochiral (LL) and heterochiral (LD) glutamic
acid dimers (LL-/LD-Glu2H

+) to determine their structures,
energies and eventually their chirality recognition.

2. Experimental and
theoretical methods

We only give a brief overview of the experimental and computa-
tional techniques employed. Detailed descriptions are available
in the ESI.†

2.1 IRPD spectroscopy

IRPD spectra of H2-tagged LL-/LD-Glu2H
+-H2 dimers are

recorded in the XH stretch (nXH; X = O, N; 2600–3600 cm�1)
and fingerprint ranges (1100–1900 cm�1) employing a cryogenic
quadrupole ion trap (QIT) tandem mass spectrometer.55 LL-/LD-
Glu2H

+ ions are generated via electrospray ionization (ESI). To
distinguish LL- and LD-Glu2H

+ by means of mass spectrometry,
L-Glu-2,3,3,4,4-d5 (L-d5-Glu) with five deuterium atoms at its alkyl
chain is used. Moreover, 15N-isotope labelling is employed to
disentangle NH and OH stretches by IRPD spectroscopy. The
ESI-generated LL-/LD-Glu2H

+ ions are size-selected by a first
quadrupole mass spectrometer and subsequently trapped in
the QIT held at 10 K. He/H2 (80 : 20) buffer gas pulses are
injected into the QIT to form cold LL-/LD-Glu2H

+-H2. The
trapped ions are irradiated by pulses of a tuneable IR optical
parametric oscillator (bandwidth 1.7 cm�1) pumped by a nano-
second injection-seeded Nd:YAG laser (10 Hz), to record IRPD
spectra in the XH stretch and fingerprint ranges. Resonant
vibrational excitation followed by fast internal vibrational
energy redistribution induces dissociation of LL-/LD-Glu2H

+-H2

(loss of H2). IRPD spectra are recorded via the fragment ion current
in a time-of-flight mass spectrometer as a function of the IR laser
frequency. We plot the fragmentation yield R = If/(Ip + If), where Ip
and If refer to the abundances of parent and fragment ions,
respectively. All spectra are normalized for IR laser intensity
fluctuations. The IR-OPO provides 0.7–10 mJ per pulse in the XH
stretch range and 0.5–1.3 mJ per pulse in the fingerprint range.

2.2 IR–IR hole burning spectroscopy

IR–IR hole burning spectra of LL-/LD-Glu2H
+-H2 are recorded

by setting the probe IR laser (bandwidth 3.5–5 cm�1) at a
conformer-specific transition in the IRPD spectrum, thereby
generating a constant fragmentation signal. The pump IR laser
is introduced into the QIT 3 ms before the probe laser, where
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resonant excitation of any of the conformers present in the trap
leads to fragmentation. All fragments induced by the pump
laser are removed from the trap by a ‘‘tickle’’ RF pulse applied
to the QIT before the probe laser is fired.56,57 If the pump laser
hits a transition of the conformer currently probed, the constant
fragmentation signal produced by the probe laser is depleted.
Thus, by scanning the pump laser, a conformer-specific IR-dip
spectrum is recorded. IR-dip spectra are corrected for back-
ground signal, but are not normalized for laser intensity due to
saturation effects.

2.3 Computational methods

Presampling of the potential-energy surface (PES) of LL-/LD-Glu2H
+

is accomplished by basin hopping employing the MM3Pro force
field as implemented in the TINKER molecular modelling
software.58–61 The 1200 lowest-energy conformers are relaxed
at the dispersion-corrected PBE + vdWTS/light density-functional
theory (DFT) level.62,63 Thus, 309 LL and 316 LD conformers are
found within DE E 160 kJ mol�1. All DFT calculations are
performed with FHI-aims, which employs numeric atom-centred
basis functions for the Kohn–Sham orbitals.62

In a second step, the PES of LL-/LD-Glu2H
+ is scanned in

more detail by replica-exchange molecular dynamics (REMD)
simulations at the PBE/light level.64–66 12 independent mole-
cular dynamics trajectories of replicas of LL- and LD-Glu2H

+ are
simultaneously generated at different temperatures. Every
40 fs, neighbouring pairs of replicas are eventually swapped
based on a Metropolis criterion. Thus, individual replicas
traverse a wide temperature range to overcome barriers, which
ensures efficient sampling of the PES. Structures are extracted
from the MD trajectories every 40 fs. The resulting conformers
are sequentially clustered (i.e., sorted into structural families)
using the GROMOS algorithm (cutoff 0.05 nm) as implemented
in the GROMACS program.67,68

Harmonic vibrational analysis of the most stable conformers
of LL- and LD-Glu2H

+ is accomplished at the many-body dis-
persion (MBD) corrected hybrid DFT level PBE0 + MBD/tight.69

Harmonic frequencies are used to calculate zero-point corrected
energies (E0) and Helmholtz free energies at 15 K (F15) and 300 K
(F300).

70 Calculated linear IR absorption spectra are linearly scaled

by factors of 0.93 (2600–3600 cm�1) to roughly adjust the
experimental free OH stretching vibration (band A1), and
0.955 (1100–1900 cm�1) to adjust the CO stretching vibrations
(bands K1–K4).

For the global minimum conformers, the noncovalent inter-
action (NCI) method is applied.71 To this end, the reduced
gradient of the electron density (s(r) B |grad(r)|/r4/3) is evaluated
as a function of the electron density r to provide a measure of the
strengths of the noncovalent interactions.

3. Results and discussion
3.1 Overview IRPD spectroscopy of LL- and LD-Glu2H

+

The IRPD spectra of cryogenic LL-/LD-Glu2H
+-H2 in the XH

stretch and fingerprint ranges are compared in Fig. 1. Peak
positions and assignments are listed in Tables S1 and S2 in
ESI.† LL- and LD-Glu2H

+ clearly show diastereospecific IR
signatures with different peak positions and intensities.
In the fingerprint range, the NH bending modes dNH3

(bands N and M) and dNH2
(band L) and the CO stretches nCO

(bands K1–K4) are sensitive to chirality. In the XH stretch
range, the IRPD spectra also differ significantly. For example,
LD-Glu2H

+ shows a nOH doublet (bands A1 and A2) in contrast to
the single peak of LL-Glu2H

+ (A1). These discrepancies result from
different conformational landscapes of LL- and LD-Glu2H

+ (struc-
ture of the conformers, interaction strengths, conformer popula-
tion). In the following, these stereochemistry-induced effects are
disentangled with the aid of IR–IR hole burning spectroscopy,
isotope-labelling and quantum chemistry.

3.2 Conformations of LL- and LD-Glu2H
+

Relevant LL- and LD-Glu2H
+ conformers are depicted in Fig. 2.

Additional structures are shown in Fig. S1 and S2 (ESI†).
Binding energies (D0) are derived using the most stable gas-
phase monomers, according to D0 = E0(Glu2H

+) � E0(GluH
+) �

E0(Glu).
47,51 The complex energy hierarchy of LL-/LD-Glu2H

+ is
shown in Fig. 3 (Table S3, ESI†). The most stable LD-Glu2H

+

conformer (LD1) is more stable than the most stable LL-Glu2H
+

conformer (LL1) by DE0 = 4.0 kJ mol�1 (Table S3, ESI†). The
energy gap to the respective global minimum is larger for

Fig. 1 Overview IRPD spectra of diastereospecific LL- (top) and LD-Glu2H
+-H2 (bottom) recorded in the XH stretch (X = O, N; 3100–3600 cm�1) and

fingerprint ranges (1100–1900 cm�1). Peak positions and assignments are listed in Tables S1 and S2 in ESI.†
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LD-Glu2H
+ (DE0 = 6.4 kJ mol�1) than for LL-Glu2H

+ (DE0 =
2.7 kJ mol�1). The ions probed are generated at room tempera-
ture and subsequently cooled down to 15 K in the QIT.
To assess temperature effects, we evaluate relative zero-point
corrected energies (DE0) and relative Helmholtz free energies
at 15 and 300 K (DF15 and DF300). Indeed, temperature drasti-
cally affects the energy hierarchy. Stabilization of certain con-
formers is likely dominated by the vibrational entropy term,
TS B �kBT ln(1 � exp(� �ho/kBT)), which is part of the free
energy, F = EPES + DU � TS, where EPES is the electronic
minimum energy on the PES, DU is the harmonic internal
energy including zero-point vibrational energy, and TS is the
harmonic vibrational entropy term.72 The logarithmmakes low-
frequency normal modes dominate the temperature-dependent
vibrational entropy term. Inspection of Table S4 and Fig. S3
(ESI†) reveals this correlation for LD3, LD6, LD11, LL2, LL3, and
LL6, which benefit most from entropy, because their low
frequencies are the smallest. While LD1 and LL1 are the global
minima at low temperature (DE0, DF15), they are strongly
destabilized at room temperature (DF300 4 11 kJ mol�1). Both,
LD1 and LL1 are rather rigid structures with three strong

intermolecular H-bonds. Floppy LD6 and LL2 with only two
H-bonds connecting their compact subunits are favoured at
300 K. However, the experimental cooling process is regulated
by energy barriers separating conformers, which are not
mapped by the calculations. Thus, for assigning the experi-
mental spectra, we consider the structures most stable at 15 K
and at 300 K.

In general, stabilization of LL- and LD-Glu2H
+ relies on a

balance of intra- and intermolecular H-bonds (vide infra).
Interestingly, the H-bond networks are very similar in LL- and
LD-Glu2H

+. Corresponding structures mainly differ due to steric
constraints imposed by the chirality of the partners. In all LL- and
LD-Glu2H

+ dimers, intramolecular H-bonds (red dotted lines in
Fig. 2 and Fig. S1, S2, ESI†) strongly compete with intermolecular
H-bonds (black dotted lines). HOCO� � �HNH� � �OCOH H-bonds to
the NH3

+ group lock the conformation of GluH+ and zwitterionic
Glu, making these subunits very similar to the two previously
identified GluH+ monomers.47,51 Non-zwitterionic neutral Glu is
very flexible and adapts to GluH+ (LD1, LD5, LL1).

Although the intra- and intermolecular H-bonds formed in
the LD1 and LL1 conformers connect the same groups of the two
subunits, LD1 (D0 = 144.1 kJ mol�1) is tighter bound than LL1
(D0 = 140.0 kJ mol�1). Comparison of H-bond lengths does not
rationalize their relative stability. The strongest H-bonds of LL1 are
found within the HO� � �COOH� � �OC bridge (R = 1.61/1.74 Å),

Fig. 2 Relevant structures of LL-/LD-Glu2H
+ with intramolecular (red)

and intermolecular (black) H-bonds. Binding energies (D0, kJ mol�1)
calculated at the PBE0 + MBD/tight level are also given. Corresponding
LL and LD structures are drawn next to each other. For the global minima,
LD1 and LL1, H-bond lengths (R, Å) and NCI plots are added.

Fig. 3 Energy hierarchy diagram of the most stable LL- and LD-Glu2H
+

conformers (DE o 20 kJ mol�1). Relative zero-point corrected energies
(DE0, kJ mol�1), and relative free energies at 15 and 300 K (DF15 and
DF300, kJmol�1) are also given to illustrate temperature effects (Table S3, ESI†).
Assigned conformers are marked with asterisks.
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whereas these H-bonds are somewhat weaker for LD1 (R =
1.64/1.79 Å). The intermolecular NH� � �O H-bond is stronger for
LD1 (R = 1.66 vs. 1.72 Å). To reveal the origin of the enhanced
stability of LD1, we performed exemplary NCI calculations for LD1
and LL1 (shown as insets in Fig. 2; NCI plots in Fig. S4, ESI†).
Obviously, green and light-blue NCI isosurfaces occur between the
two subunits of LD1, representing weak but extended attractive
regions. The a-COOH of Glu and the g-COOH of GluH+ are close in
LD1 facilitating this attractive secondary interaction. In contrast,
due to steric constraints, LL1 lacks such a stabilizing interaction.
Within the NCI approach, the strength of a certain noncovalent
interaction is given by the r* value of the respective minimum of
the reduced density gradient.71 Indeed, with S(r*) = 0.306 a.u. the
total attractive interaction in LD1 is larger than in LL1 with
0.289 a.u. Interestingly, comparison of r* values reveals that the
stabilization of LD1 predominantly results from stronger H-bonds
(S(r*) = 0.277 vs. 0.267 a.u. for LD1 vs. LL1), which is not obvious
from their geometries (Fig. S4, ESI†). Induction and dispersion are
also enhanced (S(r*) = 0.029 vs. 0.022 a.u. for LD1 vs. LL1). The IR
spectra of LD1 and LL1 (Fig. 4, 5 and Tables S1, S2, ESI†) show
one single free OH stretching mode (nfOH) predicted at 3530 and
3529 cm�1, respectively. Free antisymmetric and symmetric
stretches of the NH2 group (nf(as)NH2

and nf(s)NH2
) occur at

3409 and 3313 (LD1) or 3413 and 3326 cm�1 (LL1). The NH
stretching frequencies of the NH3

+ group of LL1 are red-shifted
due to the intramolecular H-bonds (nbNH3

). One of them couples to
a strongly red-shifted nbgOH of the (COOH)2 ring resulting in an
intense doublet at 3161/3147 cm�1. The third NH stretch of NH3

+

is drastically red-shifted due to the stronger intermolecular
H-bond (o2800 cm�1). Though the H-bonds in LD1 are com-
parable to those described for LL1, its respective nbgOH and
nbNH3

are not coupled and occur separately at 3223 and
3152 cm�1. In the fingerprint range, the most characteristic
features of LL1 and LD1 are their intense dNH3

and dNH2

around 1600 cm�1. LD5 (D0 = 137.7 kJ mol�1) is structurally
related to LD1. Its neutral Glu subunit also occurs in the non-
zwitterionic form (contrarily to LD2 and LD6). However, the
flexible Glu subunit is distorted and the intermolecular
H-bonds differ from those in LD1. For example, we do not
observe the characteristic (COOH)2 ring occurring in LD1.

LD6 and LL2, most stable at 300 K, are also structural
relatives. Both contain a zwitterionic Glu. The COO� group is
involved as H-bond acceptor in three H-bonds: two intermolecular
H-bonds with the NH3

+ and CH groups of GluH+, and one intra-
molecular H-bond with the NH3

+ group of the zwitterion. Their
binding energies are comparable, D0 = 134.7 vs. 137.4 kJ mol�1. In
the range measured, their IR spectra are characterized by a nfOH
triplet between 3533 and 3536 cm�1, one free NH stretching mode
of the NH3

+ of the zwitterion (nfNH3
) around 3330 cm�1 and one

H-bonded NH stretching mode of NH3
+ of GluH+ H-bonded to a-

COOH (nbNH3
) around 3200 cm�1. The impact of the H-bond

network on all other NH stretches is so strong that they lie below
3000 cm�1. In the fingerprint range, the existence of one COO�

and three COOH groups results in a specific nCO pattern. The
naCO occurs at 1771–1774 cm�1, the ngCO doublet at 1710–1724/
1711–1726 cm�1, and the antisymmetric COO� stretch (nCOO�)

at 1656–1654 cm�1. The corresponding symmetric CO stretch of
the COO� group is found at 1379 cm�1. LD2 and LL4 also
contain one zwitterionic Glu. The conformation of the proto-
nated subunit is the same as in LL1 and LD1. The additional
OH� � �O contact provokes a characteristic red-shifted nbgOH
found at 3512 and 3488 cm�1, respectively.

3.3 IR–IR hole burning spectra in the XH stretch range

In the XH stretch range, transitions H, Y, E, and C (Fig. 1) are
the fingerprints of chirality recognition of LL- and LD-Glu2H

+. Y
is observed in the LL-Glu2H

+ spectrum but absent in the
LD-Glu2H

+ spectrum. At the same time, E undergoes an
8 cm�1 blue shift from LL- to LD-Glu2H

+, while C experiences
a strong enhancement. H experiences both a 16 cm�1 red shift
and an enhancement from LL- to LD-Glu2H

+. A preliminary
assignment of the experimental bands results from 15N isotope-
labelling of L-Glu (Fig. S5, ESI†). 15N-Labelling induces a typical
red shift of 8 cm�1 of nNH facilitating to distinguish them from
nOH. Thus, we reveal bands AX, A1, B, and Y of LL-Glu2H

+ as
well as A1, A2, and B of LD-Glu2H

+ as nOH. All other transitions
probed shift to the red upon isotope-labelling and are thus
assigned to nNH modes. However, isotope-labelling cannot
disentangle the conformer contribution. Hence, we employ
IR–IR hole burning spectroscopy.

Fig. 4 compares the IR–IR hole burning spectra of LL-/LD-
Glu2H

+ to the scaled (0.93) linear IR absorption spectra of the
assigned conformers calculated at the PBE0 + MBD/tight level
(see also Fig. S6 and S7, ESI†). Peak positions and assignments
are listed in Table S1 (ESI†). Calculated spectra of additional
low-energy conformers are shown in Fig. S8 (ESI†). Setting the
probe laser at the most intense features of its IRPD spectrum
(3368, 3397, and 3487 cm�1), three conformers of LL-Glu2H

+ are
found. Four conformers of LD-Glu2H

+ are detected with the probe
laser set at 3367, 3405, 3445, and 3486 cm�1. All transitions
present in the IRPD spectra are thus burnt, indicating that (at
least) the dominant conformers are found.

Comparison of band positions of the four IR-dip spectra of
LD-Glu2H

+ indicates that the spectra probed at 3445, 3367, and
3405 cm�1 are contaminated (by each other). Such a contam-
ination may result from probing overlapping IRPD bands. In
the present case, it is more likely related to the RF tickling. The
tickling frequency depends on m/z of the ion to be ejected from
the QIT. Apparently, the choice of the tickling frequency is
slightly off from the optimal value for the LD dimers. Hence,
either the m/z range for ejection is not sufficiently narrow
causing ejection also of some intact parent clusters, or many
collisions are provoked upon tickling resulting in strong
collision-induced dissociation (CID) of intact parent clusters.
Some weak features can thus be assigned to contamination as
indicated by crosses in Fig. 4. Neglecting the contamination
bands, the LD-Glu2H

+ IR-dip spectra compare well to those
measured for LL-Glu2H

+. Indeed, we find a compelling corre-
spondence between the IR-dip spectra of LL- and LD-Glu2H

+,
that are drawn abreast in Fig. 4.

Assignment of the IR-dip spectra to calculated conformers is
based on (i) stability and (ii) agreement of measured and
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calculated IR spectra. To check for discrepancies between
different levels of theory, the spectra of the most stable con-
formers found by REMD are recalculated also at the B3LYP/cc-
pVTZ and PBE0/cc-pVTZ levels (Fig. S9, ESI†).

After cancelling the contamination bands, the IR-dip
spectrum of LD-Glu2H

+ probed at 3367 cm�1 contains two
well-resolved peaks at 3542 (A1) and 3365 (F) cm�1 and a broad
band around 3200 cm�1 (J). Band A1 is readily assigned to a free

Fig. 4 IRPD and IR–IR hole burning spectra of LL-/LD-Glu2H
+-H2 recorded in the XH stretch range (X = O, N; 3100–3600 cm�1) compared to

calculated IR absorption spectra of the assigned conformers (stick spectra and convolution with Lorentzian profile, FWHM 8 cm�1). Left: Four dominant
conformers of LD-Glu2H

+ probed at 3445, 3486, 3405, and 3367 cm�1. Right: Three dominant conformers of LL-Glu2H
+ probed at 3487, 3397, and

3368 cm�1 as indicated by arrows in the IRPD spectrum. Red traces correspond to calculated H2-tagged conformers (Fig. S8–S12, ESI†). The red crosses
indicate contamination bands, which are not considered for assignment.
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OH stretching mode (nfOH). Bands F and J are unmasked as NH
stretching modes by 15N-labelling. Conformers that comprise
two NH3

+ groups are candidates to explain this IR pattern. The
IR absorption spectrum calculated for the most stable confor-
mer at room temperature, LD6, matches well. We assign band F
at 3365 cm�1 to its nfNH3

predicted at 3334 cm�1 and band J at
around 3200 cm�1 to its nbNH3

predicted at 3217 cm�1.
The second IR-dip spectrum of LD-Glu2H

+ probed at 3405 cm�1

shows four bands at 3542 (A1), 3402 (E), 3325 (G), and
3238 (I) cm�1. Band E is a characteristic of a free NH2 group that
is found in the low-temperature global minimum LD1. Due to
stability and the moderate match of predicted and measured
spectra we assign LD1. Band A1 is its nfOH calculated at
3530 cm�1, E and G are its antisymmetric and symmetric NH2

stretches (nf(as)NH2
and nf(s)NH2

) predicted at 3409 and 3313 cm�1.
The assignment of I is not straightforward, because the measured
IR intensity is rather low compared to any of the predicted
transitions in that frequency range. However, IR-dip spectra are
not normalized for laser power variation, and the hole burning IR
intensities are not entirely reliable due to saturation effects. As
transition I in the IRPD spectrum shifts upon 15N-labelling, we
tend to assign it to a nNH. Hence, we tentatively assign it to nbNH3

predicted at 3152 cm�1. The most intense calculated peak here,
nbgOH of LD1 predicted with an enormous IR intensity of 26.6 D2/A2

at 3223 cm�1, is thus probably contained in the broad absorption
background below 3200 cm�1 (Fig. S6 and S7, ESI†).

The third spectrum probed at 3486 cm�1 (band B) is
dominated by an intense triplet at 3536 (A2), 3483 (B), and
3430 (BX) cm�1 and a broad band around 3200 cm�1 (J). From
15N-labelling, A2 and B are clearly assigned to nOH. A2 can
readily be distinguished as nfOH and B as nbOH. As already
mentioned in Section 3.2, among the most stable structures,
only LD2 has a weakly bound OH group, that gives rise to a
slightly red-shifted nbOH. Its predicted IR spectrum closely
resembles the measured IR-dip spectrum except for the least
intense band BX. However, it can be explained considering H2-
tagging. Attachment of H2 at the free OH groups of GluH+ or
Glu leads to conformers LD2-H2(OH1) and LD2-H2(OH3),
respectively (Fig. S10, ESI†). The H2 tag is bound by D0 =
0.82 and 0.86 kJ mol�1. A somewhat less stable binding motif
(D0 = 0.71 kJ mol�1) results from insertion of H2 into the inter-
molecular OH� � �O bond between GluH+ and Glu, LD2-H2(OH2).
Corresponding IR spectra are shown in Fig. S11 (ESI†). Indeed,
band BX can be rationalized by the red-shifted nfOH of LD2-
H2(OH1) predicted at 3508 cm�1. Yet, also LD2-H2(OH2) and
LD2-H2(OH3) may contribute to the IR-dip spectrum (Fig. S11,
ESI†). Finally, the triplet is readily reproduced by superimposing
the spectra of LD2 and LD2-H2(OH1). Band J observed near
3200 cm�1 is assigned to nbNH3

of LD2 predicted at 3190 cm�1.
The fourth IR-dip spectrum measured with the probe laser

set at 3445 cm�1 (band C) is the only LD spectrum without LL
analogue. It shows a doublet A1/A2 in the nfOH range at
3544 and 3535 cm�1, and two intense bands at 3446 (C) and
3290 (H) cm�1. Band C is characteristic of a free NH2 group,
contained in LD5, for example. Furthermore, in the spectrum of
LD5, two distinct nfOH occur at 3531 and 3526 cm�1, which are

assigned to A1 and A2, respectively. Consequently, band C is
attributed to nf(as)NH2

of LD5, predicted somewhat low at
3407 cm�1, and band H corresponds to nbNH3

. Its nf(s)NH2
may

be found as a small shoulder G at 3336 cm�1.
Finally, all four IR-dip spectra of LD-Glu2H

+ are readily
assigned to low-energy isomers at 15 K (LD1 and LD5) or at
300 K (LD2 and LD6). Thus, we find a mixture of cooling
processes in the QIT. Complete thermalization leads to popula-
tion of the global minima at the temperature of the trap.
Kinetic trapping resulting from high potential barriers prevents
conformational changes during the cooling process. The inten-
sity distribution in the IRPD spectrum indicates a predominant
production of the low temperature minima LD1 and LD5. Band
C, a fingerprint of LD5, and band E, characteristic of LD1, are
intense. Band B is less intense, revealing a minor population of
LD2. LD6 probed at 3367 cm�1 seems also less abundant than
LD5 and LD1. Conformers LD11, LD3, and LD4 that are rather
stable at 300 K (Fig. 3) have almost the same IR spectra as LD6
(Fig. S8, ESI†) in the range probed. They are ruled out based
on stability.

The three IR-dip spectra of LL-Glu2H
+ are not contaminated.

The spectrum obtained with the probe laser set at 3368 cm�1

shows four peaks at 3565, 3544, 3365, and 3226 cm�1 that
correspond to bands AX, A1, F, and J in the IRPD spectrum.
Considering the lowest energy isomers at 15 and 300 K, the spectrum
is best reproduced by conformer LL2 (see also Fig. S8, ESI†).
Its similarity to the IR-dip spectrum of LD-Glu2H

+ probed at
3367 cm�1 is obvious. It is assigned to LD6, which is structu-
rally closely related to LL2, supporting this assignment. Hence,
we assign AX and A1 to nfOH of LL2 predicted at 3536, 3534, and
3533 cm�1, F to nfNH3

at 3335 cm�1 and J to nbNH3
at 3231 cm�1

(Table S1, ESI†).
The IR-dip spectrum probed at 3397 cm�1 shows four

intense peaks at 3541 (A1), 3398 (E), 3383 (Y), and 3223 (J) cm�1.
A1 is readily assigned to nfOH, but is not conformer-specific.
Band E is characteristic of a free NH2 group (nfNH2

), whereas J
can be assigned to a bound NH3 group (nbNH3

). Therefore, we
tend to assign the low-temperature global minimum LL1,
although the match of its calculated IR spectrum is not perfect.
Band Y has already been verified as nOH by isotope-labelling. To
assign band Y, we consider H2-tagging of LL1 at its free OH
group (Fig. S10, ESI†), whose nOH is drastically red-shifted
upon H2 attachment (Fig. S12, ESI†). Hence, we assign band
Y at 3381 cm�1 to nbOH of LL1-H2(OH), while its red shift is
somewhat underestimated (predicted at 3447 cm�1). Except for
band Y, the IR-dip spectrum probed at 3397 cm�1 (band E)
resembles that of LD-Glu2H

+ probed at 3405 cm�1 that is
attributed to LD1. LD1 and LL1 have a related conformation
with similar intra- and intermolecular H-bonds. Again, this
similarity supports our assignment.

The IR-dip spectrum of LL-Glu2H
+ probed at 3487 cm�1

resembles that of LD-Glu2H
+ probed at 3486 cm�1. A similar

triplet occurs at 3543 (A1), 3484 (B), and 3431 cm�1. In analogy,
it is assigned to nfOH and nbOH of LL4 predicted at 3536/3523
and 3488 cm�1 and the H-bonded nbOH of LL4-H2(OH1) pre-
dicted at 3481. With D0 = 1.15 kJ mol�1, LL4-H2(OH1) is the
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most stable H2-tagged conformer (Fig. S10, ESI†). However, the
IR spectra of LL4-H2(OH2) and LL4-H2(OH3) (Fig. S13, ESI†) can
also explain the observed triplet. Hence, we assume a super-
position of all three H2-tagged conformers, with LL4-H2(OH1)
as the dominant conformer in the trap. The triplet is not clearly
visible in the IRPD spectrum of LL-Glu2H

+, but may be con-
tained in the unresolved range between bands B and C.

Band B is significantly less intense than E or F revealing a
minor production of conformer LL4. The IRPD spectrum sug-
gests the predominant population of LL1 because bands E and
Y are intense. LL2 may however be as abundant as LL1. Band F,
assigned to LL2, is only somewhat less intense than E or Y, in
line with their lower predicted IR intensity of nfNH relative to
nfOH. The IR spectra of conformers LL6 and LL3, that are
stabilized by entropy at 300 K (Fig. 3), are very similar to that
of LL2 (Fig. S8, ESI†). Due to their lower stability, however, they
are not considered for assignment.

Finally, the IRPD spectrum of LD-Glu2H
+ can be rationalized

by LD1, LD2, LD5, and LD6, which are among the most stable
conformers at room temperature and at 15 K (DE0o 7.0 kJ mol�1).
The IRPD spectrum of LL-Glu2H

+ can be explained as a super-
position of the spectra of at least LL1, LL2, and LL4 (DE0 o
4.5 kJ mol�1). Population of additional conformers is however
possible. First, we probed only prominent bands to yield
sufficient fragmentation signal. Second, only well-resolved
bands can be probed by IR–IR hole burning. If bands lie too
close or overlap, conformer separation is no longer possible.

3.4 IRPD spectra in the fingerprint range

Fig. 5 compares IRPD spectra of LL-/LD-Glu2H
+ in the fingerprint

range to the scaled (0.955) linear IR absorption spectra of the
assigned conformers (Table S2, ESI†). Fig. S14 (ESI†) shows the
IRPD spectra considering the effect of deuteration, along with
infrared multiple-photon dissociation (IRMPD) spectra. Further
calculated IR spectra are shown in Fig. S15 (ESI†). An assignment
of the fingerprint modes is ambiguous because the calculated
spectra are rich and similar for the different conformers. This
observation emphasizes the importance of measuring both
spectral ranges, especially because the XH stretching modes
are very sensitive to H-bonds. However, the fingerprint modes
confirm the above assignments as follows.

The IRPD spectrum of LD-Glu2H
+ supports the assignment

of conformers LD1, LD2, LD5, and LD6. Band K1 at 1774 cm�1

is assigned to a superposition of naCO of LD1, LD2, and LD6
predicted between 1774 and 1779 cm�1. K2 at 1751 cm�1 is
composed of ngCO of LD-1 and naCO and ngCO of LD5 predicted at
1735, 1754, and 1743 cm�1, respectively. K3 at 1728 cm�1 arises
from ngCO of LD2, LD5, and LD6. K4 at 1715 cm�1 is somewhat
broadened compared to LL-Glu2H

+ and is assigned to ngCO of
LD6 and LD1 at 1710 and 1697 cm�1. Peak L at 1619 cm�1 is
characteristic of dNH2

of LD1 and nCOO� of LD6 predicted at 1619
and 1656 cm�1, respectively. Band N is assigned to the NH3

+

umbrella mode (duNH3
) of LD2 and LD6 superimposed

by dOH of LD1 and LD5. Transition O at 1165 cm�1 is a
superposition of dfOH of all conformers (Table S2, ESI†).

The IRPD spectrum of LL-Glu2H
+ supports the assignment

of conformers LL1, LL2, and LL4. K1 at 1774 cm�1 is assigned
to a superposition of naCO of LL1, LL2, and LL4 predicted
between 1771 and 1779 cm�1. K2 at 1751 cm�1 is attributed
to ngCO of LL2 somewhat underestimated at 1726 cm�1. K3
at 1728 cm�1 is ngCO of LL1 and LL2 predicted at 1737 and
1732 cm�1, respectively. K4 at 1715 cm�1 may be assigned to
LL2. The broad intense band M/N at 1432/1400 cm�1 arises
from duNH3

. M is assigned to LL1 (1485/1461 cm�1), N to LL2
(1417 cm�1) and LL4 (1414 cm�1) with some contribution
of dbOH of LL1 (1406 cm�1). Transition O at 1167 cm�1 is a
superposition of dfOH.

Especially the nCO quartet (K1–K4) is sensitive to conforma-
tion and relative chirality. The intensity distribution over K1–K4
differs for LD- and LL-Glu2H

+. K2 is more intense for LD than LL.
Furthermore, the doublet K3/K4 is broadened in LD-Glu2H

+. This
indicates the coexistence of several conformers and different
population ratios.

Apparently, the spectral resolution is enhanced for IRPD
compared to IRMPD (dotted lines in Fig. S14, ESI†). Moreover,
we observe blue shifts of the IRMPD bands, which are maximal
(Dn E 30 cm�1) in the nCO range (K1–K5). Some bands present
in the IRPD spectra (L, M) do not occur in the IRMPD spectra,
probably due to mode-specific thresholds of the multiple-
photon dissociation. By H2-tagging and cryogenic cooling,
single-photon conditions are assured in the IRPD process.
Anyway, the overall structure of the IRMPD spectra is similar
to that of the corresponding IRPD spectra.

3.5 Chirality recognition of LL- and LD-Glu2H
+

Herein, we study the chirality recognition of LL- and LD-Glu2H
+

that would be the prerequisite for a potential asymmetric
amplification scheme in these prototypical amino acid dimers.
Indeed, we find an asymmetry of the relative stability in favour
of heterochiral LD-Glu2H

+. LD1 is more stable than LL1 by
DE0 = DD0 = 4.0 kJ mol�1, and LD6 is more stable than LL2
by DF300 = 5.6 kJ mol�1 (Table S3, ESI†). This exceeds the
observed energy difference in favour of homochiral LL-Ser2H

+

of DG = 0.49 kJ mol�1.39 However, our mass spectra do not
indicate any clear preference for the heterochiral dimer
(Fig. S16, ESI†). Yet, to experimentally verify the stability pre-
diction, we performed CID in the QIT (Fig. 6 and Fig. S17, ESI†).
Steadily increasing the RF voltage of the QIT, the trapped ions
start to move and collide inside the trap. The higher the RF
voltage applied, the higher the collision energy that eventually
leads to fragmentation of the cluster. We monitor the frag-
ments of trapped LD- or LL-Glu2H

+ as a function of the RF
voltage. Fig. 6 shows that LL-Glu2H

+ dissociates at 515 V and
LD-Glu2H

+ at 555 V, in line with a lower binding energy of LL.
The kinetic energy of the trapped ions as a function of the
RF voltage has been simulated with SIMION73 (RF frequency:
1 MHz; trapping time: 20 ms; pressure: 4 � 10�5 Torr). This
simulation correlates the measured voltages of 515 and 555 V to
kinetic energies of approximately 0.16 � 0.1 and 0.27 � 0.15 eV
with respect to the laboratory frame, respectively. NCI calculations

Paper PCCP

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 T
U

 B
er

lin
 -

 U
ni

ve
rs

ita
et

sb
ib

l o
n 

1/
17

/2
01

9 
6:

02
:3

0 
PM

. 
View Article Online

http://dx.doi.org/10.1039/c8cp05855e


28460 | Phys. Chem. Chem. Phys., 2018, 20, 28452--28464 This journal is© the Owner Societies 2018

show that the H-bonds are slightly stronger in LD1 than in LL1.
Moreover, due to chirality constraints, LD1 is more compact
which promotes the secondary interaction between the a-COOH
of Glu and the g-COOH of GluH+ (Fig. 2 and Fig. S4, ESI†).
Hence, chirality recognition of LL- and LD-Glu2H

+ relies on subtle
differences in their H-bond network as well as on secondary
interactions optimized in LD rather than LL. LD1 is further-
more distinguished by the gap to less stable conformers.
This gap marks the minimal energy necessary to hop from LD1
to another minimum and is most likely even enhanced by
isomerization barriers.

Clusters of the amino acid Ser show a remarkable preference
for homochirality and are used as prototypical systems to study
chirality recognition phenomena possibly relevant in prebiotic

chemistry.32–34 Indeed, we observe stereospecificity of the
probed LL- and LD-Glu2H

+ clusters (IRPD spectra, conformer
population, stability). However, there are significant differences
between Glu and Ser clusters, worthwhile to be highlighted in
order to understand the stereoselectivity of such amino acid
clusters. Similar to Glu, L-/D-Ser(H+) has three functional groups
(COOH, OH, and NH2 or NH3

+). Via three-point interaction,
these functional groups are incorporated into stereospecific
binding motifs with an interacting partner.35 This three-point
interaction is found to be sensitive to stereochemistry. How-
ever, a comparably selective three-point interaction is not
possible in LL- and LD-Glu2H

+ for two main reasons. First, as
its backbone is longer, Glu is more flexible than Ser. Therefore,
it may adapt somewhat easier to its interacting partner. Second,

Fig. 5 IRPD spectra of cryogenic LL-/LD-Glu2H
+-H2 recorded in the fingerprint range (1100–1900 cm�1) compared to the scaled (0.955) linear IR

absorption spectra (stick spectra and convolution with Lorentzian profile, FWHM 10 cm�1) of the assigned conformers calculated at the PBE0 + MBD/
tight level.
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two of the three functional groups of Glu are effectively equal
when interacting with a (chiral) partner. L-/D-Glu(H+) comprise one
amino group (NH2 or NH3

+) and two almost identical carboxylic
groups (a-COOH, g-COOH). These ideas are in line with the
finding that both, the naturally-occurring neurotransmitter L-Glu
and its mirror image D-Glu, have excitatory activity, i.e., Glu
receptors are less enantioselective.24

4. Conclusions

Herein, we report IRPD and IR–IR hole burning spectra of
cryogenic LL-/LD-Glu2H

+ ions in the fingerprint and XH
stretch ranges to disentangle the interactions responsible
for chirality recognition in these prototypical amino acid
dimers. The PES of LL-/LD-Glu2H

+ is sampled using
REMD simulations. The assignment of the IRPD spectra is
experimentally aided by 15N-labelling. IR–IR hole burning
spectroscopy reveals the coexistence of four LD-Glu2H

+ and
three LL-Glu2H

+ conformers that are assigned by comparison
to calculated IR absorption spectra. The assigned conformers
correspond to the most stable conformers at room and cryo-
genic temperature, revealing incomplete thermalization by
kinetic trapping of the ions in the cold trap. Comparing the
global minima LD1 and LL1, heterochiral LD-Glu2H

+ are
calculated to be more stable (DE0 = 4.0 kJ mol�1) than
homochiral LL-Glu2H

+. The energy gap above the global
minimum is larger for LD-Glu2H

+ (DE0 = 6.4 kJ mol�1) than
for LL-Glu2H

+ conformers (DE0 = 2.7 kJ mol�1). Collision-
induced dissociation of LL-/LD-Glu2H

+ trapped in the cryogenic
quadrupole is consistent with this prediction. This enhanced
stability of LD-Glu2H

+ relies on slightly stronger H-bonds and
enhanced dispersion and secondary interactions possible only in
LD1 as visualized by NCI plots. Different population ratios result
for LL- and LD-Glu2H

+ conformer, which directly influences their
IRPD spectra. In both measured ranges, the spectra show chirality-
related characteristics. Particularly, specific nNH2

(E3450 cm�1)
and nCO (E1750 cm�1) modes are fingerprints of chirality
recognition. For LD-Glu2H

+, we find a prominent contribution

of the two most stable conformers at 15 K, whereas all three
LL-Glu2H

+ conformers are rather equally abundant. Due to its
long backbone, the Glu subunit easily adapts to its interacting
partner (here GluH+) such that dimer formation is not very
much restricted by stereochemistry.
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Fig. 4.1 Assigned protomers of 5HIH
+
. 

Relative energies are given in kJ/mol. 

4 Discussion 

In this thesis, the protonation of the biomolecular building blocks 5HI, RR-trans-/RS-cis-AI and L-Glu 

has been studied by IR and UV spectroscopy. Their molecular recognition has been examined based 

on their size-selected clusters. All three systems are prototypical bioactive molecules containing 

aromatic rings and/or chiral centers. The neutral molecules comprise several possible protonation 

sites and acidic functional groups, namely amino (NH or NH2) and hydroxyl (OH) groups, which are 

important for their interaction with ligands and interaction partners. In the following sections, the 

major findings of these studies are summarized and juxtaposed with the aim to infer general effects 

of protonation on the structure and recognition of aromatic and chiral biomolecular systems. 

4.1 How protonation affects structure: comparing 5-hydroxyindole, 

RR-trans-/RS-cis-1-amino-2-indanol and glutamic acid 
The effect of protonation on the structures of 5HI, RR-trans-/RS-cis-AI and Glu is deduced from their 

gas-phase vibrational spectra. The results are fairly comparable since the same dual approach of 

action spectroscopy and DFT calculations was applied to all systems.  

4.1.1 Protonation of 5-hydroxyindole 

In section 3.1, the protonation of 5HI has been studied by 

IRPD spectroscopy of its 5HIH+-Ar/N2 clusters and 

dispersion-corrected hybrid DFT calculations at the B3LYP-

D3/aug-cc-pVTZ level. The IRPD spectra reveal the 

coexistence of at least the following four protomers (Fig. 

4.1). First, we assign the global minimum (E0=G=0 

kJ/mol) protonated at the C3 carbon atom which is 

predominant at the current experimental conditions. A 

contribution of its syn- and anti-rotamers (s-/a5HIH+) is 

not resolved. The second and third protomers identified 

are the s- and a5HIH+ rotamers protonated at the C4 atom 

which show distinct fingerprints in the IRPD spectra. The 

C4 protomers are slightly less stable (E0/G=5.1/4.3 and 

11.1/10.1 kJ/mol). Fourth, the IRPD spectra of 5HIH+-Ar/N2 

definitely reveal an isomer protonated at the oxygen atom of 5HI. This finding is surprising because O 

protonation is thermodynamically unfavorable (E0≈G≈117 kJ/mol). Yet, since the O protomer can 

unambiguously be identified and even isolated, following production scheme is proposed. At a minor 

percentage, O protomers are eventually produced and kinetically trapped due to a high isomerization 

barrier of ≈150 kJ/mol. In a second step, tagging artificially amplifies its abundance due to the 

degeneracy and the high binding energy of the H-bond to the OH2 group. Finally, on the one hand, 

we evidence the production of the O protomer, on the other hand, the IRPD spectra of 5HIH+-Ar/N2 

presumably do not reflect the abundance of the bare protomers.  

4.1.2 Protonation of RR-trans- and RS-cis-1-amino-2-indanol 
The neutral, radical cation and protonated forms of the two diastereomers RR-trans- and RS-cis-AI 

have been studied by UV and IR spectroscopy and DFT calculations at the B3LYP-D3/aug-cc-pVTZ 
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Fig. 4.2 Assigned protomers of 

RR-trans- and RS-cis-AIH
+
.  

 

Fig. 4.3 Assigned conformers of GluH
+
. 

Relative energies are given in kJ/mol. 

level (section 3.3). By this comparative approach the impact of 

protonation on the PES of AI is directly accessible. In the neutral 

ground state, one RR-trans-AI and two RS-cis-AI conformers 

(E0=0.1 kJ/mol) are observed. Due to steric constraints imposed 

by the alicyclic ring, only the RS-cis-AI conformers exhibit an 

intramolecular OH N H-bond. The impact of protonation on the 

PES of AI is studied based on (i) UVPD and IR-UV double-resonance 

spectra of bare cryogenic RR-trans-/RS-cis-AIH+ produced by ESI 

and (ii) IRPD spectroscopy of Ar-tagged RR-trans- and RS-cis-AIH+-

Ar generated by EI. Interestingly, cooling and tagging turn out to 

substantially modify the protomer abundance. All methods reveal 

only one RR-trans-AIH+ protomer (Fig. 4.2). In contrast, UVPD and 

IR-UV spectra of bare cryogenic RS-cis-AIH+ distinguish two 

protomers (Fig. 4.2), while IRPD spectra of tagged RS-cis-AIH+-Ar 

reveal only one. These findings are rationalized as follows. First, 

energy barriers between produced protomers mainly control the 

equilibration of conformers during the cooling process. The energy 

barrier separating the two most stable RR-trans-AIH+ protomers is 

estimated as E≈100 cm-1. Apparently, relaxation towards the 

global minimum is effective for RR-trans-AIH+ in the cryogenic QIT as well as in the supersonic jet. On 

the other hand, the barrier between the two most stable RS-cis-AIH+ protomers amounts to roughly 

E≈300 cm-1. This higher barrier results in the coexistence of both most stable RS-cis-AIH+ protomers 

in the cryogenic QIT due to kinetic trapping. Second, the Ar-tag acts as a conformational selector. It is 

preferentially attached to the protonated NH3
+ group (for both diastereomers). Upon tagging, the 

energy gap between the two most stable calculated RR-trans-AIH+ protomers remains nearly 

unchanged (E0≈4.5 kJ/mol). In contrast, Ar-tagging increases the energy difference between the two 

most stable RS-cis-AIH+ protomers from E0=4.6 to 6.3 kJ/mol. Thus, the more stable protomer has a 

higher affinity to bind Ar ligands. This obviously enhances the abundance of its cluster and artificially 

suppresses the less stable protomer – it falls below the detection limit. Third, two different ion 

sources were employed. Finally, only both RS-cis-AIH+ comprise an intramolecular NH+ O H-bond 

with the protonated amino group (NH3
+). To conclude, in the neutral and protonated states, the 

intramolecular H-bond depends on stereochemistry. In the cationic state, the alicyclic ring of AI+ 

opens up and chirality is lost.  

4.1.3 Protonation of glutamic acid 

IRPD spectra of cryogenic L-GluH+-H2 and DFT calculations 

at the B3LYP-D3/aug-cc-pVTZ level reveal the 

conformational locking of Glu upon protonation at its 

amino group (NH2 → NH3
+). The NH3

+ group is 

incorporated into ionic C=O (HNH)+ O=C H-bonds 

between its side chain and terminal COOH groups. This 

yields the two isomers GluH+ 1-cc and 2-cc which are 

almost isoenergetic (E0=0.5 kJ/mol, Fig. 4.3). The IRPD 

spectrum of L-GluH+-H2 is fully explained by the 

coexistence of these two isomers. Cryogenic 

spectroscopy reveals an abundance ratio of approximately 2:1 in favor of the more stable GluH+ 1-cc. 
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These results partly confirm an earlier infrared multiple photon dissociation (IRMPD) spectroscopy 

study of bare L-GluH+ at room temperature.109 However, the IRMPD spectra indicate an equal 

abundance of GluH+ 1-cc and 2-cc. Thus, the protonation-induced conformational locking is not 

degraded by temperature effects, but abundances are slightly modified. The impact of H2-tagging is 

assumed to be small and not to alter the abundance ratio of of GluH+ 1-cc and 2-cc. 

4.1.4 Protonation mechanisms compared 

GluH+ and both RR-trans- and RS-cis-AIH+ are protonated at their amino group (NH2 → NH3
+). In 

contrast, 5HIH+ is protonated at its C3 and C4 carbon atoms (CH → CH2
+) and its hydroxyl group (OH 

→ OH2
+). Nitrogen protonation (NH → NH2

+) is not observed. Aspects relevant for protonation are 

collected in the following. 

4.1.4.1 Proton affinities 
The tendency of a molecule or a molecular subunit   to accept a proton can be estimated by its 

proton affinity (PA).292–294 The PA of   is defined as the negative enthalpy change during the gas-

phase protonation reaction,            .148 The higher the PA of the molecule or its subunit  , 

the stronger is its basic character, the more it attracts the proton. Therefore, the protonation site of 

a molecule is at least in part determined by the relative PAs of its different subunits.  

For small amino acids, it is commonly accepted that the amino nitrogen is the most attractive 

site for protonation.294,295 This result is well comprehensible comparing the PAs of the different 

subunits. The carboxylic group (COOH) has a PA of 623 kJ/mol,296 and isolated OH or CO subunits are 

even less attractive with 426-594 kJ/mol.296 In contrast, methylamine (CH3NH2) and ethylamine 

(C2H5NH2) have comparably high PAs of 899 and 912 kJ/mol, respectively.296 Indeed, we exclusively 

observe GluH+ conformers protonated at the amino group. Other protonation sites such as one of 

the OH groups yield significantly less stable conformers. The PA of Glu is roughly 950 kJ/mol.294,297,298  

Amino-alcohols, such RR-trans-/RS-cis-AI, also mainly protonate at their amino group.299 

Again, this preference can be understood comparing the PAs of the individual subunits. The 

methylamine subunit has a PA of 899 kJ/mol which is substantially higher than that of benzene with 

750 kJ/mol or ethanol with 776 kJ/mol.296  

 5HI comprises a phenol ring with PA=784 kJ/mol, and a pyrrole subunit with PA=875 

kJ/mol.296 Indole has a PA of 933 kJ/mol.296 Interestingly, the isolated indole and pyrrole subunits of 

5HI protonate at one of their carbon atoms and not at their functional nitrogen atom.115,167,215 Yet, 

three different protomers of phenol coexist in the gas phase, two of them protonated at carbon 

atoms and one protonated at its functional oxygen atom.35,162–164 Thus, under similar conditions, it is 

more likely to observe O protonation than N protonation also for 5HI. One might expect that 

protonation occurs predominantly at a carbon atom of its pyrrole subunit (C2, C3). Additional 

protonation sites may be the carbon atoms of phenol (C4, C6, C7) and at minor extent the oxygen 

atom of phenol. Indeed, O protonation has been observed in addition to C3 and C4 protonation. PAs 

of the corresponding C3, C4 and O protomers are computed as ≈905, 900 and 785 kJ/mol. As 

expected, the lowest PA corresponds to O protonation.  

Still, the PAs of the subunits of 5HI do not fully explain the observed protonation scheme. 

Therefore, the ion production method is illuminated in more detail in the following section.   
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4.1.4.2 Ion production conditions 
Herein, isomer abundances are derived from the spectroscopy of the clusters, in particular from 

observed IR intensities. These depend on (i) the respective production efficiencies of the protomers 

in the chosen ionization source, (ii) the tagging efficiency, (iii) the IR oscillator strength, and (iv) the 

IRPD efficiency. To produce protonated gas-phase clusters, two different ion sources were employed, 

namely an EI source and an ESI source (sections 2.2.1 and 2.3.1). One may wonder whether and how 

the ion production technique may affect the protonation. 

A) Size-selected 5HIH+-Ar/N2 and RR-trans-/RS-cis-AIH+-Ar clusters were produced in an EI 

source. Cluster formation is a two-step process, consisting of protonation of the sample (5HI or AI) 

and formation of tagged clusters. First, different acids XH+ (X=Ar, N2, He, H2) are produced by 

electron and chemical ionization in the EI source. Subsequently, in the high-pressure region of the 

supersonic expansion, protonated 5HIH+ or AIH+ are formed via exothermic proton transfer upon 

collisions of neutral 5HI and AI with the XH+ ions,35,160–164  

                      or                         . 

How exactly the respective protonation sites are determined during the collisions is not well 

understood. Furthermore, isomerization barriers may separate constitutional isomers of certain 

protomers. These can eventually be overcome if collisions in the supersonic expansion yield enough 

activation energy. If this is not the case, higher energy isomers can be kinetically trapped. Collision 

energies depend for example on the carrier gas and the backing pressure. Once several protomers 

and/or their isomers are produced, 5HIH+-Ar/N2 and RR-trans-/RS-cis-AIH+-Ar clusters are formed by 

three-body collisions with the tag (Ar, N2) and further carrier gas molecules (X), 

                                 or                                   . 

The efficiency of cluster formation depends (i) on the cross section of the three-body collisions (size 

of the collision partners and free path lengths), (ii) on the number and availability of binding sites at 

the sample, and (iii) on the respective binding energies. While binding sites and energies can be 

determined based on DFT calculations, the collision cross sections are not easily accessible in the 

employed experiment. Tagging may enhance or suppress the relative population of certain 

protomers. Namely, as mentioned above, 5HIH+-Ar/N2 clusters comprising the O protomer are 

definitely more abundant than expected based on thermodynamics. Their population is most likely 

artificially increased by tagging due to the high binding affinity of the tag to the protonated OH 

groups and degeneracy. In contrast, we observe the suppression of the second isomer of RS-cis-AIH+ 

which has been attributed to the Ar-tagging. To conclude, the abundances of the clusters generated 

in the employed EI source do not necessarily reflect their Boltzmann population derived from relative 

isomer energies at the temperature of the supersonic jet (T<100 K).35,226 Indeed, the isomer 

abundance may strongly vary with the EI conditions such as expanding gas mixture and pressure as 

well as the dimensions of the supersonic plasma expansion.161–164 

B) Protonated RR-trans-/RS-cis-AIH+ and L-GluH+ are produced in an ESI source, and 

subsequently cooled down in a cryogenic QIT. How exactly the charged species are formed during 

the ESI process is not yet fully understood. On the one hand, the charged-residue model (CRM) and 

the ion evaporation model (IEM) for ion production from the ESI droplets compete (section 2.3.2). On 

the other hand, it remains unclear whether gas-phase or solution-phase structures are probed.236,300–

302 To enhance the protonation efficiency, commonly, some acid is added to the ESI solution. In the 

present case, formic acid was added to the solution of methanol and water. By changing the 
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composition of the ESI solution, larger clusters or multiply-charged ions can readily be 

generated.228,236,302 Finally, spraying conditions and the settings of the ion optics can be tuned to 

optimize the production of singly- or multiply-charged monomers or multimers.  

Once produced, protonated RR-trans-/RS-cis-AIH+ and L-GluH+ are stored in the cryogenic QIT 

and cooled to approximately 15 K. Bare RR-trans-/RS-cis-AIH+ were studied by UVPD and IR-UV 

spectroscopy. An additional conformer of RS-cis-AIH+ was identified at cryogenic temperature. This 

finding is surprising because one would expect to find more isomers at higher temperatures 

according to the Boltzmann distribution. Yet, incomplete thermalization due to kinetic trapping can 

lead to the coexistence of several isomers also at very low temperatures.22 Here, the measurement 

at cryogenic conditions is assumed to reproduce the true isomer population. The conformation of L-

GluH+ was studied based on IRPD and IR-IR double-resonance spectra of H2-tagged L-GluH+-H2 

clusters. In the QIT, H2-tagging is based on three-body collisions such as,  

 -                  -            . 

Again, collision cross sections determine the efficiency of cluster formation and hence the population 

of possibly coexisting conformers. The abundance of the two most stable conformers GluH+ 1-cc and 

2-cc is found to depend on temperature.  

 C) Finally, the photodissociation cross section also affects the IRPD intensities and thus the 

interpretation of isomer abundances. It is influenced by the binding energy and the efficiency of the 

predissociation. Most precise IRPD intensities are derived using light, loosely-bound tags which have 

the smallest possible impact on the structure and behavior of the sample molecule. 

4.1.5 Summary 

In summary, protonation has rather different effects on the structural isomerism of the studied 

biomolecules. Conformational locking happens upon formation of additional intramolecular 

interactions with the excess proton while the competition of various protonation sites may lead to an 

enlargement of the conformational space. Combined with DFT calculations the employed action 

spectroscopy methods allow determining which protomers and cluster isomers are produced. The 

additional proton most likely attaches to the molecular subunit of the highest PA. Still, the 

experimental conditions (ion production, cluster formation, cooling, dissociation, etc.) have a 

considerable impact. One must be careful inferring population ratios from the measured spectra.  

4.2 Impact of protonation on the recognition of 5-hydroxyindole, RR-

trans-/RS-cis-1-amino-2-indanol and glutamic acid 

As a result of the structural modification, protonation may strongly change the molecular recognition 

of the biomolecule. As mentioned, ionic species generally interact more strongly with their 

environment due to enhanced electrostatic and inductive forces. Furthermore, the excess charge is 

often delocalized what may affect the recognition of the whole molecule (sections 3.1 and 3.2). The 

effect of charge delocalization on the studied species is summarized in the following. Fig. 4.4 shows 

the NBO charges calculated for the most stable neutral (red numbers) and protonated (black 

numbers) conformers of 5HI, RR-trans-/RS-cis-AI and Glu. 

4.2.1 Recognition of 5-hydroxyindole 

In sections 3.1 and 3.2, the recognition of protonated 5HIH+ has been studied based on its 

microsolvated 5HIH+-Ln clusters (L=Ar, N2, H2O with n≤3). The major finding is that the acidity of the 
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functional OH and NH groups strongly depends on the protonation site. Namely, the acidity of the OH 

group is largest for the O protomer and smallest for the C3 protomer, while the acidity of the NH 

group is largest for the C3 protomer, and smallest for the O protomer. Hence, the recognition of the 

protomers is very different. Ligands are attached exclusively to the OH group of 5HIH+(O) and to the 

NH group of 5HIH+(C3). 5HIH+(C4) is solvated at both functional groups, whereby the OH group is 

more attractive. These changes in acidity relate to the location of the proton and the charge 

delocalization over the molecule. As discussed in section 3.1, NBO analysis (Fig. 4.4) reveals that in 

s5HIH+(C3) less than 10% of the excess charge remain on the CH2 group. The major part of the excess 

charge is shifted towards the functional groups, and roughly 18 and 8% rest on the NH and OH 

groups, respectively. Similarly, the charge of s/a5HIH+(C4) is delocalized over both functional groups, 

whereas the OH group bears more than 10% of the excess charge. In contrast, the excess charge in 

5HIH+(O) remains mostly localized on the OH2 group (>70%). From this we infer that the functional 

group closest to the protonation site becomes significantly more acidic upon protonation. As a 

consequence, protonation has a strong effect on the recognition of 5HI. The types and strengths of 

the intermolecular interactions (H-bonds and -stacking) further depend on the interacting partner. 

We observe both -stacking and H-bonding of nonpolar Ar ligands. In contrast, electrostatic and 

inductive forces dominate the interaction with dipolar H2O and quadrupolar N2 which are always H-

bonded. The interaction is strongest for H2O and weakest for Ar as shown in sections 3.1 and 3.2. 

  

 

Fig. 4.4 NBO charges in the most stable neutral (red numbers) and protonated (black numbers) conformers 

of 5HI, RR-trans-AI and RS-cis-AI and Glu. 
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4.2.2 Recognition of RR-trans- and RS-cis-1-amino-2-indanol  

Section 3.3 reveals the interactions in RR-trans-/RS-cis-AIH+-Ar clusters. Section 3.4 highlights the 

effects of stereochemistry on the formation of RR-RR and RS-RS-AI2H
+ homodimers. Here, the impact 

of charge delocalization on the recognition of RR-trans-/RS-cis-AIH+ is illuminated. Fig. 4.4 depicts the 

NBO charges computed for the corresponding most stable neutral and protonated diastereomers. 

The excess proton is attached to the amino group. The NH2 group of RR-trans-AI is negatively charged 

(-146 me). Upon protonation, the NH3
+ group of RR-trans-AIH+ carries a positive charge (+645 me). 

Thus, almost 80% of the excess charge stays on the protonated NH3
+ group while the remaining 20% 

are equally delocalized over the aliphatic and aromatic rings. Roughly 78% of the excess charge rest 

on the NH3
+ group of the second most stable RS-cis-AIH+

II conformer, and 82% remain on that of the 

most stable RS-cis-AIH+
I conformer. Indeed, the Ar ligand binds relatively strongly to the NH3

+ group. 

It is most strongly bound to RS-cis-AIH+
I with D0=7.2-11.2 kJ/mol. The most attractive binding site is 

the NH group pointing in the direction of the aromatic ring. The charge on the NH3
+ group of RS-cis-

AIH+
II is somewhat smaller resulting in weaker Ar binding and elevation of the energy gap between 

the two conformers (vide supra). Ar attachment to the NH3
+ group of RR-trans-AIH+ yields only 

slightly smaller binding energies of D0=9.0-10.9 kJ/mol. Again, due to the additional dispersive 

interaction, the most attractive site is the NH group pointing towards the aromatic ring. Yet, the 

spread of D0 is less pronounced than for RS-cis-AIH+
I. Both RS-cis-AIH+ isomers comprise an 

intramolecular H-bond. Insertion of Ar into the H-bond is unfavorable (D0≈7 kJ/mol). Since there is no 

H-bond in RR-trans-AIH+, the NH binding sites are more alike. The impact of the Ar ligand on the 

spectroscopy of RR-trans-/RS-cis-AIH+-Ar is apparent from their IRPD spectra (section 3.3). 

4.2.3 Recognition of glutamic acid 
The structure of GluH+ is locked upon protonation of its amino group. This conformational locking 

due to C=O (HNH)+ O=C H-bonds is very strong. For example, the intramolecular H-bonds of GluH+ 

survive the formation of Glu2H
+ dimers (sections 3.6 and 4.3). This indicates a large impact of 

protonation on the recognition of Glu. Neutral Glu is very flexible and easily adapts to an interaction 

partner (sections 3.6 and 4.3) while protonated GluH+ is rather rigid and compact. The distribution of 

the excess charge is very similar for GluH+ 1-cc and 2-cc. Positive charges of +633 and +637 me rest 

on their respective NH3
+ group. In the most stable neutral Glu conformer the NH2 group is negatively 

charged (-109 me). Thus, approximately 75% of the excess positive charge is localized on the NH3
+ 

group. Roughly 10% of the excess charge is shifted towards the -COOH groups of GluH+ 1-cc and 2-

cc, while around 6% rest on their -COOH groups. The alkyl chain is almost unaffected by the positive 

charge. As a result of this charge distribution, an H2 tag most likely sticks to the protonated NH3
+ 

group. Corresponding H2 binding energies are in the order of D0≈3.5-4 kJ/mol (300-350 cm-1). H2 

attachment to one of the OH groups is somewhat less favorable with D0≈3 kJ/mol (250 cm-1). The 

impact of H2 tagging on the modes of GluH+ 1-cc and 2-cc is small (section 3.5). 

4.2.4 Summary 
In conclusion, the impact of an additional proton on the recognition of 5HI, RR-trans-/RS-cis-AI and 

Glu is evident. The respective functional group closest to the protonation site - which may be 

functional group itself - is most affected by the additional charge. Intra- and intermolecular 

interactions are substantially strengthened upon protonation. Furthermore, the selectivity of the 

interaction is enhanced since intermolecular bonds tend to incorporate the positive charge. Charge 

delocalization is most pronounced for 5HI since protonation occurs not only on its OH group where 

the charge remains strongly localized, but also at its C3 and C4 carbon atoms.  
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Fig. 4.6 wetAssigned conformers of RR-RR-

AI2H
+
 (t-AI2H

+
) and RS-RS-AI2H

+
 (c-AI2H

+
). 

Relative energies are given in kJ/mol. 

4.3 Formation of protonated dimers: chirality recognition of 1-amino-

2-indanol and glutamic acid dimers 
During the course of evolution, chirality recognition must have been necessary to amplify an initial 

enantiomeric excess (  ) finally yielding biological homochirality.187,303 An enantiomeric excess is 

defined as               , with   and   being the concentrations of right- and left-handed 

isomers. Chirality recognition is the process of specific pairing of a chiral molecule and a host 

molecule which is either also chiral or selective for a certain stereo-isomer. The selection is based on 

intermolecular interactions that are more effective for one specific stereo-isomer. 4,21,194,304,305  

The interactions mediating chirality recognition of RR-trans-/RS-cis-AI and Glu have been 

investigated by sophisticated isomer-selective double-resonance spectroscopy. First, the 

stereochemistry-dependent structures of protonated RR-RR-AI2H
+ and RS-RS-AI2H+ homodimers were 

studied based on their IR-UV double-resonance spectra (section 3.4). Second, the chirality 

recognition of protonated homo- and heterochiral LL-Glu2H
+ and LD-Glu2H

+ dimers was investigated 

by IR-IR double-resonance spectroscopy and first-principles simulations (section 3.6). Here, the 

obtained results are briefly summarized and compared in order to shed light on the nature of the 

interactions responsible for the chirality recognition in these prototypical gas-phase clusters. 

4.3.1 Chirality recognition of RR-RR-AI2H+ and RS-RS-AI2H+ homodimers 
Amino-alcohols are frequent biomolecular building blocks comprising an amino (NH) and hydroxy 

(OH) group. Thus, their clusters are ideal model systems to study the formation of both intra- and 

intermolecular H-bonds. Chirality discrimination between a stereo-isomer and an interaction partner 

is found to often rely on a subtle balance of weak H-

bonds. Chiral and aromatic 1,2-amino-alcohols are 

prototypes to study chirality recognition as the steric 

constraints imposed by the aromatic ring most likely 

enhance their selectivity.  

  UVPD and IR-UV double-resonance spectra 

reveal the coexistence of two RR-RR-AI2H
+ (t-AI2H

+) 

and three RS-RS-AI2H
+ (c-AI2H

+) isomers at cryogenic 

conditions (Fig. 4.6, section 3.4). Interestingly, the UV 

spectra of the t-AI2H
+ are notably simpler than those 

of c-AI2H
+. Indeed, this can be related to the very 

different structures of t-AI2H
+ and c-AI2H

+. Dimer 

formation is strongly affected by stereochemistry as 

disentangled based on their corresponding isomer-

selective IR-dip spectra. Namely, in the two t-AI2H
+ 

conformers, the t-AI and t-AIH+ subunits are arranged 

side by side interacting via H-bonds incorporating the 

protonated NH3
+ group. The more stable t-AI2H

+
I 

conformer has three H-bonds, two of them 

connecting the NH3
+ group with the functional groups 

of t-AI by NH O and NH N contacts, and the third 

connecting the OH group of t-AIH+ with the NH group 

of t-AI via a NH O H-bond. The second assigned 
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conformer t-AI2H
+

IV is structurally similar but lacks the latter NH O H-bond. As a result, the IR-dip 

spectra of t-AI2H
+

I and t-AI2H
+

IV are rather similar. As there is not much interaction between the 

aromatic rings of both subunits, the UV spectra of both t-AI2H
+ conformers are simple. Interestingly, 

the t-AI2H
+ conformers incorporate monomers that are not detected when isolated in the gas phase. 

Still, the t-AI2H
+ dimers are in so far related to the observed gas-phase monomers as no 

intramolecular H-bond is present. Consequently, deformation of the monomers does not require 

much activation energy and the intermolecular interaction is easily optimized in the dimers. Hence, 

both t-AI2H
+ conformers are more strongly bound than any of the three c-AI2H

+ conformers, which 

comprise at least one intramolecular H-bond in their protonated c-AIH+ subunit. In all three assigned 

c-AI2H
+ conformers, two intermolecular H-bonds incorporating the NH3

+ group connect the subunits. 

The two more stable c-AI2H
+

I and c-AI2H
+

III isomers have a NH O H-bond towards the OH group of c-

AI, while the less stable c-AI2H
+

IV has a NH N H-bond. Particularly in c-AI2H
+

IV, but also at some minor 

extent in c-AI2H
+

I and c-AI2H+
III, the third NH bond of the NH3

+ group interacts with the aromatic ring 

of the c-AI subunit. Consequently, the two subunits are stacked in the c-AI2H
+dimers. This may 

account for the strong vibrational activity in their UV spectra.  

 In section 3.4, the S0-S1 origins observed for neutral RS-cis-/RR-trans-AI, protonated RS-cis-/ 

RR-trans-AIH+ and their protonated homodimers c-/t-AI2H
+ are compared. Interestingly, the origins 

are rather close in energy, indicating that neither the cis-trans isomerism nor protonation nor dimer 

formation have a large impact on the aromatic ring where the electronic transition is located. 

However, the electronic spectrum recorded for the c-AI2H
+dimers is most complex, which is most 

likely related to the stacking interaction affecting the aromatic rings. 

To conclude, the chirality recognition in the two RR-RR-AI2H
+ (t-AI2H

+) and the three RS-RS-

AI2H
+ (c-AI2H

+) homodimers is governed by a competition of intra- and intermolecular H-bonds. While 

the c-AI2H
+ dimers are rather compact stacked clusters. The in-plane parallel arrangement of the 

monomers in the t-AI2H
+ dimers allows optimizing the intermolecular interaction yielding larger 

binding energies. 

4.3.2 Chirality recognition of homo- and heterochiral LL- and LD-Glu2H+ dimers  
In living organisms, except for some bacteria, proteins contain exclusively left-handed amino acids. 

This homochirality is presumably related to an initial excess of L-amino acids which, in the course of 

evolution, is amplified by an autocatalytic process.4,185,187,191,303,306–308 Stereospecific LL-Glu2H
+ and LD-

Glu2H
+ dimers are basic model systems to study an amplification scheme based on the chirality 

recognition in simple amino acid dimers. Gas-phase spectroscopy can directly be compared to results 

from exhaustive sampling of the conformational space (section 3.6). 

 The IRPD spectra of ESI-generated LL-Glu2H
+ and LD-Glu2H

+ are distinct, indicating the 

presence of different gas-phase conformers (Fig. 4.7), i. e. stereochemistry-dependent structures of 

the dimers. IR-IR double-resonance spectra reveal the coexistence of at least four LD-Glu2H
+ and 

three LL-Glu2H
+ conformers. The structural assignment is based on a comparison to IR spectra of 

calculated conformers derived from REMD simulations. The proposed assignment accounts for the 

coexistence of the most stable isomers at trap temperature (15 K) and ESI temperature (300 K). 

Indeed, the conformations of the assigned LL- and LD-Glu2H
+ conformers are very similar. In fact, we 

observe LL and LD conformers that comprise nearly identically shaped monomers – except for 

relative chirality, of course. Furthermore, the intermolecular H-bonds connecting the two monomer 

subunits are almost alike. This results in similar IR-IR double-resonance spectra for corresponding 
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Fig. 4.7 Assigned conformers of LL- and LD-Glu2H
+
. 

Relative energies are given in kJ/mol. 

conformers. However, their population ratios 

derived from the IRPD spectra are different, in 

line with computed relative stabilities. Most 

significant, the LD global minimum (LD1) is more 

stable by E0=4 kJ/mol than its LL analog (LL1), 

although their structures are equivalent at first 

glance. Hence, their chirality recognition is based 

on subtle effects. Namely, as visualized by NCI 

plots, weak secondary interactions present in 

LD1 are most likely responsible for its higher 

stability. Furthermore, the energy gap above the 

global minimum is larger for LD (E0=6.4 kJ/mol) 

than for LL (E0=2.7 kJ/mol). Interestingly, our 

findings are in contrast to an expected 

amplification in favor of the homochiral (LL) 

dimer, which would rely on a lower relative 

energy of the LL than the LD complex (Fig. 1.5). 

Concerning the structure of the assigned 

conformers, the neutral Glu subunit is the more 

flexible partner in all LL- and LD- Glu2H
+ 

conformers. Interestingly, in both the protonated 

GluH+ and the zwitterionic neutral Glu, the 

conformational locking by the strong ionic C=O (HNH)+ O=C H-bonds survives dimer formation and 

strongly shapes the geometries. Two to three intermolecular H-bonds connect the neutral Glu and 

protonated GluH+ subunits. The protonated NH3
+ group of GluH+ is always incorporated into two 

intramolecular H-bonds (conformational locking) and also into one intermolecular H-bond.  

4.3.3 Intermolecular interactions responsible for the chirality recognition  
A pair of gloves suits very well a pair of left and right hands. However, the right-handed glove will not 

fit the left hand and vice versa. Hence, the right-handed glove – which is a chiral object – can 

discriminate between left and right hands – which are chiral objects themselves. This illustrates how 

chirality recognition works. The discrimination between two chiral objects is based on their 

interaction with a chiral agent.4,21,21 Presumably, weak secondary interactions play an important role 

in the communication between the interaction partners.21 Size and flexibility of the chiral compounds 

and the number of possible interaction points in their contact pairs are crucial. While steric 

hindrance may enhance the selectivity, conformational flexibility can also be critical when 

interaction-induced conformation changes occur. Namely, chirality recognition is most likely not a 

static adaptation process. Rather it involves several steps.309 First, an initial contact pair is formed by 

the two chiral monomers. These deform slightly to optimize their interaction. After adaptation, 

secondary interactions may evolve to form the final complex. This process describes an “induced fit” 

molecular recognition mechanism.  

 In the following, the structure-based recognition in the homochiral RR-RR-AI2H
+ and RS-RS-

AI2H
+ and the homo- and heterochiral LL-Glu2H

+ and LD-Glu2H
+ dimers is compared with the focus on 

following aspects. First, the critical interactions mediating their recognition shall be compared. Then, 

the role of inter- and intramolecular H-bonds is highlighted. Furthermore, the importance of 
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conformational flexibility in the recognition is illuminated. While Glu is a rather flexible molecule, 

bicyclic AI is rather rigid. Last, the applicability of the three-point interaction model of chirality 

recognition to RR-RR-/RS-RS-AI2H
+ and LL-/LD-Glu2H

+ is examined.312–314  

 First, following interactions are found to mediate the recognition in the systems under study. 

In general, chirality recognition is based on an optimization of weak intermolecular H-bonds and 

secondary interactions of electrostatic, inductive and dispersive character.21 Indeed, the enhanced 

stability of heterochiral LD-Glu2H
+ is related to stronger secondary interactions. On the first sight, the 

intermolecular interactions, particularly the H-bonds and the conformational adaptation of the 

neutral Glu and protonated GluH+ subunits, are indistinguishable in LL- and LD-Glu2H
+. Yet, NCI 

analysis of the most stable LL1 and LD1 reveals that only for LD1, a region of weak attractive 

interactions, occurs between the -COOH group of Glu and the -COOH group of GluH+. In contrast, 

as the relative energies indicate, the stabilization of the RR-RR-AI2H
+ (t-AI2H

+) and RS-RS-AI2H
+ (c-

AI2H
+) dimers is primarily based on H-bonding. The partly stacked configurations assigned to the 

observed c-AI2H
+ conformers are less stable than the H-bonded t-AI2H

+ dimers. Hence, the in-plane 

parallel configuration of the t-AI2H
+ dimers is optimal for H-bonding. However, to understand the 

mechanism responsible for chirality discrimination in dimers of RR-/RS-AI, also their heterochiral 

dimers RS-RR-AI2H
+ and RR-RS-AI2H

+ (which differ in the location of the excess proton on RS or RR) 

should be studied in future experiments.  

 Second, we compare the role of inter- and intramolecular H-bonds. As follows, we find a 

strong competition of inter- and intramolecular H-bonds in some of the studied dimers. The structure 

of the c-AI2H
+ dimers results from a balance of inter- and intramolecular H-bonds. The ionic NH+ O 

H-bond of c-AIH+ always survives dimer formation. When the OH N H-bond of the neutral c-AI 

subunit is broken, NH+ N and NH+  H-bonds are formed, if not, NH+ O and NH+  H-bonds 

occur. We observe a similar procedure in the formation of LL-/LD-Glu2H
+ dimers. The protonated 

GluH+ subunit is very inflexible due to the strong ionic C=O (HNH)+ O=C H-bonds. Yet, neutral Glu 

easily deforms to optimize the intermolecular interaction and its intermolecular OH N H-bond is 

easily broken. Instead, in the LL-/LD-Glu2H
+ dimers, zwitterionic Glu subunits comprising similar 

C=O (HNH)+ O=C H-bonds are stabilized. Zwitterions are however not observed when neutral Glu 

is isolated in the gas phase.89,273 In contrast, the t-AI2H
+ have no intramolecular H-bond. Instead, the 

neutral t-AI and protonated t-AIH+ subunits are arranged next to each other such that strong 

intermolecular H-bonds are formed. 

Third, complexes of chiral compounds often comprise subunits that are unstable when 

isolated in the gas phase.21,310,311 The deformation of one or both interaction partners allows 

optimizing the intermolecular interactions. For instance, chiral complexes of RS-cis-AI and S- or R-

methyl lactate  are preferentially formed of higher energy conformers.209  Chirality recognition is 

expressed by a weak CH interaction which is formed only in the heterochiral complex. Such an 

adaptation can be very effective for flexible structures, such as Glu. Indeed, we observe the strong 

adaptation of the neutral Glu subunit in the LL-/LD-Glu2H
+ dimers. In particular, Glu is strongly 

deformed to optimize the H-bond network within the most stable LL1 and LD1 conformers. 

Moreover, zwitterionic Glu subunits are stabilized in the LL2, LL4, LD6 and LD2 dimers. In contrast, 

rigid chiral interaction partners often show an increased selectivity upon formation of diastereomers, 

just because the rigid species is rather inassimilable.312 In general, due to steric hindrance, the RR-RR-

AI2H
+ and RS-RS-AI2H

+ and their subunits are significantly less flexible than the LL-/LD-Glu2H
+ dimers. 

Consequently, we observe a smaller number of gas-phase conformers at the same cryogenic 
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Fig. 4.8 Three-point interaction 

responsible for the formation of 

enantiospecific contact pairs. 

conditions. Due to their intramolecular H-bond, the neutral and protonated c-AI and c-AIH+ subunits 

are more rigid than the corresponding t-AI and t-AIH+ subunits. This facilitates an easier deformation 

of the individual subunits in case of the RR-RR-AI2H
+ dimers. As a result, the RR-RR-AI2H

+ comprise 

higher energy monomers which are not observed in the gas phase when isolated. These higher 

energy monomers allow for an efficient optimization of the intermolecular H-bond network.  

Lastly, the applicability of the three-point model is examined. The so-called three-point 

interaction model is a widely accepted model to describe the nature of chirality recognition.4,312–314 It 

describes the formation of specific contact pairs of chiral objects (Fig. 4.8). Initially, this model was 

introduced to explain the dissimilar physiological activities of enantiomers.314 Fig. 4.8 illustrates the 

principle of the three-point interaction. An asymmetric carbon 

bears four different groups (black, blue, green and red spheres). 

Up to three of them may interact with a receptor. Only one of the 

enantiomers, here it is the R-form, fits well to the chiral receptor. 

Also, the relative size of the interaction partners is crucial for an 

optimal match.4 In the gas phase, selectivity is found to be 

optimal if there are two attractive and one repulsive interactions, 

for example if steric hindrance and H-bond formation compete 

with each other.4,315  

In case of the studied RR-RR-/RS-RS-AI2H
+ and LL-/LD-Glu2H

+ dimers, the number of H-bonds 

ranges from two to three for all assigned conformers. In all LL-/LD-Glu2H
+ dimers, we discuss only 

attractive interactions. Only the LL2 and LD6 dimers of LL-/LD-Glu2H
+ interact via two H-bonds. This 

makes them somewhat more flexible, what may account for their gain in stability at higher 

temperature making them most stable at 300 K. For the other assigned LL-/LD-Glu2H
+ dimers, we 

observe three attractive interactions. Hence, the three-point model may be applicable. However, in 

contrast to what has been observed for the protonated dimers and octamers of the related serine 

(Ser), we find no preference for the homochiral LL dimers. The amino acid Ser has three different 

functional groups, namely COOH, OH and NH2/NH3
+, whereas two out of the three functional groups 

of Glu are the effectively the same, namely its two COOH groups. Therefore, we assume that the 

three-point interaction is less selective in case of LL-/LD-Glu2H
+ than in the homochiral protonated 

dimers and octamers of Ser. In case of the RR-RR-/RS-RS-AI2H
+ dimers, only one RR-RR-AI2H

+ dimer, 

namely the most stable t-AI2H
+

I, has three intermolecular H-bonds. With D0=134.1 kJ/mol it is indeed 

the strongest bound dimer observed. In the less stable t-AI2H
+

IV with D0=132.4 kJ/mol we observe 

two strong H-bonds and no indication for a strong repulse intermolecular interaction. All three 

assigned RS-RS-AI2H
+ dimers are connected via only two intermolecular H-bonds. Hence, the three-

point model seems not suitable to describe the chirality interaction in the RR-RR-/RS-RS-AI2H
+ 

homodimers. Still, it would be instructive to study also the RR-RS-/RS-RR-AI2H
+ heterodimers to 

understand how RR- or RS-AI(H+) discriminate the chirality of their interaction partner. 

In summary, we observe quite different chirality recognition schemes in the RR-RR-/RS-RS-

AI2H
+ and LL-/LD-Glu2H

+ dimers. The more flexible LL-/LD-Glu2H
+ dimers result from different H-

bonding schemes to which the three-point interaction model may be applicable. Heterochiral LD-

Glu2H
+ dimers are more stable due to enhanced secondary interactions. For the rather rigid RR-RR-

/RS-RS-AI2H
+ we observe a competition of inter- and intramolecular H-bonds in case of RS-RS-AI2H

+ 

and an optimization of the H-bond network in case of RR-RR-AI2H
+ leading to more stable structures.  
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5 Conclusions 

This thesis reports the infrared (IR) and ultraviolet (UV) spectroscopy of the three prototypical 

aromatic and/or chiral biomolecular building blocks 5-hydroxyindole (5HI), 1R-2R-trans-/1R-2S-cis-

amino-indanol (RR-trans-/RS-cis-AI), and L-/D-glutamic acid (L-/D-Glu). The interpretation of the 

experimental data is aided by extensive quantum chemical calculations. The dual approach of gas-

phase spectroscopy and quantum chemical calculations applied to these systems allows for their 

detailed characterization at the molecular level. From experiment and theory we infer information 

on the geometric and spectroscopic structure of the gas-phase species as well as on their intra- and 

intermolecular interactions. Furthermore, conformer abundances can be estimated based on a 

comparison of measured and simulated spectra. Conclusions on the recognition mechanisms, in 

particular on the influence of the additional charge, can be drawn from the study of gas-phase 

clusters. These investigations are mandatory for a molecular level understanding of biological 

recognition phenomena. Molecular recognition is the basis for the functionality of living organisms. A 

detailed knowledge of recognition processes is of relevance for many applications for example in 

health care or drug design. 

Two experimental setups were used for UV and IR photodissociation spectroscopy of tailor-

made gas-phase clusters at different temperatures. First, infrared photodissociation spectroscopy of 

messenger-tagged clusters is performed using a quadrupole-octupole-quadrupole tandem mass 

spectrometer equipped with an electron ionization source. This setup allows investigating size-

selected supersonically cooled clusters at the molecular level. Second, a tandem mass spectrometer 

provided with a cryogenic quadrupole ion trap has been used for IR-IR and IR-UV double-resonance 

spectroscopy. This experiment is employed for conformer-selective measurements of flexible closed-

shell protonated biomolecules generated by electrospray ionization. The experimental results are 

analyzed by the aid of sophisticated density functional theory (DFT) calculations and first-principles 

simulations. In particular, the highly complicated potential energy surface of the homochiral and 

heterochiral dimers of glutamic acid has been scanned using extensive sampling techniques, namely 

basin hopping and replica exchange molecular dynamics (REMD) simulations.  

The three model systems chosen are building blocks of biomolecules which comprise 

different functional groups for the communication with interaction partners. The heteroaromatic 5HI 

molecule is the chromophore of the neurotransmitter serotonin. With two acidic functional groups 

(OH and NH) and its aromatic rings, 5HI offers several protonation sites as well as competing sites for 

hydrogen bonding (H-bonding) and -stacking interactions relevant for its intermolecular interaction. 

The study of RR-trans-/RS-cis-AI bridges the gap between aromaticity and chirality. AI is an aromatic 

amino-alcohol with two chiral centers. The RS-cis-AI diastereomer is used as a ligand in asymmetric 

catalysis and drug design. L-Glu is one of the 20 natural amino acids. Its anion glutamate is the major 

excitatory neurotransmitter in the brain. Its alkyl chain is very flexible making Glu an adaptive 

interaction partner in recognition processes.  

The focus of this thesis is on the systematic investigation of the influence of protonation on 

the different systems. The impact of protonation on aromatic compounds is studied on the basis of 

protonated 5HIH+ and AIH+. The influence of protonation on chiral species is exemplified by AIH+ and 

GluH+. The two chiral systems have opposed properties. While the two diastereomers RR-trans-/RS-

cis-AI are very rigid due to their aromatic ring, the two enantiomers L-/D-Glu are very flexible. This is 
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expected to have a large impact on the chirality recognition of these prototypes. The spectroscopy of 

homo- and heterochiral dimers of the two chiral model systems enables retracing their chirality 

recognition under isolated conditions.  

To begin with, the concerted application of action spectroscopy and DFT calculations enables 

determining which protomers and cluster isomers are produced. In general, protonation occurs at 

the molecular subunit of the highest proton affinity (PA). However, we observe a significant influence 

of the ion production, cluster formation, storage and cooling techniques on the protomer and cluster 

abundances. Comparing the three systems under investigation, protonation has rather different 

effects on the structure of 5HIH+, RR-trans-/RS-cis-AIH+ and GluH+. For instance, protonation is found 

to induce a conformational locking upon formation of additional intramolecular interactions with the 

excess proton. In contrast, protonation at different sites of the molecule may enlarge the 

conformational space. In the following, the protonation-induced structural modifications inferred 

from the spectroscopy of the three prototypical biomolecules are summarized.  

First, the protonation of 5HI has been studied by means of IRPD spectroscopy of its size-

selected protonated 5HIH+-Ln clusters (L=Ar, N2, H2O; n=1-3) with a quadrupole-octupole-quadrupole 

tandem mass spectrometer combined with dispersion-corrected hybrid DFT calculations. The IRPD 

spectra reveal the coexistence of isomers protonated at the C3 and C4 carbon atoms (5HIH+(C3) and 

s/5HIH+(C4)) and at the oxygen atom (5HIH+(O)). The thermodynamically unfavorable O-protonation 

(E0>100 kJ/mol) is observed due to kinetic trapping by high isomerization barriers of roughly 150 

kJ/mol. Furthermore, tagging artificially amplifies its abundance due to the outstandingly high 

binding energy of the H-bond to the OH2 group. This indicates the drastic effects of cluster formation 

and cooling on the protomer abundance. Interestingly, the protonation mechanism of 5HI resembles 

a combination of those observed for the related aromatic systems phenol and pyrrole.  

Second, neutral, cationic and protonated RR-trans- and RS-cis-AI have been studied by IR and 

UV spectroscopy and DFT calculations. This approach yields the impact of different charge states and 

stereochemistry on the structure of the two diastereomers. Protonation at the amino group has a 

comparably small effect on the structure of the rather rigid RR-trans- and RS-cis-AI molecules. In both 

the neutral and protonated RS-cis-diastereomers, an intramolecular H-bond connects the OH and the 

NH2 (OH N) or NH3
+ (NH O) moieties. Due to steric constraints imposed by the alicyclic ring, no 

intramolecular H-bond is formed in RR-trans-AI(H+). In the neutral and protonated states, only one 

gas-phase isomer is observed in case of RR-trans-AI(H+). For neutral RS-cis-AI, two nearly isoenergetic 

isomers are observed in a molecular beam, while one or two protonated RS-cis-AIH+ isomers are 

detected depending on the experimental technique employed. Surprisingly, two protomers are 

found at cryogenic temperature and only one at supersonic jet conditions. These findings are 

explained in terms of potential barriers that lead to kinetic trapping at low temperatures, and by the 

effect of the Ar-tag which acts as a conformational selector in the supersonic jet experiment. Again, 

the impact of tagging and cooling on the protomer abundance is evident.  

Third, IRPD spectroscopy of the protonated monomer of glutamic acid (L-GluH+), which is a 

natural amino acid, reveals the coexistence of two conformers in the gas-phase. The IRPD 

spectroscopy of cryogenic H2-tagged L-GluH+-H2 clusters contrasts with an IRMPD study of bare L-

GluH+ at room temperature.109 While at higher temperature both conformers are equally abundant, 

at cryogenic conditions, the more stable GluH+ 1-cc is twice as abundant as the GluH+ 2-cc conformer. 



 
 

141 
 

Furthermore, protonation definitely influences the recognition properties of 5HIH+, RR-trans-

and RS-cis-AIH+ and GluH+. In general, charges play an important role in the communication of 

molecules because the intermolecular interaction potential is significantly shaped by electrostatic 

and inductive terms. Hence, due to additional charges, intermolecular interactions are found to be 

generally stronger for ionic species. Furthermore, charges may induce a change of the interaction 

potential. For instance, binding sites which are repulsive in the neutral state may become attractive 

upon ionization.34,141 Moreover, delocalization of the excess proton charge may result in unexpected 

changes of the interaction.  To understand how the recognition of 5HIH+, AIH+ and GluH+ is influenced 

by the excess proton, herein, atomic charges and charge delocalization effects have been quantified 

using the natural bond orbital (NBO) approach. A comparison of the NBO charges computed for the 

neutral and protonated species reveals a different degree of delocalization of the excess charge for 

the species studied. Namely, for the three protomers of 5HIH+, the positive charge is strongly 

delocalized towards the functional group closest to the protonation site. As a consequence, the 

acidity of the OH group increases as 5HIH+(C3) < s5HIH+(C4) < 5HIH+(O), while the acidity of the NH 

group decreases along this series. This leads to very different binding motifs for the individual 

protomers. Moreover, the recognition of 5HIH+ notably differs from that of cationic 5HI+. In the case 

of RR-trans-/RS-cis-AIH+ and GluH+, the charge mainly remains on the protonated amino group. For 

all observed protomers, intermolecular H-bonds with solvent molecules tend to incorporate the 

excess charge and are substantially strengthened upon protonation. After all, following rule of thumb 

is inferred: the functional group closest to the protonation site, is the most attractive for any 

intermolecular interaction. The recognition of the three systems under study is strongly influenced 

and the selectivity of the interactions is enhanced upon protonation.   

For the chiral systems studied herein, the mechanism of chirality recognition has been 

examined by the following approaches. First, the chirality recognition of the flopyy amino acid Glu 

has been investigated based on isomer-selective IR-IR double-resonance spectroscopy of H2-tagged 

protonated homo- and heterochiral LL-/LD-Glu2H
+ dimers and extensive conformational sampling by 

REMD simulations and DFT calculations. By this combination of IR-IR double-resonance spectroscopy 

and REMD sampling the accessible tools for the investigation of a still relatively small amino acid 

dimer have been fully exploited. The aim of this study was to retrace a structure-based mechanism 

for the amplification of an enantiomeric imbalance. Such an amplification mechanism is crucial for 

the development of the biological homochirality. Interestingly, we predict the heterochiral LD dimers 

to be more stable than the LL dimers. As indicated by NCI analysis, this difference of stability in favor 

of LD is attributed to stabilizing secondary interactions present only in the heterodimer. CID 

experiments emphasize this discrepancy in relative stability. The observed LL- and LD-Glu2H
+ 

conformers look rather similar at first sight as do their IR-IR double-resonance spectra.  The IR-IR dip 

spectra are interpreted by four coexisting LD- and three LL-Glu2H
+ conformers. Second, the 

homochiral RR-RR-/RS-RS-AI2H
+ dimers have been studied by UV-IR double-resonance spectroscopy 

and extensive dispersion corrected DFT calculations. The UVPD and IR-UV double-resonance spectra 

reveal the coexistence of two RR-RR-AI2H
+ (t-AI2H

+) and three RS-RS-AI2H
+ (c-AI2H

+) isomers at 

cryogenic conditions. The stereochemistry-dependent H-bond, possible only in the RS-cis-form, 

survives the formation of RR-RR and RS-RS homodimers. In contrast, the two observed RR-RR-AI2H
+ 

dimers have very strong intermolecular H-bonds. H-bond optimization leads to planar structures of 

the RR-RR-AI2H
+ dimers which are more stable than the RS-RS-AI2H

+ dimers. The chirality recognition 

schemes in the RR-RR-/RS-RS-AI2H
+ and LL-/LD-Glu2H

+ are rather different. Glu is a flexible amino acid 

leading to well-adapted LL-/LD-Glu2H
+ dimers with two to three intermolecular H-bonds. Indeed, we 
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find that it is not the main H-bonds which mediate the chirality recognition in the dimers but rather 

weak secondary interactions which are responsible for an enhanced stability of the heterochiral LD-

Glu2H
+ dimers. In case of the rigid RR-RR-/RS-RS-AI2H

+ we observe a competition of inter- and 

intramolecular H-bonds for RS-RS-AI2H
+ and an optimization of the H-bond network for RR-RR-AI2H

+. 

As a result, RR-RR-AI2H
+ are more stable. The comparison of the studied RR-RR-/RS-RS-AI2H

+ and LL-

/LD-Glu2H
+ dimers emphasizes the balance of structural adaptation and steric hindrance in chirality 

recognition.  

In summary, protonation has a remarkable impact on the structure of the biomolecules. 

Protonation has shown to lock the conformation of flexible molecules. On the other hand, it may 

enhance the conformational flexibility of rigid molecules. Protonation increases the selectivity of the 

recognition of the biomolecules since intermolecular interactions most likely incorporate the excess 

charge. Chirality recognition is a complex process depending on a balance of intermolecular H-bonds 

and secondary interactions. 

Finally, this thesis sheds light on some aspects of the protonation-induced modifications of 

biomolecules. However, still many open questions remain which can be addressed by future 

experiments. For instance, these may include isomer-specific double-resonance spectroscopy of the 

microsolvated protomers of 5HIH+ to unambiguously disentangle the protomer contribution and 

their recognition. Furthermore, it would be instructive to measure the RS-RR-/RR-RS-AI2H
+ 

heterodimers and compare their recognition to that of the RR-RR-/RS-RS-AI2H
+ homodimers. This 

procedure may further shed light on the mechanism of chirality discrimination of a rigid biomolecule. 

The spectroscopy of larger homo- and heterochiral clusters of biomolecular building blocks, in 

particular amino acids, could help to understand whether and how chirality amplification proceeds 

under well-defined conditions. Chirality amplification is an essential step towards the evolution of 

biomolecular homochirality. In this context, it would be interesting to study also dimers of other 

natural amino acids to retrace their chirality recognition. For example, investigating gas-phase dimers 

of the smaller aspartic acid (Asp), which is closely related to Glu, may shed light on the influence of 

size and flexibility of the backbone on the recogntition. On the other hand, the applicability of the 

three-point interaction model may further be examined by comparing amino acids like Asp or Glu 

with two of their functional groups being effectively equivalent to such with three distinct functional 

groups such as serine (Ser), threonine (Thr) or alanine (Ala). The effect of steric hindrance on the 

chirality recognition of gas-phase amino acids could be illuminated studying clusters of aromatic 

amino acids such as histidine (His) or phenylalanine (Phe). Furthermore, the effect of the charge on 

the chirality recognition may be further characterized by a systematic comparison of the 

spectroscopy of charged and neutral gas-phase dimers of amino acids.  In the end, it would be very 

instructive to study the recognition of Glu and its receptor, in particular, the role of chirality. 
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Figure S1. Structures of s5HIH+ isomers calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1). 

Relative energies are given in kJ/mol.   

 

 

Figure S2. Structures of a5HIH+ isomers calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1). 

Relative energies are given in kJ/mol.    
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Figure S3. Linear IR absorption spectra of stable s/a5HIH+ isomers (Figures S1 and S2) calculated at 

the B3LYP-D3/aug-cc-pVTZ level compared to the IRPD spectrum of 5HIH+-Ar. 

 

 

Figure S4. Schematic illustration of the potential energy surface diagram of the different calculated 

s/a5HIH+ protomers. Black bars correspond to the relative energies (E0) of the minimum energy 

structures of s5HIH+, red bars to those of a5HIH+, as calculated at the B3LYP-D3/aug-cc-pVTZ level. 
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Figure S5. Relevant structures of s/a5HIH+-Ar calculated at the B3LYP-D3/aug-cc-pVTZ level. All 

relevant structural, energetic, and vibrational parameters are given in Table S1. Binding energies (D0) 

and intermolecular bond lengths (R) are given in kJ/mol and Å, respectively. 

 

 

Figure S6. IRPD spectrum of 5HIH+-Ar compared to the corresponding linear IR absorption spectra of 

s5HIH+(C3), s5HIH+(C4), a5HIH+(C4), s5HIH+(O), and all Ar-tagged clusters (Figure S5) calculated at the 

B3LYP-D3/aug-cc-pVTZ level. 
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Figure S7. Relevant structures of s/a5HIH+-Ar2 calculated at the B3LYP-D3/aug-cc-pVTZ level. All 

relevant structural, energetic, and vibrational parameters are given in Table S1. Binding energies (D0) 

and bond lengths (R) are given in kJ/mol and Å, respectively.  

 

 

Figure S8. IRPD spectrum of 5HIH+-Ar2 compared to the linear IR absorption spectra of all s5HIH+-Ar2 

clusters calculated at the B3LYP-D3/aug-cc-pVTZ level (Figure S7).  
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Figure S9. Relevant structures of s/a5HIH+-N2 calculated at the B3LYP-D3/aug-cc-pVTZ level. All 

relevant structural, energetic, and vibrational parameters are given in Table S1. Binding energies (D0) 

and bond lengths (R) are given in kJ/mol and Å, respectively. 

 

 

Figure S10. IRPD spectrum of 5HIH+-N2 compared to corresponding linear IR absorption spectra of all 

s5HIH+-N2 clusters  calculated at the B3LYP-D3/aug-cc-pVTZ level (Figure S9).  
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Figure S11. Relevant structures of s/a5HIH+-(N2)2 calculated at the B3LYP-D3/aug-cc-pVTZ level. All 

relevant structural, energetic, and vibrational parameters are given in Table S1. Binding energies (D0) 

and bond lengths (R) are given in kJ/mol and Å, respectively. 
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Figure S12. IRPD spectrum of 5HIH+-(N2)2 compared to the linear IR absorption spectra of all 

calculated s5HIH+-(N2)2 clusters evaluated at the B3LYP-D3/aug-cc-pVTZ level (Figure S11).   
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Figure S13. Potential energy surface (PES) along the in-plane and out-of-plane isomerization 

pathways from s/a5HIH+-C6 via s/a5HIH+-O to s/a5HIH+-C4. Isomerization barriers (E in kJ/mol) are 

indicated by transition states between the stable minimum energy isomers.  
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Figure S14. Calculated NBO charge distribution (in me) in the most stable protomers s5HIH+(C3), 

s5HIH+(C4), and a5HIH+(O). Red numbers correspond to the NBO charges in neutral s- or a5HI. 
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Table S1. Relative zero-point corrected energies (E0, in kJ/mol), Gibbs free energies (G), and total 

binding energies (D0), vibrational frequencies (in kJ/mol) with IR intensities (km/mol) in parentheses, 

and selected bond lengths (r, R in Å) of s/a5HIH+ isomers and selected relevant s/a5HIH+-Ln clusters 

calculated at the B3LYP-D3/aug-cc-pVTZ level. 

 

Species E0 G D0
 

NH
 

OH rNH rOH R 

s5HIH
+
(C3) 0 0  3395 (126) 3626 (183) 1.0139 0.9645  

s5HIH
+
(C2) 28.9 28.3  3465 (174) 3639 (175)  1.0074 0.9636  

s5HIH
+
(C4) 5.1 4.3  3473 (152) 3580 (235) 1.0070 0.9680  

s5HIH
+
(C5)  97.8 96.8  3442 (162) 3623 (77) 1.0096 0.9645  

s5HIH
+
(C6) 20.4 19.9  3472 (154) 3596 (220) 1.0063 0.9654  

s5HIH
+
(C7) 56.7 55.9  3448 (145) 3629 (136) 1.0090 0.9645  

s5HIH
+
(C8) 72.8 72.5  3395 (126) 3628 (183) 1.0073 0.6960  

s5HIH
+
(C9) 108.5 108.0  3465 (174) 3639 (175) 1.0098 0.9633  

s5HIH
+
(N) 62.7 62.7  3275 (90) 

3235 (91) 

3631 (143) 1.0242 

1.0242 

0.9641  

s5HIH
+
(O) 117.7 116.5  3490 (98) 3555 (275) 

3480 (254) 

1.0053 0.9736 

0.9736 

 

a5HIH
+
(C3) 1.8 1.8  3394 (128) 3630 (154) 1.0140 0.9643  

a5HIH
+
(C2) 23.7 23.4  3463 (173) 3623 (141) 1.0076 0.9650  

a5HIH
+
(C4) 11.1 10.2  3472 (154) 3596 (220) 1.0071 0.9669  

a5HIH
+
(C5) 97.8 96.8  3442 (162) 3623 (77) 1.0096 0.9645  

a5HIH
+
(C6) 13.1 12.6  3479 (193) 3596 (183) 1.0065 0.9669  

a5HIH
+
(C7) 62.5 61.1  3449 (148) 3643 (134) 1.0089 0.9633  

a5HIH
+
(C8) 69.2 69.0  3465 (190) 3593 (195) 1.0140 0.9643  

a5HIH
+
(C9) 103.7 103.5  3435 (176) 3628 (126) 1.0076 0.9650  

a5HIH
+
(N) 63.8 63.8  3275 (91) 

3235 (93) 

3634 (133) 1.0244 

1.0243 

0.9640  

a5HIH
+
(O) 117.1 115.9  3490 (115) 3549 (270) 

3475 (245) 

1.0053 0.9739 

0.9739 

 

s5HIH
+
(C3)-Ar(NH) 0 0 8.8 3363 (361) 3628 (180) 1.0156 0.9644 2.505 

s5HIH
+
(C3)-Ar(OH) 2.1 2.9 6.7 3395 (125) 3612 (369) 1.0138 0.9653 2.602 

s5HIH
+
(C3)-Ar() 0.9 2.4 7.9 3397 (124) 3627 (181) 1.0137 0.9644 3.570 

a5HIH
+
(C3)-Ar(NH) 1.6 0.6 9.0 3366 (328) 3630 (154) 1.0155 0,9642 2.522 

a5HIH
+
(C3)-Ar(OH) 3.7 3.4 6.8 3395 (130) 3613 (323) 1.0139 0.9651 2.575 

a5HIH
+
(C3)-Ar() 2.8 4.6 7.8 3396 (126) 3630 (152) 1.0138 0.9642 3.570 

s5HIH
+
(C4)-Ar(NH) 6.6 5.9 7.3 3465 (260) 3583 (233) 1.0085 0.9679 2.636 

s5HIH
+
(C4)-Ar(OH) 5.4 4.5 8.5 3474 (151) 3548 (525) 1.0069 0.9696 2.518 

s5HIH
+
(C4)-Ar() 6.5 6.7 7.4 3473 (150) 3581 (231) 1.0070 0.9680 3.750 

a5HIH
+
(C4)-Ar(NH) 12.6 12.4 7.3 3597 (221) 3464 (263) 1.0076 0.9668 2.635 

a5HIH
+
(C4)-Ar(OH) 10.9 9.7 9.0 3473 (157) 3558 (495) 1.0070 0.9686 2.490 

a5HIH
+
(C4)-Ar() 12.3 12.7 7.5 3473 (152) 3595 (215) 1.0071 0.9669 3.693 

s5HIH
+
(O)-Ar(NH) 120.1 118.0 5.8 3488 (189) 3551 (269) 

3477 (253) 

1.0055 0.9738 

0.9738 

2.668 

s5HIH
+
(O)-Ar(OH) 110.9 111.8 15.0 3491 (122) 3527 (280) 1.0052 0.9730 2.185 
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3325 (959) 0.9826 

s5HIH
+
(O)-Ar() 120.1 118.0 6.2 3490 (115) 3550 (273) 

3476 (234) 

1.0053 0.9740 

0.9738 

3.707 

a5HIH
+
(O)-Ar(NH) 121.0 118.6 5.5 3479 (458) 3555 (273) 

3482 (57) 

1.0060 0.9736 

0.9735 

2.606 

a5HIH
+
(O)-Ar(OH) 111.3 111.4 15.2 3491 (123) 3533 (283) 

3324 (934) 

1.0052 0.9727 

0.9826 

2.181 

a5HIH
+
(O)-Ar() 120.1 125.6 6.4 3490 (102) 3555 (278) 

3479 (238) 

1.0053 0.9737 

0.9735 

3.730 

s5HIH
+
(C3)-Ar2(NH-OH) 1.1 -0.01 15.6 3370 (317) 3611 (376) 1.0153 0.9653 2.585 (OH) 

2.528 (NH) 

s5HIH
+
(C3)-Ar2(NH-) 0 0 16.7 3366 (354) 3629 (179) 1.0154 0.6943 2.504 (NH) 

 

s5HIH
+
(C3)-Ar2(OH-) 2.1 1.4 14.6 3397 (122) 3613 (363) 1.0137 0.9652 2.604 (OH) 

 

s5HIH
+
(C3)-Ar2(-) 1.1 3.2 15.6 3399 (121) 3629 (180) 1.0135 0.9644 3.569 

3.564 

s5HIH
+
(C4)-Ar2(NH-OH) 6.1 3.9 15.7 3468 (231) 3550 (517) 1.0074 0.9694 2.521 (OH) 

2.685 (NH) 

s5HIH
+
(C4)-Ar2(NH-) 7.0 6.9 14.8 3468 (226) 3583 (229) 1.0073 0.9679 2.702 (NH) 

 

s5HIH
+
(C4)-Ar2(OH-) 5.9 4.6 15.9 3475 (149) 3550 (507) 1.0069 0.9695 2.521 (OH) 

 

s5HIH
+
(C4)-Ar2(-) 7.1 7.0 14.7 3474 (148) 3584 (227) 1.0069 0.9679 3.685 

3.685 

a5HIH
+
(C4)-Ar2(NH-OH) 11.5 7.5 16.3 3465 (268) 3565 (463) 1.0075 0.9683 2.527 (OH) 

2.638 (NH) 

a5HIH
+
(C4)-Ar2(NH-) 12.8 12.0 15.0 3465 (257) 3597 (216) 1.0075 0.9668 2.640 (NH) 

 

a5HIH
+
(C4)-Ar2(OH-) 11.0 6.9 16.7 3473 (155) 3561 (481) 1.0070 0.9675 2.495 (OH) 

  

a5HIH
+
(C4)-Ar2(-) 12.6 11.0 15.1 3473 (150) 3597 (210) 1.0070 0.9668 3.706 

3.705 

s5HIH
+
(O)-Ar2(OH-OH) 104.1 104.2 29.8 3492 (119) 

 

3390 (1105) 

3334 (773) 

1.0051 0.9809 

0.9809 

2.203 

2.204 

s5HIH
+
(O)-Ar2(OH-) 112.0 113.0 21.9 3491 (121) 3528 (287) 

3323 (889) 

1.0052 0.9827 

0.9730 

2.185 (OH) 

 

s5HIH
+
(O)-Ar2(NH-OH) 112.8 110.5 21.1 3489 (189) 3528 (279) 

3327 (946) 

1.0053 0.9825 

0.9730 

2.186 (OH) 

2.707 (NH) 

a5HIH
+
(O)-Ar2(OH-OH) 104.5 103.8 29.9 3492 (120) 3382 (1108) 

3336 (678) 

1.0051 0.9807 2.205 

a5HIH
+
(O)-Ar2(OH-) 112.3 112.7 22.1 3491 (122) 3533 (288) 

3324 (868) 

1.0052 0.9826 

0.9727 

2.182 (OH) 

 

a5HIH
+
(O)-Ar2(NH-OH) 113.3 111.4 21.2 3488 (187) 3544 (281) 

3328 (938) 

 

1.0054 0.9824 

0.9727 

2.185 (OH) 

2.718 (NH) 

a5HIH
+
(O)-Ar2(NH-) 122.2 116.1 12.3 3488 (156) 3555 (271) 

3480 (723) 

1.0055 0.9736 

0.9736 

 2.672 (NH) 

  

s5HIH
+
(C3)-N2(NH) 0 0 15.2 3306 (592) 3629 (117) 1.0187 0.9643 2.113 
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s5HIH
+
(C3)-N2(OH) 3.6 2.9 11.6 3396 (125) 3555 (742) 1.0138 0.9678 2.103 

s5HIH
+
(C3)-N2() 5.0 4.1 10.2 3398 (122) 3628 (179) 1.0136 0.9644 3.302 

s5HIH
+
(C4)-N2(NH) 8.7 6.5 11.6 3414 (544) 3584 (231) 1.0100 0.9678 2.194 

s5HIH
+
(C4)-N2(OH) 5.1 5.0 15.2 3475 (135) 3460 (1085) 1.0068 0.9739 2.020 

s5HIH
+
(C4)-N2() 13.2 5.0 7.1 3475 (148) 3582 (234) 1.0068 0.9679 3.390 

a5HIH
+
(C4)-N2(NH) 14.6 12.3 11.6 3412 (550) 3597 (219) 1.0103 0.9667 2.193 

a5HIH
+
(C4)-N2(OH) 10.7 11.1 15.5 3475 (635) 

3473 (491) 

3475 (635) 

3473 (491) 

1.0070 0.9727 2.019 

a5HIH
+
(C4)-N2() 17.1 14.6 9.1 3473 (150) 3595 (215) 1.0070 0.9669 3.441 

s5HIH
+
(O)-N2(NH) 123.2 118.8 9.1 3452 (432) 3551 (268) 

3477(218) 

1.0073 0.9738 

0.9738 

2.258 

s5HIH
+
(O)-N2(OH) 102.8 105.1 29.5 3492 (121) 3537 (249) 

3129 (1576) 

1.0051 0.9720 

0.9936 

1.787 

a5HIH
+
(O)-N2(NH) 123.6 119.9 9.3 3452 (445) 3555 (272) 

3480 (203) 

1.0074 0.9736 

0.9736 

2.256 

a5HIH
+
(O)-N2(OH) 103.1 104.8 29.8 3491 (123) 3541 (251) 

3128 (1534) 

1.0052 0.9935 

0.9717 

1.786 

s5HIH
+
(C3)-(N2)2(NH-OH) 0 0 26.4 3310 (585) 3560 (716) 1.0185 0.9676 2.110 (OH) 

2.118 (NH) 

s5HIH
+
(C3)-(N2)2(NH-NH) 0.9 1.1 25.5 3349 (390) 3630 (176) 1.0178 0.9642 2.265 

2.581 

s5HIH
+
(C3)-(N2)2(NH-) 1.1 -0.1 25.3 3313 (575) 3630 (174) 1.0182 0.9643 2.117 (NH) 

 

s5HIH
+
(C3)-(N2)2(OH-OH)-
in-plane 

10.6 6.3 15.9 3396 (125) 3563 (629) 1.0138 0.9677 2.177 

2.755 

s5HIH
+
(C3)-(N2)2(OH-OH)-
out-of-plane 

8.3 3.4 18.2 3396 (124) 3557 (697) 1.0138 0.9679 2.119 

2.789 

s5HIH
+
(C3)-(N2)2(OH-) 4.7 2.7 21.8 3399 (121) 3557 (728) 1.0135 0.9677 2.106 (OH) 

 

s5HIH
+
(C3)-(N2)2(-) 5.9 3.0 20.5 3401 (119) 3629 (176) 1.0132 0.9643 3.310 

3.310 

s5HIH
+
(C4)-(N2)2(NH-OH) 5.1 3.8 26.4 3311 (551) 3465 (1027) 1.0099 0.9735 2.026 (OH) 

2.202 (NH) 

s5HIH
+
(C4)-(N2)2(NH-NH) 11.0 9.0 20.5 3453 (369) 3584 (231) 1.0084 0.9678 2.423 

2.496 

s5HIH
+
(C4)-(N2)2(NH-) 12.9 5.4 18.6 3585 (230) 3417 (531) 1.0099 0.9678 2.195 (NH) 

 

s5HIH
+
(C4)-(N2)2(OH-OH) 8.9 7.1 22.7 3467 (1005) 3476 (128) 1.0068 0.9738 2.042 

2.770 

s5HIH
+
(C4)-(N2)2(OH-) 9.4 5.3 22.1 3477 (132) 3462 (1073) 1.0067 0.9737 2.022 (OH) 

 

s5HIH
+
(C4)-(N2)2(-) 17.7 7.5 13.9 3478 (144) 3582 (232) 1.0067 0.9679 3.397 

3.397 

a5HIH
+
(C4)-(N2)2(NH-OH) 10.6 9.1 26.9 3416 (578) 3481 (940) 1.0100 0.9723 2.025 (OH) 

2.199 NH) 

a5HIH
+
(C4)-(N2)2(NH-NH) 17.0 14.6 14.5 3451 (375) 3598 (222) 1.0086 0.9666 2.413 

2.502 

a5HIH
+
(C4)-(N2)2(NH-) 16.7 12.3 20.8 3415 (537) 3597 (215) 1.0101 0.9667 2.196 (NH) 
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a5HIH
+
(C4)-(N2)2(OH-OH) 13.1 11.0 24.4 3474 (341) 3477 (740) 1.0069 0.9726 2.024 

2.924 

a5HIH
+
(C4)-(N2)2(OH-) 12.7 11.1 24.7 3476 (664) 

3474 (441) 

3476 (664) 

3474 (441) 

1.0069 0.9726 2.021 (OH) 

 

a5HIH
+
(C4)-(N2)2(-) 19.3 15.7 18.2 3473 (147) 3596 (211) 1.0069 0.9669 3.419 

3.438 

s5HIH
+
(O)-(N2)2(NH-OH) 105.1 103.4 38.5 3457 (402) 3537 (247) 

3135 (1565) 

1.0070 0.9932 

0.9719 

1.789 (OH) 

2.267 (NH) 

s5HIH
+
(O)-(N2)2(NH-NH) 127.2 123.5 16.4 3481 (206) 

3478 (332) 

3551 (266) 

3481 (206) 

3478 (332) 

1.0061 0.9737 

0.9737 

2.462 

2.532 

s5HIH
+
(O)-(N2)2(OH-OH) 86.8 92.4 56.8 3493 (117) 3221 (1737) 

3200 (1140) 

1.0050 0.9885 

0.9885 

1.820 

1.820 

a5HIH
+
(O)-(N2)2(NH-OH) 105.4 103.9 38.7 3456 (407) 3542 (248) 

3134 (1536) 

1.0071 0.9932 

0.9717 

1.788 (OH) 

2.264 (NH) 

a5HIH
+
(O)-(N2)2(NH-NH) 127.4 121.0 16.7 3482 (52) 

3479 (486) 

3556 (270) 

3482 (52) 

3479 (486) 

1.0062 0.9735 2.450 

2.541 

a5HIH
+
(O)-(N2)2(OH-OH) 87.1 91.5 57.0 3494 (119) 3221 (1743) 

3200 (1058) 

1.0050 0.9885 

0.9885 

1.818 

1.818 
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Figure S1. Overview of the IRPD spectra of 5HIH+-Wn (n=1-3) and 5HIH+-W-L (L=Ar, N2) measured in 

the XH stretch range (2700-3800 cm-1). 

 

 

Figure S2. Additional structures of s5HIH+-W clusters calculated at the B3LYP-D3/aug-cc-pVTZ level 

(Table S1) and binding energies (D0 in kJ/mol) and intermolecular bond lengths (R in Å). 
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Figure S3. Structures of a5HIH+-W clusters calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1) 

along with binding energies (D0 in kJ/mol) and intermolecular bond lengths (R in Å). 

 

 

Figure S4. Comparison of the IRPD spectrum of 5HIH+-W to calculated IR spectra of additional 

isomers at the B3LYP-D3/aug-cc-pVTZ level. 
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Figure S5. Comparison of the IRPD spectrum of 5HIH+-W to IR spectra of selected isomers calculated 

at the B3LYP-D3/aug-cc-pVTZ and the PBE0-D3/aug-cc-pVTZ levels. 

 

 

 

Figure S6. Comparison of the IRPD spectrum of 5HIH+-W to harmonic IR spectra of selected isomers 

calculated at the B3LYP-D3/aug-cc-pVTZ level and corresponding anharmonic IR spectra computed at 

the B3LYP-D3/aug-cc-pVDZ level. 
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Spectroscopy of 5HIH
+
-W-Ar/N2 

 

Figure S7 compares the IRPD spectra of 5HIH+-W-Ar and 5HIH+-W-N2 to the IR spectra calculated for 

relevant tagged isomers. Tagging with Ar or N2 reduces the observed widths (FWHM) of the 

transitions, for example, from 30 (untagged) to 10 (Ar) or 13 (N2) cm-1 for band A, because the 

binding energy of the least bonded ligand limits the internal temperature of the cluster. However, 

because of low tagging efficiency, the signal-to-noise ratio is smaller. Selected structures of s5HIH+-

W-Ar and s5HIH+-W-N2 are depicted in Figures S4 and S5, respectively, and Table S1 contains 

structural and spectroscopic information for all calculated 5HIH+-W-Ar/N2 isomers. Figure S8 

compares the IRPD spectra of 5HIH+-W-Ar and 5HIH+-W-N2 to the IR spectra of all calculated 5HIH+-

W-Ar/N2 isomers. For this purpose, we mostly consider Ar/N2 tagging of the protomers and 

monohydrated isomers assigned in section 3.2: C3-W (NH), C4-W (NH/OH), O-W (OH). The Ar/N2 

ligands may bind to the free OH/NH groups and the aromatic -cloud of 5HIH+ or to the OH groups of 

the W ligand.  As shown in Figure S1, bands A and B (3 and 1) are red-shifted by 19/20 and 5 cm-1 

upon Ar/N2-tagging, indicating that the tag is H-bonded to W rather than to the 5HIH+ core. Thus, for 

an assignment of the IRPD spectra of 5HIH+-W-Ar/N2, we particularly consider the assigned 5HIH+-W 

carbenium isomers tagged at the W ligand, namely s5HIH+(C3)-W(NH)-Ar/N2(W), s5HIH+(C4)-W(NH)-

Ar/N2(W) and s5HIH+(C4)-W(OH)-Ar/N2(W). For the oxonium isomers, 3 and 1 are generally 

predicted slightly lower due to the larger impact of the strong OH…O H-bond on the W molecule. 

Hence, the observed red-shifts of A and B do not necessarily indicate H-bonding of the tag to W in 

s5HIH+(O)-W(OH), and we have to consider also other tagging sites.  

 

   The IRPD spectrum of 5HIH+-W-Ar can already be well reproduced by s5HIH+(C3)-W(NH)-Ar(W), 

s5HIH+(C4)-W(NH)-Ar(W), and s5HIH+(C4)-W(OH)-Ar(W), confirming the assignment of the spectrum 

of bare 5HIH+-W (Table S2). However, these carbenium isomers are not the most stable calculated 

ones (Table S1, ESI†). For example, s5HIH+(C3)-W(NH)-Ar() with -stacked Ar is more stable than 

s5HIH+(C3)-W(NH)-Ar(W), with E0=G=0 and D0=67.8 kJ/mol compared to E0=2.4, G=0.1, and 

D0=65.5 kJ/mol. The most stable C3-protonated isomer at room temperature is s5HIH+(C3)-W(NH)-

Ar(OH) with both functional groups solvated (E0=1.2, G=-0.6, D0=66.7 kJ/mol). Yet, the energy 

differences of these three s5HIH+(C3)-W(NH)-Ar isomers are rather small, and their predicted IR 

spectra are similar (Figure S8). Hence, we cannot exclude the population of all three isomers, 

although we assume the predominant population of s5HIH+(C3)-W(NH)-Ar(W) due to the observed 

red-shift of bands A and B (3 and 1). The same reasoning holds for the C4-protonated isomers 

(Table S1, Figure S8). For the oxonium isomer, -stacking of Ar is also considered based on its 

stability (D0=109.2 kJ/mol) and IR spectrum (Figure S7). The most stable s5HIH+(O)-W(OH)-Ar(OH) 

isomer with D0=110.0 kJ/mol is not assigned because the measured IRPD spectrum lacks its intense 


b

OH predicted at 3473 cm-1 resulting from Ar attachment to the second OH group (Figure S8). Finally, 

we assign bands A and B at 3713 and 3636 cm-1 to 3 and 1 of s5HIH+(C3)-W(NH)-Ar(W), s5HIH+(C4)-

W(NH)-Ar(W), and s5HIH+(C4)-W(OH)-Ar(W) (Table S2). Band C at 3595 cm-1 is attributed to f
OH of 

s5HIH+(C4)-W(NH)-Ar(W) predicted at 3588 cm-1 and to f
OH of s5HIH+(O)-W(OH)-Ar(W) and 

s5HIH+(O)-W(OH)-Ar() calculated at 3567 and 3561 cm-1. Band D at 3467 cm-1 is assigned to f
NH of 

s5HIH+(C4)-W(NH)-Ar(W), s5HIH+(O)-W(OH)-Ar(W), and s5HIH+(O)-W(OH)-Ar() predicted at 3479 

and 3495 cm-1, respectively. The b
NH mode of s5HIH+(C4)-W(NH)-Ar(W) calculated at 3174 cm-1 is 
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found as band E at 3120 cm-1. Band F at 3015 cm-1 is interpreted as a superposition of b
NH of 

s5HIH+(C3)-W(NH)-Ar(W) and b
OH of s5HIH+(C4)-W(OH)-Ar(W). 

 

   The IRPD spectrum of 5HIH+-W-N2 is richer than that of 5HIH+-W-Ar, indicating the presence of 

several isomers in the molecular beam. Furthermore, the impact of N2 on the properties of 5HIH+-W 

is larger than for Ar. Bands A and B at 3712 and 3636 cm-1 are readily assigned to 3 and 1 of the W 

ligand. As both are red-shifted compared to bare 5HIH+-W, we assume that N2 is preferably attached 

to W, such as in s5HIH+(C3)-W(NH)-N2(W) and s5HIH+(C4)-W(OH)-N2(W). With E0=1.0 and D0=70.1 

kJ/mol, s5HIH+(C3)-W(NH)-N2(W) is the second most stable C3-protonated isomer (Table S1). The 

most stable s5HIH+(C3)-W(NH)-N2(OH) isomer (D0=71.0 kJ/mol) with W attached to the NH group and 

N2 to OH is not considered because there is no indication of its b
OH mode (Figure S8). Two new 

bands emerge in the spectrum of 5HIH+-W-N2, the narrow band X at 3506 cm-1 and the broad 

transition H centered at 3380 cm-1. None of the calculated isomers can explain transition X (Figure 

S8). With FWHM=5 cm-1, band X is rather narrow and thus most likely due to a free OH or NH 

stretching vibration. However, in this range, no such transition is expected for the considered C3-, 

C4-, and O-protomers. In the IRPD spectrum of 5HI+-W4 we observed a similar unidentified transition 

at 3505 cm-1.258 Thus, we consider band X to arise from a Y+-N2 contamination with a Y+ ion isobaric to 

5HIH+-W. This explains why this transition is absent in the spectra of 5HIH+-W and 5HIH+-W-Ar. Band 

H at 3380 cm-1 is broad (>50 cm-1) and has the typical shape of a H-bonded proton donor stretching 

vibration. Most likely, it arises from N2 attachment to one of the functional groups. Indeed, isomers 

s5HIH+(C4)-W(OH)-N2(NH) and s5HIH+(C4)-W(NH)-N2(OH) can rationalize band H by their b
NH and 


b

OH modes predicted at 3429 and 3480 cm-1, respectively. With D0=72.2 kJ/mol, s5HIH+(C4)-W(OH)-

N2(NH) is the most stable C4-protonated isomer. The second most stable s5HIH+(C4)-W(OH)-N2(W) 

isomer (D0=71.4 kJ/mol) is not assigned because its intense red-shifted 1 mode predicted at 3560 

cm-1 is not observed (Figure S8). Both s5HIH+(C4)-W(NH)-N2(OH) and s5HIH+(C4)-W(NH)-N2(W) with 

D0=63.0 and 57.4 kJ/mol are somewhat less stable, but are considered due to their predicted IR 

spectra. Furthermore, we tend to assign s5HIH+(O)-W(OH)-N2(OH), which is the most stable oxonium 

isomer with D0=121.3 kJ/mol. One of its intense b
OH modes may contribute to band H although 

predicted somewhat lower at 3314 cm-1. Band D at 3460 cm-1 may arise from its f
NH calculated at 

3495 cm-1. Hence, band H at 3380 cm-1 is assigned to a superposition of b
NH and b

OH of s5HIH+(C4)-

W(OH)-N2(NH), s5HIH+(C4)-W(NH)-N2(OH), and s5HIH+(O)-W(OH)-N2(OH). The explicit assignment of 

the observed transitions is summarized in Table S2. 

 

   Finally, the IRPD spectra of 5HIH+-W-Ar/N2 confirm the assignment of s5HIH+(C3)-W(NH), 

s5HIH+(C4)-W(OH), s5HIH+(C4)-W(NH) and s5HIH+(O)-W(OH) being the predominant monohydrates in 

the molecular beam. Ar is mainly attached to the W moiety or -stacked. N2 is H-bonded to W or to 

the remaining functional group not occupied by W. 
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Figure S7. Comparison of the IRPD spectra of 5HIH+-W-Ar and 5HIH+-W-N2 to the IR spectra of 

relevant isomers calculated at the B3LYP-D3/aug-cc-pVTZ level.  
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Figure S8. IRPD spectra of 5HIH+-W-Ar/N2 compared to additional s/a5HIH+-W-Ar and s/a5HIH+-W-N2 

isomers. 
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Figure S9. Selected binding motifs of exemplary s5HIH+(C3)-W-Ar and s5HIH+(O)-W-Ar clusters 

calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1) along with binding energies (D0 in kJ/mol) 

and intermolecular bond lengths (R in Å). Binding motifs of s/a5HIH+(C4)-W-Ar are similar to those of 

s5HIH+(C3)-W-Ar and hence not shown (see Table S1). Structural properties of corresponding a5HIH+-

W-Ar clusters are listed in Table S1. 
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Figure S10. Exemplary binding motifs of s5HIH+-W-N2 clusters calculated at the B3LYP-D3/aug-cc-

pVTZ level (Table S1) along with binding energies (D0 in kJ/mol) and intermolecular bond lengths (R in 

Å). Binding motifs of s/a5HIH+(C4)-W-N2 are similar to those of s5HIH+(C3)-W- N2 and hence not 

shown (see Table S1). Structural properties of corresponding a5HIH+-W- N2 clusters are listed in Table 

S1. 
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Figure S11. Structures of additional s5HIH+-W2 clusters with binding energies (D0 in kJ/mol) and 

intermolecular bond lengths (R in Å) calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1). 
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Figure S12. Structures of a5HIH+-W2 clusters with binding energies (D0 in kJ/mol) and intermolecular 

bond lengths (R in Å) calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1).  
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Figure S13. Comparison of the IRPD spectrum of 5HIH+-W2 to the additional s/a5HIH+-W2 conformers 

calculated at the B3LYP-D3/aug-cc-pVTZ level.  

 

 



 
 

186 
 

Figure S14. Comparison of the IRPD spectrum of 5HIH+-W2 to harmonic IR spectra of selected isomers 

calculated at the B3LYP-D3/aug-cc-pVTZ level and corresponding anharmonic IR spectra computed at 

the B3LYP-D3/aug-cc-pVDZ level. 
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Figure S15. Structures of additional s5HIH+-W3 clusters with binding energies (D0 in kJ/mol) and 

intermolecular bond lengths (R in Å) calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1).# 
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Figure S16. Structures of selected a5HIH+-W3 clusters with binding energies (D0 in kJ/mol) and 

intermolecular bond lengths (R in Å) calculated at the B3LYP-D3/aug-cc-pVTZ level (Table S1).  
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Figure S17. Comparison of the IRPD spectrum of 5HIH+-W3 to the additional s/a5HIH+-W3 conformers 

calculated at the B3LYP-D3/aug-cc-pVTZ level. 
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Figure S18. Comparison of the IRPD spectra of 5HIH+-L with L=Ar, N2 and W. 

 

 

 

Figure S19. Observed complexation-induced red shifts of the proton donor XH stretching frequencies 

(XH) as a function of the proton affinities of the ligands L=Ar, N2, and W (PA=369, 494, 691 kJ/mol).4 

Red shifts of the NH stretching modes (NH) are depicted as filled circles, those of OH stretching 

modes (OH) as open circles.   
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Table S1. Relative zero-point corrected energies (E0), Gibbs free energies (G), and total binding 

energies (D0) in kJ/mol, vibrational frequencies in cm-1 with IR intensities (km/mol) in parentheses, 

and selected bond lengths (r, R) in Å of relevant s/a5HIH+-Wn(-L) clusters calculated at the B3LYP-

D3/aug-cc-pVTZ level. For reference, selected structures have been optimized also at the PBE0-

D3/aug-cc-pVTZ level. Corresponding energies, structural and spectroscopic properties are given in 

green. For reference, single point energy calculations of selected optimized structures have been 

performed at the CC2/aug-cc-pVDZ level (purple numbers). Basis set superposition errors for 

selected structures are given in kJ/mol as red numbers. For selected structures, also anharmonic 

spectra were computed at the B3LYP-D3/aug-cc-pVDZ level. Corresponding anharmonic vibrational 

frequencies in cm-1 with IR intensities (km/mol) in parentheses are given in blue. 

 

Species E0 G D0
 

NH 
a 

OH 
a rNH rOH R 

s5HIH+(C3)-W(NH) 

@ PBE0-D3/aug-cc-pVTZ 

@ CC2/aug-cc-pVDZ 

BSSE energy 

anharmonic 

0 

0 

0 

0 

0 

60.3 

 

 

0.51 (<1%) 

3011 (1399) 

2992 (1503) 

 

 

2895 (966) 

3632 (164) 

3684 (169) 

 

 

3606 (145) 

1.0362 

1.0387 

0.9640 

0.9616 

1.730 

1.698 

s5HIH+(C3)-W(OH) 

@ PBE0-D3/aug-cc-pVTZ 

@ CC2/aug-cc-pVDZ 

BSSE energy 

anharmonic 

10.9 

11.5 

13.8 

12.6 

13.1 

49.4 

 

 

0.51 (1%) 

3398 (119) 

3433 (126) 

 

 

3390 (107) 

3251 (1711) 

3252 (1814) 

 

 

3166 (1416) 

1.0135 

1.0130 

0.9837 

0.9836 

1.738 

1.709 

s5HIH+(C3)-W() 26.9 24.0 33.3 3406 (114) 3632 (165) 1.0128 0.9641 2.827 

a5HIH+(C3)-W(NH) 1.5 1.3 60.6 3006 (1420) 3633 (139) 1.0366 0.9639 1.727 

a5HIH+(C3)-W(OH) 12.8 14.8 49.3 3397 (117) 3262 (1467) 1.0136 0.9830 1.744 

a5HIH+(C3)-W() 28.8 25.2 33.3 3407 (117) 3634 (141) 1.0128 0.9639 2.915 

s5HIH+(C4)-W(NH) 

@ PBE0-D3/aug-cc-pVTZ 

@ CC2/aug-cc-pVDZ 

BSSE energy 

anharmonic 

16.7 

17.3 

31.4 

15.7 

16.5 

48.7 

 

 

0.46 (<1%) 

3191 (1184) 

3183 (1291) 

 

 

3127 (366) 

3588 (219) 

3639 (231) 

 

 

3559 (198) 

1.0230 

1.0247 

0.9675 

0.9650 

1.814 

1.784 

s5HIH+(C4)-W(OH) 

@ PBE0-D3/aug-cc-pVTZ 

@ CC2/aug-cc-pVDZ 

BSSE energy 

anharmonic 

3.6 

3.4 

22.1 

4.9 

4.6 

61.8 

 

 

0.56 (<1%) 

 

3478 (138) 

3513 (147) 

 

 

3461 (7) 

3035 (2283) 

3010 (2541) 

 

 

2928 (253.497) 

1.0065 

1.0059 

0.9966 

0.9979 

1.658 

1.624 

s5HIH+(C4)-W(CH) 36.8 31.0 28.6 3477 (146) 3587 (210) 1.0066 0.9675 2.153 

a5HIH+(C4)-W(NH) 22.2 20.8 49.1 3193 (1169) 3601 (209) 1.0229 0.9663 1.187 

a5HIH+(C4)-W(OH) 8.7 9.0 62.7 3477 (141) 3046 (2129) 1.0066 0.9955 1.658 

s5HIH+(O)-W(NH) 137.9 135.8 39.5 3268 (966) 3553 (262) 

3480 (220) 

1.0178 0.9735 

0.9735 

1.861 

s5HIH+(O)-W(OH) 78.2 78.8 99.3 3494 (116) 3558 (199) 

2176 (3421) 

1.0049 0.9698 

1.0548 

1.426 

a5HIH+(O)-W(NH) 138.1 135.4 39.9 3269 (969) 3558 (266) 

3483 (212) 

1.0178 0.9733 

0.9733 

1.861 

a5HIH+(O)-W(OH) 

 

@ PBE0-D3/aug-cc-pVTZ 

@ CC2/aug-cc-pVDZ 

 

BSSE energy 

78.2 

 

74.5 

92.3 

78.0 

 

75.1 

99.8 

 

 

 

 

0.57 (<1%) 

3494 (118) 

 

3529 (126) 

 

 

 

3563 (199) 

2199 (3339) 

3615 (206) 

2023 (3543) 

 

 

1.0049 

 

1.0043 

0.9696 

1.0551 

0.9670 

1.0676 

1.425 

 

1.380 
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anharmonic  3489 (101) 3531 (147) 

1686 (707) 

s5HIH+(C3)-W2(NH-OH) 

 

BSSE energy 

0 0 106.4 

 

1.03 (<1%) 

3041 (1331) 3283 (1565) 1.0343 0.9819 1.744 (NH) 

1.754 (OH) 

s5HIH+(C3)-W2(NH-W) 

 

BSSE energy 

2.0 -0.7 104.5 

 

0.86 (<1%) 

2787 (2248) 3635 (156) 1.0499 0.9638 1.636 (NH) 

1.744 (W) 

s5HIH+(C3)-W2(OH-W) 

 

BSSE energy 

19.6 19.3 86.8 

 

0.88 (1%) 

3400 (116) 3053 (1325) 

3050 (1255) 

1.0136 0.9943 1.658 (OH) 

1.770 (W) 

a5HIH+(C3)-W2(NH-OH) 1.3 1.1 107.0 3293 (1330) 3035 (1404) 1.0347 0.9813 1.741 (NH) 

1.761 (OH) 

a5HIH+(C3)-W2(NH-W) 3.4 0.7 104.9 2781 (2280) 3635 (134) 1.0503 0.9637 1.633 (NH) 

1.743 (W) 

a5HIH+(C3)-W2(OH-W) 20.6 19.3 87.6 3399 (116) 3070 (2160) 1.0134 0.9932 1.666 (OH) 

1.770 (W) 

s5HIH+(C4)-W2(NH-OH) 

 

BSSE energy 

anharmonic 

5.0 4.6 106.6 

 

1.00 (<1%) 

3218 (1094) 

 

 

3156 (602) 

3083 (2234) 

 

 

2974 (1084) 

1.0212 0.9939 1.829 (NH) 

1.675 (OH) 

s5HIH+(C4)-W2(NH-W) 

 

BSSE energy 

23.9 20.7 87.6 

 

0.79 (<1%) 

3050 (1718) 3590 (210) 1.0312 0.9672 1.737 (NH) 

1.776 (W) 

s5HIH+(C4)-W2(OH-W) 

 

BSSE energy 

5.5 4.8 106.1 

 

0.95 (<1%) 

3481 (132) 2710 (3612) 1.0062 1.0151 1.560 (OH) 

1.733 (W) 

a5HIH+(C4)-W2(NH-OH) 9.5 7.6 108.0 3222 (1024) 3096 (2121) 1.0210 

 

0.9926 1.833 (NH) 

1.676 (OH) 

a5HIH+(C4)-W2(NH-W) 29.6 26.4 87.8 3046 (1601) 3605 (200) 1.0314 0.9661 1.736 (NH) 

1.775 (W) 

a5HIH+(C4)-W2(OH-W) 9.5 8.0 108.0 3480 (135) 2733 (3250) 1.0062 1.0131 1.564 (OH) 

1.734 (W) 

s5HIH+(O)-W2(NH-OH) 88.1 86.5 135.5 3288 (914) 3560 (193) 

2233 (3281) 

1.0165 0.9697 

1.0502 

1.875 (NH) 

1.438 (OH) 

s5HIH+(O)-W2(NH-W) 150.2 144.4 73.4 3150 (1498) 3555 (258) 

3482 (212) 

1.0246 0.9734 

0.9733 

1.783 (NH) 

1.802 (W) 

s5HIH+(O)-W2(OH(O)H) 46.9 46.5 176.7 3498 (109) 2734 (2283) 

2588 (2924) 

1.0045 1.0217 

1.0221 

1.525 

1.521 

s5HIH+(O)-W2(OH-W1) 56.2 54.3 167.3 3499 (108) 3597 (146) 

1389 (1499) 

1.0044 0.9663 

1.2619 

1.147 (OH) 

1.559 (W) 

s5HIH+(O)-W2(OH-W2) 53.9 60.5 169.7 3496 (118) 3610 (152) 

2327 (2139) 

2051 (1848) 

1.0046 0.9653 

1.4335 

1.056 (OH) 

1.447 (W) 

a5HIH+(O)-W2(NH-OH) 

 

BSSE energy 

88.0 85.6 136.2 

 

1.0 (<1%) 

3287 (917) 

 

3563 (194) 

2225 (3205) 

1.0166 0.9695 

1.0508 

1.873 (NH) 

1.436 (OH) 

a5HIH+(O)-W2(NH-W) 

 

150.3 144.3 73.9 3147 (1514) 3560 (262) 

3485 (205) 

1.0247 0.9731 

0.9731 

1.781(NH) 

1.801 (W) 

a5HIH+(O)-W2(OH-OH) 

 

BSSE energy 

anharmonic 

47.1 46.8 177.1 

 

1.1 (<1%) 

3497 (111) 

 

 

3487 (98) 

2668 (2128) 

2583 (2937) 

 

 

2390 (1051) 

2251 (1180) 

1.0046 1.0223 

1.0221 

1.521 

1.523 
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a5HIH+(O)-W2(OH-W1) 

 

BSSE energy 

56.9 60.5 167.9 

 

1.0 (<1%) 

3499 (109) 3600 (146) 

1014(1536) 

1.0044 0.9662 

1.2637 

1.146 (OH) 

1.558 (W) 

a5HIH+(O)-W2(OH-W2) 

 

BSSE energy 

52.9 60.5 171.3 

 

1.6 (<1%) 

3493 (129) 3610 (148) 

2320 (2132) 

2048 (1814) 

1.0049 0.9654 

1.4371 

1.056 (OH) 

1.448 (W) 

s5HIH+(C3)-W3(NH-W-W) 7.6 4.3 140.8 2661 (2788) 3635 (151) 1.0577 0.9637 1.597 (NH) 

1.666 (W) 

1.785 (W) 

s5HIH+(C3)-W3(W-NH-W) 6.4 1.9 141.9 2517 (3031) 3636 (147) 1.0676 0.9637 1.555 (NH) 

1.793 (W) 

1.793 (W) 

s5HIH+(C3)-W3(OH-W-W) 29.4 27.3 118.9 3401 (110) 2951 (3328) 1.0133 0.9996 1.626 (OH) 

1.697 (W) 

1.802 (W) 

s5HIH+(C3)-W3(W(O)H-W) 29.8 27.1 118.6 3402 (118) 2829 (3412) 1.0132 1.0068 1.589 (OH) 

1.820 (W) 

1.820 (W) 

s5HIH+(C3)-W3(OH-W-NH) 5.9 4.4 142.4 3055 (995) 

3054 (406) 

3102 (1106) 

3098 (1293) 

1.0334 0.9915 1.675 (OH) 

1.779 (W) 

1.750 (NH) 

s5HIH+(C3)-W3(OH-NH-W) 0 0 148.4 2834 (2151) 3301 (1516) 1.0468 0.9809 1.762 (OH) 

1.651 (NH) 

1.752 (W) 

a5HIH+(C3)-W3(NH-W-W) 9.1 6.7 141.1 2658 (2808) 3636 (130) 1.0580 0.9636 1.594 (NH) 

1.663 (W) 

1.785 (W) 

a5HIH+(C3)-W3(W-NH-W) 7.8 3.5 142.4 2511 (3063) 3637 (127) 1.0679 0.9635 1.553 (NH) 

1.792 (W) 

1.792 (W) 

a5HIH+(C3)-W3(OH-W-W) 30.5 29.4 119.7 3400 (124) 2977 (2854) 1.0133 0.9980 1.634 (OH) 

1.698 (W) 

1.803 (W) 

a5HIH+(C3)-W3(W(O)H-W) 30.3 26.4 119.9 3401 (129) 2851 (2877) 1.0133 1.0054 1.598 (OH) 

1.820 (W) 

1.821 (W) 

a5HIH+(C3)-W3(OH-W-NH) 6.7 5.3 143.5 3050 (1578) 3113 (1780) 1.0337 0.9907 1.682 (OH) 

1.778 (W) 

1.748 (NH) 

a5HIH+(C3)-W3(OH-NH-W) 0.9 0.6 149.3 2827 (2233) 3708 (1408) 1.0473 0.9804 1.767 (OH) 

1.648 (NH) 

1.751 (W) 

s5HIH+(C4)-W3(NH-W-W) 32.0 28.3 121.4 2957 (2198) 3592 (205) 1.0354 0.9671 1.706 (NH) 

1.700 (W) 

1.799 (W) 

s5HIH+(C4)-W3(W-NH-W) 32.8 26.3 120.6 2876 (2339) 3593 (201) 1.0418 0.9670 1.665 (NH) 

1.829 (W) 

1.828 (W) 

s5HIH+(C4)-W3(OH-W-W) 11.4 10.4 142.1 2531 (4299) 3483 (129) 1.0061 1.0257 1.519 (OH) 

1.651 (W) 

1.781 (W) 

s5HIH+(C4)-W3(W-OH-W) 8.7 6.8 144.8 3484 (126) 2289 (4624) 1.0059 1.0417 1.467 (OH) 

1.777 (W) 

1.777 (W) 

s5HIH+(C4)-W3(OH-W-NH) 4.6 3.7 148.9 3236 (1063) 2787 (3418) 1.0201 1.0103 1.840 (NH) 

1.580 (OH) 
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1.744 (W) 

s5HIH+(C4)-W3(OH-NH-W) 10.1 9.0 143.4 3078 (1906) 3110 (1927) 1.0292 0.9923 1.684 (OH) 

1.749 (NH) 

1.785 (W) 

s5HIH+(O)-W3(NH-OH-W1) 63.6 59.8 201.9 3309 (853) 3593 (145) 

 

1.0452 0.9667 

1.2147 

1.890 (NH) 

1.186 (OH) 

1.585 (W) 

s5HIH+(O)-W3(NH-OH-W2) 56.7 64.3 208.8 3292 (911) 3617 (135) 

2344 (2157) 

1.0163 0.965 

1.468 

1.880 (NH) 

1.045 (OH) 

1.414 (W) 

s5HIH+(O)-W3(OH-W-W1) 50.0 48.3 216.5 3502 (105) 2308 (1408) 1.0041 0.9644 

1.4497 

1.046 (OH) 

1.370 (W) 

1.669 (W) 

s5HIH+(O)-W3(OH-W-W2) 33.7 41.9 231.8 3497 (109) 3633 (118) 1.0045 0.9639 1.763 (OH) 

1.415 (W) 

1.563 (W) 

s5HIH+(O)-W3(OH-OH-NH) 54.6 53.3 210.6 3304 (860) 2699 (2180) 

2617 (2856) 

1.0155 1.0201 

1.0203 

1.888 (NH) 

1.531 (OH) 

1.529 (OH) 

s5HIH+(O)-W3(OH-OH-W1) 36.3 34.3 229.2 3500 (105) 2806 (2173) 

1977 (4117) 

1.0043 1.0110 

1.0677 

1.567 (OH) 

1.391 (OH) 

1.681 (W) 

s5HIH+(O)-W3(OH-OH-W2) 34.1 41.6 231.5 3497 (108) 2850 (2229) 

 

1.0045 1.0081 

1.1036 

1.585 (OH) 

1.330 (OH) 

1.653 (W) 

s5HIH+(C3)-W(NH)-Ar() 0 0 67.8 3016 (1369) 3632 (163) 1.0359 0.9640 1.731 (W) 

3.577 (Ar) 

s5HIH+(C3)-W(NH)-Ar(W) 2.4 0.1 65.5 2984 (1518) 3633 (163) 1.0378 0.9640 1.715 (W) 

2.567 (Ar) 

s5HIH+(C3)-W(NH)-Ar(OH) 1.2 -0.6 66.7 3014 (1385) 3619 (338) 1.0360 0.9648 1.732 (W) 

2.605 (Ar) 

s5HIH+(C3)-W(OH)-Ar() 11.1 13.2 56.8 3400 (117) 3255 (1701) 1.0134 0.9835 1.740 (W) 

3.572 (Ar) 

s5HIH+(C3)-W(OH)-Ar(NH) 10.3 9.7 57.5 3380 (275) 3255 (1693) 1.0146 0.9835 1.740 (W) 

2.563 (Ar) 

s5HIH+(C3)-W(OH)-Ar(W) 14.4 9.7 53.5 3399 (119) 3235 (1837) 1.0135 0.9847 1.728 (W) 

2.592 (Ar) 

a5HIH+(C3)-W(NH)-Ar() 1.6 1.5 68.1 3012 (1389) 3634 (138) 1.0361 0.9639 1.729 (W) 

3.580 (Ar) 

a5HIH+(C3)-W(NH)-Ar(W) 3.9 1.3 65.8 2980 (1539) 3633 (139) 1.0381 0.9639 1.713 (W) 

2.568 (Ar) 

a5HIH+(C3)-W(NH)-Ar(OH) 2.6 0.7 67.0 3010 (1435) 3620 (321) 1.0363 0.9646 1.729 (W) 

2.589 (Ar) 

a5HIH+(C3)-W(OH)-Ar() 12.9 15.4 56.8 3399 (115) 3265 (1447) 1.0135 0.9828 1.747 (W) 

3.568 (Ar) 

a5HIH+(C3)-W(OH)-Ar(NH) 12.0 12.3 57.6 3371 (325) 3269 (1484) 1.0151 0.9826 1.749 (W) 

2.518 (Ar) 

a5HIH+(C3)-W(OH)-Ar(W) 16.0 15.6 53.6 3398 (118) 3239 (1594) 1.0136 0.9842 1.733 (W) 

2.584 (Ar) 

s5HIH+(C4)-W(NH)-Ar() 16.8 14.5 56.2 3192 (1180) 3587 (216) 1.0229 0.9674 1.814 (W) 

3.690 (Ar) 

s5HIH+(C4)-W(NH)-Ar(W) 19.5 16.2 53.4 3174 (1280) 3588 (219) 1.0240 0.9675 1.803 (W) 

2.585 (Ar) 

s5HIH+(C4)-W(NH)-Ar(OH) 16.3 12.0 56.6 3196 (1176) 3555 (523) 1.0227 0.9690 1.817 (W) 

2.498 (Ar) 
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s5HIH+(C4)-W(OH)-Ar() 4.2 5.8 68.7 3479 (137) 3041 (1252) 1.0064 0.9964 1.660 (W) 

3.690 (Ar) 

s5HIH+(C4)-W(OH)-Ar(NH) 4.3 4.9 68.6 3474 (214) 3042 (2256) 1.0068 0.9962 1.660 (W) 

2.700 (Ar) 

s5HIH+(C4)-W(OH)-Ar(W) 6.2 1.4 66.7 3479 (138) 2999 (2544) 1.0064 0.9986 1.644 (W) 

2.560 (Ar) 

a5HIH+(C4)-W(NH)-Ar() 22.5 19.6 50.4 3192 (1183) 3602 (204) 1.0230 0.9663 1.814 (W) 

3.703 (Ar) 

a5HIH+(C4)-W(NH)-Ar(W) 25.4 28.8 53.4 3181 (1211) 3602 (211) 1.0236 0.9663 1.807 (W) 

2.606 (Ar) 

a5HIH+(C4)-W(NH)-Ar(OH) 21.4 17.7 57.5 3194 (1211) 3570 (453) 1.0228 0.9678 1.815 (W) 

2.517 (Ar) 

a5HIH+(C4)-W(OH)-Ar() 11.1 7.4 67.8 3478 (140) 3052 (2121) 1.0065 0.9952 1.660 (W) 

3.575 (Ar) 

a5HIH+(C4)-W(OH)-Ar(NH) 9.6 10.4 69.3 3473 (208) 3055 (2168) 1.0069 0.9950 1.662 (W) 

2.721 (Ar) 

a5HIH+(C4)-W(OH)-Ar(W) 11.1 7.4 67.8 3477 (142) 3014 (2344) 1.0065 0.9973 1.646 (W) 

2.560 (Ar) 

s5HIH+(O)-W(NH)-Ar(W) 141.7 137.2 43.3 3257 (1034) 3554 (261) 

3481 (220) 

1.0184 0.9735 

0.9735 

1.852 (W) 

2.607 (Ar) 

s5HIH+(O)-W(NH)-Ar(OH) 130.8 127.5 54.2 3273 (988) 3531 (274) 

3341 (868) 

1.0175 0.9727 

0.9816 

1.863 (W) 

2.199 (Ar) 

s5HIH+(O)-W(OH)-Ar() 75.8 79.8 109.2 3495 (116) 3561 (215) 

2043 (3128) 

1.0048 0.9696 

1.0654 

1.403 (W) 

3.855 (Ar) 

s5HIH+(O)-W(OH)-Ar(NH) 80.0 79.7 105.0 3493 (181) 3559 (198) 

2183 (3407) 

1.0050 0.9698 

1.0540 

1.428 (W) 

2.703 (Ar) 

s5HIH+(O)-W(OH)-Ar(OH) 74.2 72.9 110.7 3496 (112) 3458 (637) 

2265 (3285) 

1.0048 0.9746 

1.0477 

1.444 (W) 

2.304 (Ar) 

s5HIH+(O)-W(OH)-Ar(W1) 78.0 76.5 107.0 3495 (117) 3567 (221) 

3561 (233) 

2044 (3770) 

1.0048 

 

0.9695 

1.0646 

1.402 (W) 

2.458 (Ar) 

s5HIH+(O)-W(OH)-Ar(W2) 75.6 79.0 109.4 3494 (116) 3561 (214) 

2044 (3123) 

1.0049 0.9696 

1.0651 

1.404 (W) 

2.580 (Ar) 

a5HIH+(O)-W(NH)-Ar() 139.5 134.8 46.0 3268 (973) 3558 (270) 

3482 (202) 

1.0158 0.9734 

0.9732 

1.860 (W) 

3.712 (Ar) 

a5HIH+(O)-W(NH)-Ar(W) 141.9 136.3 43.7 3256 (1044) 3559 (266) 

3483 (214) 

1.0185 0.9733 

0.9733 

1.851 (W) 

2.607 (Ar) 

a5HIH+(O)-W(NH)-Ar(OH) 131.5 129.4 54.1 3273 (1011) 3483 (278) 

3342 (825) 

1.0175 0.9725 

0.9815 

1.863 (W) 

2.198 (Ar) 

a5HIH+(O)-W(OH)-Ar() 79.9 79.2 105.7 3493 (117) 3561 (190) 

2177 (3381) 

1.0049 0.9697 

1.0544 

1.427 (W) 

3.650 (Ar) 

a5HIH+(O)-W(OH)-Ar(NH) 80.3 79.9 105.3 3494 (186) 3563 (199) 

2181 (3340) 

1.0050 0.9696 

1.0541 

1.427 (W) 

2.707 (Ar) 

a5HIH+(O)-W(OH)-Ar(OH) 74.7 74.8 110.9 3495 (110) 3463 (605) 

2261 (3234) 

1.0048 0.9744 

1.0480 

1.443 (W) 

2.311 (Ar) 

a5HIH+(O)-W(OH)-Ar(W1) 78.4 78.0 107.2 3494 (118) 3569 (213) 

3564 (256) 

2044 (3712) 

1.0049 0.9693 

1.0647 

1.401 (W) 

2.465 (Ar) 

a5HIH+(O)-W(OH)-Ar(W2) 75.9 79.4 109.7 3495 (118) 3566 (221) 

2041 (3059) 

1.0049 0.9694 

1.0658 

1.402 (W) 

2.560 (Ar) 

s5HIH+(C3)-W(NH)-N2() 1.2 0.5 69.9 3021 (1359) 3633 (161) 1.0355 0.9640 1.734 (W) 

3.308 (N2) 

s5HIH+(C3)-(NH)-N2(W) 1.0 1.4 70.1 2946 (1654) 3632 (162) 1.0402 0.9640 1.698 (W) 

2.114 (N2) 
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s5HIH+(C3)-W(NH)-N2(OH) 0 0 71.0 3018 (1385) 3569 (662) 1.0357 0.9670 1.733 (W) 

2.125 (N2) 

s5HIH+(C3)-W(OH)-N2() 11.9 13.9 59.1 3402 (116) 3256 (1682) 1.0132 0.9834 1.741 (W) 

3.299 (N2) 

s5HIH+(C3)-W(OH)-N2(NH) 7.6 10.4 63.5 3320 (539) 3263 (1680) 1.0178 0.9830 1.744 (W) 

 2.131 (N2) 

s5HIH+(C3)-W(OH)-N2(W) 13.7 15.0 57.4 3399 (118) 3195 (2004) 1.0135 0.9866 1.712 (W) 

2.146 (N2) 

a5HIH+(C3)-W(NH)-N2() 2.7 2.5 70.2 3018 (1377) 3634 (137) 1.0357 0.9639 1.732 (W) 

3.307 (N2) 

a5HIH+(C3)-(NH)-N2(W) 2.5 2.8 70.4 2941 (1673) 3634 (139) 1.0405 0.9639 1.696 (W) 

2.113 (N2) 

a5HIH+(C3)-W(NH)-N2(OH) 1.4 1.0 71.4 3014 (1433) 3574 (584) 1.0360 0.9667 1.731 (W) 

2.127 (N2) 

a5HIH+(C3)-W(OH)-N2  13.9 16.4 58.9 3401 (114) 3268 (1432) 1.0133 0.9827 1.748 (W) 

3.297 (N2) 

a5HIH+(C3)-W(OH)-N2(NH) 9.1 12.0 63.7 3317 (489) 3271 (1538) 1.0180 0.9825 1.750 (W) 

 2.127 (N2) 

a5HIH+(C3)-W(OH)-N2(W) 15.4 17.1 57.5 3398 (119) 3206 (1728) 1.0136 0.9860 1.718 (W) 

2.144 (N2) 

s5HIH+(C4)-(NH)-N2(W) 18.8 17.0 57.4 3149 (1380) 3588 (203) 1.0254 0.9674 1.787 (W) 

2.151 (N2) 

s5HIH+(C4)-W(NH)-N2(OH) 13.1 13.5 63.0 3197 (1185) 3480 (972) 1.0226 0.9726 1.816 (W) 

2.042 (N2) 

s5HIH+(C4)-W(OH)-N2(NH) 3.9 5.0 72.2 3429 (485) 3050 (2276) 1.0091 0.9957 1.663 (W) 

2.220 (N2) 

s5HIH+(C4)-W(OH)-N2(W) 4.7 6.6 71.4 3479 (137) 2944 (2771) 1.0064 1.0017 1.626 (W) 

2.105 (N2) 

a5HIH+(C4)-(NH)-N2(W) 24.6 23.0 57.5 3147 (1389) 3603 (201) 1.0256 0.9663 1.786 (W) 

2.150 (N2) 

a5HIH+(C4)-W(NH)-N2(OH) 18.6 19.6 63.5 3199 (1200) 3494 (893) 1.0225 0.9715 1.819 (W) 

2.039 (N2) 

a5HIH+(C4)-W(OH)-N2(NH) 8.7 7.9 73.4 3427 (492) 3062 (2179) 1.0093 0.9946 1.664 (W) 

 2.218 (N2) 

a5HIH+(C4)-W(OH)-N2(W) 9.4 10.1 72.7 3478 (142) 2958 (2560) 1.0065 1.0004 1.628 (W) 

2.100 (N2) 

s5HIH+(O)-W(NH)-N2(W) 141.7 139.0 46.5 3234 (1136) 3554 (260) 

3481 (220) 

1.0197 0.9735 

0.9735 

1.835 (W) 

2.185 (N2) 

s5HIH+(O)-W(NH)-N2(OH) 120.3 122.5 67.9 3277 (928) 3539 (242) 

3452 (1515) 

1.0173 0.9717 

0.9922 

1.867 (W) 

1.796 (N2) 

s5HIH+(O)-W(OH)-N2(NH) 80.7 80.1 107.5 3177 (381) 3560 (198) 

2189 (3406) 

1.0066 0.9698 

1.0536 

1.429 (W) 

2.280 (N2) 

s5HIH+(O)-W(OH)-N2(OH) 66.9 70.9 121.3 3495 (113) 3314 (1135) 

2368 (2833) 

1.0048 0.9823 

1.0400 

1.465 (W) 

1.874 (N2) 

s5HIH+(O)-W(OH)-N2(W1) 73.2 76.2 114.9 3495 (106) 3557 (182) 

1866 (3798) 

1.0048 0.9691 

1.0810 

1.366 (W) 

1.991 (N2) 

s5HIH+(O)-W(OH)-N2(W2) 70.1 79.5 118.0 3494 (109) 3568 (179) 

1815 (2249) 

1.0049 0.9692 

1.0904 

1.353 (W) 

 2.039 (N2) 

a5HIH+(O)-W(NH)-N2(W) 141.8 138.0 47.0 3236 (1131) 3559 (265) 

3484 (214) 

1.0196 0.9733 

0.9732 

(W) 

 (N2) 

a5HIH+(O)-W(NH)-N2(OH) 120.5 122.7 67.7 3275 (927) 

 

3544 (244) 

3151 (1500) 

1.0174 0.9715 

0.9922 

1.864 (W) 

1.795 (N2) 

a5HIH+(O)-W(OH)-N2(NH) 80.8 79.4 107.4 3462 (386) 3562 (199) 

2187 (3335) 

1.0067 0.9696 

1.0537 

1.428 (W) 

2.277 (N2) 
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a5HIH+(O)-W(OH)-N2(OH) 67.1 71.2 121.1 3495 (114) 3315 (1103) 

2365 (2520) 

1.0048 0.9822 

1.0401 

1.463 (W) 

1.873 (N2) 

a5HIH+(O)-W(OH)-N2(W1) 73.5 75.7 114.7 3495 (111) 3570 (181) 

1861 (3715) 

1.0048 0.9689 

1.0814 

1.365 (W) 

1.990 (N2) 

a5HIH+(O)-W(OH)-N2(W2) 70.3 79.5 117.9 3495 (124) 3571 (177) 

1818 (2297) 

1.0049 0.9690 

1.0901 

1.353 (W) 

2.035 (N2) 
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Table S2. Positions (in cm-1) and widths (FWHM, in parentheses) of the bands observed in the IRPD 

spectra of 5HIH+-W-Ar/N2 (Figure S7) compared to scaled harmonic frequencies (in cm-1) and IR 

intensities (km/mol, in parentheses) of the assigned s5HIH+-W-Ar/N2 isomers calculated at the B3LYP-

D3/aug-cc-pVTZ level.  

 

cluster Exp vibration calc  isomer 

5HIH+-W-Ar A 3713 (10) 3 

3 

3 

3 

3 

3700 (209) 

3700 (185)  

3688 (210) 

3668 (272) 

3668 (266) 

s5HIH+(C3)-W(NH)-Ar(W) 

s5HIH+(C4)-W(NH)-Ar(W) 

s5HIH+(C4)-W(OH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(  

 B 3636 (15) 1 

1 


f
OH 

1 

1 

1 

3615 (96) 

3602 (124) 

3633 (163) 

3613 (120) 

3579 (58) 

3580 (63) 

s5HIH+(C4)-W(NH)-Ar(W) 

s5HIH+(C4)-W(OH)-Ar(W) 

s5HIH+(C3)-W(NH)-Ar(W) 

s5HIH+(C3)-W(NH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(  

 C 3595  
f
OH 


f
OH 


f
OH 

3588 (219) 

3567 (221) 

3561 (215) 

s5HIH+(C4)-W(NH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(  

 D 3467  
f
NH 


f
NH 


f
NH 

3479 (138) 

3495 (117) 

3495 (116) 

s5HIH+(C4)-W(OH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(W) 

s5HIH+(O)-W(OH)-Ar(  

 E 3120 (50) 
b
NH 3174 (1280) s5HIH+(C4)-W(NH)-Ar(W) 

 F 3015 (>50) 
b
NH 


b
OH 

2984 (1518) 

2999 (2544) 

s5HIH+(C3)-W(NH)-Ar(W) 

s5HIH+(C4)-W(OH)-Ar(W) 

5HIH+-W-N2 A 3712 (13) 3 

3 

3 

3 

3 

3689 (191) 

3698 (132) 

3709 (116) 

3690 (183) 

3690 (167) 

s5HIH+(C3)-W(NH)-N2(W) 

s5HIH+(C4)-W(OH)-N2(NH) 

s5HIH+(C4)-W(NH)-N2(OH) 

s5HIH+(C4)-W(NH)-N2(W) 

s5HIH+(O)-W(OH)-N2(OH) 

 B 3636 (20) 
f
OH 

1 

1 


f
OH 

1 

1 

3632 (162) 

3613 (51) 

3622 (39) 

3584 (260) 

3588 (203) 

3605 (65) 

s5HIH+(C3)-W(NH)-N2(W) 

s5HIH+(C4)-W(OH)-N2(NH) 

s5HIH+(C4)-W(NH)-N2(OH) 

s5HIH+(C4)-W(NH)-N2(W) 

s5HIH+(C4)-W(NH)-N2(W) 

s5HIH+(O)-W(OH)-N2(OH) 

 X 3506 (5)     

 D 34606 (10) 
f
NH 3495 (113) s5HIH+(O)-W(OH)-N2(OH) 

 H 3380 (>50) 
b
OH 


b
NH 


b
OH 

3314 (1135) 

3429 (485) 

3480 (972) 

s5HIH+(O)-W(OH)-N2(OH) 

s5HIH+(C4)-W(OH)-N2(NH) 

s5HIH+(C4)-W(NH)-N2(OH) 

 E1 3200 (>50) 
b
NH 3197 (1185) s5HIH+(C4)-W(NH)-N2(OH) 

 E2 3140 (>50) 
b
NH 3149 (1380) s5HIH+(C4)-W(NH)-N2(W) 

 F 3015 (>50) 
b
NH 


b
OH 

2946 (1654) 

3050 (2276) 

s5HIH+(C3)-W(NH)-N2(W) 

s5HIH+(C4)-W(OH)-N2(NH) 
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Figure S1. Most stable structures and relative energies (E0) in kJ/mol of trans-AI, within E0 ≤ 10 

kJ/mol, calculated at the B3LYP-D3/aug-cc-pVTZ level. The equatorial/axial character of OH and NH2 

groups is specified by eq/ax in each case.  

 

 

Figure S2. Most stable structures and relative energies (E0) in kJ/mol of trans-H+AI, within E0 ≤ 15 

kJ/mol, calculated at the B3LYP-D3/aug-cc-pVTZ level. The equatorial/axial character of OH and NH2 

groups is specified by eq/ax in each case.  
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Figure S3. IRPD spectra of cis- and trans-AIH+-Ar compared to vibrational IR spectra of the cis- and 

trans- AIH+AI isomers calculated at the B3LYP-D3/aug-cc-pVTZ level.  

 

 

Figure S4. IRMPD spectra of cis- and trans AIH+ compared to vibrational IR spectra calculated at the 

B3LYP-D3/aug-cc-pVTZ level.  
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Figure S5. Geometries, relative energies (E0) and Ar binding energies (BE) in kJ/mol of cis- and trans- 

AIH+-Ar complexes calculated at the B3LYP-D3/aug-cc-pVTZ level. 

cis-H+AII     

 

 
  

 
 

E0 / kJ/mol 0 1.44 3.96 4.12 4.58 
BE / kJ/mol 11.20 9.76 7.24 7.08 6.62 
Ar position Ar@NHI Ar@NHII Ar@NHIII Ar@OH  

      

cis-H+AIII     

 

   
 

 
E0 / kJ/mol 7.24 6.74 6.32 8.77 8.52 
BE / kJ/mol 8.53 9.03 9.45 7.01 7.26 
Ar position Ar@NHI Ar@NHII Ar@NHIII Ar@OH  

      
      

trans-H+AII     

 

 
  

 
 

E0 / kJ/mol 0 0.12 1.91 4.24 3.68 
BE / kJ/mol 10.89 10.77 8.97 6.65 7.20 
Ar position Ar@NHI Ar@NHII Ar@NHIII Ar@OH  

      

trans-H+AIII     

 

 
    

E0 / kJ/mol 4.47 4.82 6.14 8.37 8.40 
BE / kJ/mol 11.20 10.68 9.35 7.13 7.37 
Ar position Ar@NHI Ar@NHII Ar@NHIII Ar@OH  
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Figure S6. Relaxed scan of the potential energy surface and transition state identification between 

cis- AIH+
II and cis- AIH+

III (cycle inversion) calculated at the B3LYP-D3/aug-cc-pVTZ level. The structures 

shown on the graph are all optimised at the same level of theory.  
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Phys. Chem. Chem. Phys., 2018, 20, 12430-12443 

DOI: 10.1039/c8cp00787j 
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Figure S1. UV photodissociation (UVPD) mass spectra of c-AIH+ and t-AIH+ monomers, with the laser 

set at the most intense UV transition. The signal observed at m/z ≈ 136 comes from CID occurring 

after the ion trap. This signal is thus not recorded at the right time in the TOF and should be ignored 

for the analysis.  

 

RS-cis-AIH+ RR-trans-AIH+ 

  
 

Figure S2. Relaxed potential energy surface scan and transition state identification between tAIH+
I 

and t-AIH+
II (OH rotation) calculated at the B3LYP-D3/6-31G++(d,p) level. The structures shown on 

the graph are all optimized at the same level of theory.  
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Figure S3. IR absorption spectra of the four most stable conformers of c-AI2H
+ predicted at the 

B3LYP-D3/6-31G++(d,p) level  

 

 

Figure S4. IR absorption spectra of the five most stable conformers of t-AI2H
+ predicted at the B3LYP-

D3/6-31G++(d,p) level.  
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Figure S5. IR multiple photon (IRMPD) spectra of c-AI2H
+ (top left) and t-AI2H

+ (top right) in the 

fingerprint range (900-1800 cm-1) compared to the IR absorption spectra of the most stable 

corresponding conformers calculated at the B3LYP-D3/6-31G++(d,p) level. The IRMPD spectra are 

recorded in a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped with 

an electrospray ion source and coupled to the IR beamline of a tunable free electron laser (FEL) at 

the CLIO (Centre Laser Infrarouge d’Orsay) facility in Orsay. The fragmentation channel observed 

upon IRMPD of c-AI2H
+ and t-AI2H

+ (m/z 299) is m/z 150, corresponding to loss of the neutral 

monomer. 
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Figure S6. IR photodissociation (IRPD) spectra of c-AI2H
+-Ar (top) and t-AI2H

+-Ar (bottom) in the X-H 

stretching range (X=O, N, C, 3050-2750 cm-1). These spectra are recorded using the messenger 

technique by single photon IRPD spectroscopy of mass-selected c-/t-AI2H
+-Ar cluster ions in a tandem 

quadrupole mass spectrometer at TU Berlin, which is coupled to an electron impact ionization 

source. The only fragmentation channel observed upon IRPD of c-/t-AI2H
+-Ar (m/z 339) is m/z 299, 

corresponding to loss of the Ar ligand.  
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Figure S1. Ion yield spectra of mass-selected GluH+ recorded in the parent and three fragmentation 

channels (m/z 148, 130, 102, 84), IR laser power, fragmentation yield R, and fragmentation yield 

normalized for photon flux as a function of the IR-FEL frequency. 

 

 

 

Figure S2. Structure of the six most stable N-protonated L-GluH+ conformers calculated at the B3LYP-

D3/aug-cc-pVTZ level, along with their relative energies (E0 and G) given in kJ/mol 

. 
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Figure S3. Comparison of the IRMPD spectrum of bare GluH+ recorded at room temperature in the 

fingerprint range (fragmentation yield R) using the IR-FEL CLIO with linear IR absorption spectra of 

the six most stable GluH+ conformers calculated at the B3LYP-D3/aug-cc-pVTZ level (Figure S2). 
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Figure S4. Comparison of the IRMPD spectra of H+Glu plotted as fragmentation yield R recorded 

using the IR-FEL CLIO (black) and FELIX (red) and as fragmentation ratio Y recorded with FELIX 

(grey).118 

 

These two spectra show the same positions for the main peaks to within 5 cm-1, which is consistent 

with the step size used in our experiment (4 cm-1). However, one can notice significant differences in 

the band shapes, and additional minor transitions are detected in the FELIX spectrum (grey trace). 

Apparently, the resolution is higher for the CLIO spectrum than for the FELIX spectrum, with a FWHM 

of ≈30 cm-1 compared to ≈50 cm-1 (band K), respectively. In the lower frequency range, the FELIX 

spectrum exhibits transitions at 995, 1000, and 1250 cm-1, which are not observed in the CLIO 

spectrum. Although the macropulse repetition rate is larger at CLIO (25 Hz) than at FELIX (10 Hz), the 

temporal micropulse structures of the two FELs are similar and thus cannot be the reason for the 

observed differences. Hence, the differences are thought to mainly result from the two following 

effects. First, the CLIO spectrum is obtained as the fragmentation yield R derived from the Beer-

Lambert law, whereas the FELIX spectrum corresponds to the fragmentation ratio Y=Σ IF/(IP + ΣIF). Y 

corresponds to the first (linear) term of the Taylor series of R (Figure S5). Thus, modes with low IR 

cross sections appear weaker in the CLIO spectrum, and all peaks become somewhat sharper. 

Additionally, the relative intensities of significantly separated transitions are quite different in the 

two types of spectra. To allow for such a comparison, the fragmentation efficiency (R) is calculated 

from the raw data of the FELIX experiment and also plotted (red trace). The comparison of the yield R 

of the CLIO and FELIX spectra reveals consistent intensity ratios. However, the resolution in the FELIX 

spectrum remains lower and the additional weak peaks below 1350 cm-1 are not observed in the 

CLIO spectrum. Second, the observation of IRMPD signal requires the ion internal energy to be larger 

than the dissociation threshold. The increase of internal energy results in broadening of the IRMPD 

bands and an enhancement of weak bands. This enhancement may also be artificial (when compared 

to a linear IR absorption spectrum), when it results from overlap of nearby absorption bands, i.e. a 

red shift and intensity enhancement of the higher frequency band due to anharmonicity. At a given 

ion trap temperature, the internal energy deposited in the molecule depends on the laser fluence 

and the macropulse length, which both heat the molecule. Since the macropulse length is roughly 

the same in the CLIO and FELIX experiments (5-10 µs), higher laser fluence at FELIX may be a reason 

to explain the broader spectrum and the observation of the weak additional bands at 995, 1000, and 

1250 cm-1. Indeed, for the FELIX spectrum, the laser power was three times larger in the 625-1250 

cm-1 range (where the three peaks are located) than above 1250 cm-1. Another reason for sharper 

bands in CLIO spectra may be more complete thermalization of the ions before their irradiation in 

the Paul trap used at CLIO than in the Penning trap employed at FELIX. In summary, compared to the 

FELIX spectrum, the CLIO spectrum appears with somewhat higher spectral resolution but with a 

higher threshold for IRMPD bands to be detected, which provides complementary information.    
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Figure S5. Plot of the fragmentation yield (R) and fragmentation ratio (Y).  

 

 

Figure S6. Structure of most stable GluH+-H2 conformers calculated at the B3LYP-D3/aug-cc-pVTZ 

level, along with their binding energies D0 given in cm-1.  
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Figure S7. Experimental IRPD spectrum of GluH+-H2 recorded in the cryogenic ion trap held at 10 K in 

the 2400-4200 cm-1 range compared to linear IR absorption stick spectra of 1-cc, 2-cc, and the four 

most stable bare GluH+-H2 conformers 1-cc-NHf/OHα and 2-cc-NHf/OHα calculated at the B3LYP-

D3/aug-cc-pVTZ level. 
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Experimental and Computational Methods 
 

IRPD spectroscopy 

IRPD spectra of LL-/LD-Glu2H
+-H2 are recorded in the XH stretch (XH, X=O, N) and fingerprint ranges 

(2600-3600 and 1100-1900 cm-1, respectively) employing a cryogenic quadrupole ion trap (QIT) 

tandem mass spectrometer.126 LL-/LD-Glu2H
+ ions are generated in a continuous electrospray 

ionization (ESI) source using 10-4 M of L-/D-Glu dissolved in methanol, water, and formic acid 

(100:10:1). Naturally, L- and D-Glu have equal physical properties such as molecular weight. To 

distinguish LL- and LD-Glu2H
+ by means of mass spectrometry, L-Glu-2,3,3,4,4-d5 (L-d5-L-Glu2H

+) with 

five deuterium atoms substituted at its alkyl chain is used. The effect of deuteration on the IR 

frequencies of L-GluH+ and LL-Glu2H
+ is monitored by IRPD spectroscopy of all possible isotopologues 

(L-GluH+ m/z 148, L-d5-GluH+ m/z 153, LL-Glu2H
+ m/z 295, L-d5-L-Glu2H

+ m/z 200, L-d5-L-d5-Glu2H
+ m/z 

205, L-d5-D-Glu2H
+ m/z 200). Furthermore, 15N-isotope labeling is employed to disentangle the XH 

stretches by the same approach of isotopologue-selective IRPD spectroscopy. Natural L- and D-Glu 

(Sigma Aldrich, 99% purity), deuterated L-Glu-2,3,3,4,4-d5 (Sigma Aldrich, 97% purity), and 15N-

labeled L-Glu-15N (Sigma Aldrich, 98% purity) are used without further purification. The ESI-generated 

ions pass through a glass capillary heated to 60°C before entering vacuum. Behind a skimmer, LL-/LD-

Glu2H
+ are size-selected by a first quadrupole mass spectrometer, deflected by a quadrupole bender, 

and guided through an octopole to a gold-coated copper QIT mounted onto the cold head of a 

closed-cycle cryostat. The QIT held at 10 K is filled with He/H2 (80:20) buffer gas through a pulsed 

nozzle (pulse duration ca. 120 s) to form cold LL-/LD-Glu2H
+-H2 in the QIT. Recent analysis of the 

internal temperature of protonated tyrosine results in Tint≈13 K.
126 In the XH stretch range, IRPD 

spectra are recorded using the idler of a pulsed tuneable IR optical parametric oscillator (IR-OPO, 

Laservision, bandwidth 1.7 cm-1) pumped by a nanosecond injection seeded Nd:YAG laser operated 

at 10 Hz (Continuum Surelite II). To produce IR-radiation in the fingerprint range, signal and idler 

outputs of the OPO are difference-frequency-mixed in an AgGaSe2 crystal. Resonant vibrational 

excitation followed by fast internal vibrational energy redistribution induces dissociation of LL-/LD-

Glu2H
+-H2. Predominantly, loss of the weakly bound H2 tag is observed. T281he maximum internal 

energy stored in the clusters is limited by the dissociation energy of the weakest bound cluster unit 

(H2). Therefore, tagging ensures single-photon dissociation of internally cold clusters. The fragment 

ions are ejected into a time-of-flight mass spectrometer and detected by a dynode converter 

detector. The fragment ion current is recorded as a function of the IR laser frequency to generate 

IRPD spectra. The ion source is triggered at twice the laser frequency (20 Hz) to measure the 

background signal induced by metastable decay. Fragmentation signal of alternating triggers is 

subtracted. The measured spectra are plotted as fragmentation yield R=If/(Ip + If), where Ip and If refer 

to the abundances of parent and fragment ions, respectively. All spectra are normalized by IR laser 

intensity fluctuations. In the XH stretch range the IR-OPO provides 0.7-10 mJ/pulse, in the fingerprint 

range 0.5-1.3 mJ/pulse.  

IR-IR hole burning spectroscopy  

To record conformer-selective IR-IR hole burning spectra of LL-/LD-Glu2H
+-H2 in the XH stretch range, 

a typical pump-probe spectroscopy scheme is applied. After a delay of 3 ms, the radiation of the 

probe laser (IR-OPO, Laservision, bandwidth >5 cm-1) pumped by a nanosecond Nd:YAG laser 

(Continuum Surelite II) is introduced into the QIT. The probe laser is set at a conformer-specific 
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transition in the IRPD spectrum, thus generating a constant fragmentation signal of this cluster 

conformer. The pump laser is the same IR-OPO as used for IRPD spectroscopy. Resonant excitation of 

any of the conformers present in the trap by the pump laser leads to fragmentation of the 

corresponding cluster (loss of H2 ligands). All fragments induced by the pump laser are removed from 

the trap by a so-called “tickle” RF pulse applied to the QIT before the probe laser is introduced. When 

the pump laser hits a transition of the conformer currently probed, the constant fragmentation signal 

produced by the probe laser is depleted (burnt). Thus, by scanning the pump laser, a conformer-

specific IR-dip spectrum is recorded. The measured IR-dip spectra are corrected for laser-off 

background signal, but are not normalized for laser intensity due to saturation effects. Four to five IR-

dip spectra are averaged to achieve satisfactory signal-to-noise ratio. 

IRMPD spectroscopy  

In the fingerprint range (1000-2000 cm-1), also Infrared Multiple Photon Dissociation (IRMPD) spectra 

of LL-/LD-Glu2H
+ are recorded at room temperature in a FT-ICR mass spectrometer coupled to the 

Infrared Free Electron Laser (IR-FEL) at the Centre de Laser Infrarouge d´Orsay (CLIO), France.114,116 

LL-/LD-Glu2H
+ are generated by ESI, mass selected and confined in the FT-ICR cell. Here they are 

irradiated by 8 s fixed-wavelength macropulses of the IR-FEL beam focused into the center of the 

trap. Resonant absorption of multiple IR photons leads to fragmentation into GluH+. IRMPD spectra 

are obtained by scanning the IR-FEL (step size 3 cm-1) and recording the fragmentation efficiency R as 

a function of the IR frequency, R=ln(Ip/(Ip + If)), with Ip (LL-/LD-Glu2H
+) and If (L-/D-GluH+) being parent 

and fragment ion currents, respectively. Measured spectra are normalized for IR-FEL flux, IR ~ 

PIR/IR, because the power of the FEL operating at 44.5 MeV electron energy and 25 Hz increases 

from 400 mW (2000 cm-1) to 1600 mW (1000 cm-1) as the frequency changes.  

Computational methods  

Presampling of the potential-energy surface (PES) of LL-/LD-Glu2H
+ is accomplished by basin hopping 

employing the MM3Pro force field as implemented in the TINKER molecular modeling 

software.276,317–319 To this end, six different input structures are generated, which differ in (i) relative 

chirality (LL/LD), and (ii) protonation state (GluH+ protonated at the amino group (-COOH, -COOH, 

NH3
+) and either canonical Glu (-COOH, -COOH, NH2) or zwitterionic Glu ((a) -COO-, -COOH, NH3

+ 

or (b) -COOH, -COO-, NH3
+)). Initial low energy conformers are found by chemical intuition and 

relaxation at the PBE0+vdWTS/light level. More than 500000 structures are found by the force-field 

approach. The 1200 lowest-energy conformers are subjected to geometry relaxation using density-

functional theory (DFT) at the dispersion-corrected PBE+vdWTS/light level.261,266 Thus, after clustering 

(a computational method to sort objects on the basis of a similarity criterion), 625 (309 LL and 316 

LD) conformers are found within E≈160 kJ/mol. All DFT calculations are performed with FHI-aims, 

which employs numeric atom-centered basis functions for the Kohn-Sham orbitals.261 For the 

elements contained in Glu (H, C, N, O), light settings include the so-called tier1 basis sets261 and are 

used for initial relaxation. Corresponding tight settings include the larger tier2 basis sets and ensure 

that energy differences are converged to a few meV. 

In a second step, the PES of LL-/LD-Glu2H
+ is scanned in more detail by replica exchange 

molecular dynamics (REMD) simulations.268,277,320 Multiple independent molecular dynamics (MD) 

trajectories of non-interacting copies (replicas) of the system are simultaneously generated at 

different temperatures. At fixed time intervals (0.04 ps), neighboring pairs of replicas are eventually 

swapped based on a Metropolis criterion. Thus, individual replicas traverse a wide temperature 
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range to overcome barriers, which ensures efficient sampling of the PES. After each swap, the MD 

velocities are scaled to fit the canonical ensemble.277 A script-based REMD scheme implemented in 

FHI-aims is used. All DFT calculations within the REMD run are performed at the PBE/light level. 

REMD simulations are run separately for LL- and LD-Glu2H
+. Therefore, the respective 12 most stable 

conformers found by presampling are sorted into individual replicas at 12 temperatures (T=300.00, 

328.53, 360.41, 395.73, 435.02, 478.72, 527.30, 581.31, 641.34, 707.97, 782.16, 864.59 K). These 

temperatures are chosen such that swap acceptance rates are reliable and LL- and LD-Glu2H
+ are not 

destroyed during REMD. Every REMD interval of 0.04 ps contains 40 MD steps of 0.001 ps. For both 

LL- and LD-Glu2H
+, two REMD simulations are performed consecutively with a total duration of 158 ps 

(LL) and 139 ps (LD). Structures are extracted from the MD trajectories every 0.04 ps just before the 

next attempt to swap replicas. To reduce the number of structures for further treatment, the 

resulting conformers are clustered (sorted into structural families, called clusters) using the gromos 

algorithm (cutoff 0.05 nm) as implemented in the GROMACS program.321,322 A sequential clustering 

scheme is employed. First, all cluster centres of an initial clustering step are relaxed at the 

PBE+vdWTS/light level. Second, the relaxed geometries are again clustered. The cluster centres are 

subjected to geometry optimization at the PBE+vdWTS/tight level. Thus, more than 500 relaxed 

structures are generated within E=42 (LL) to 250 kJ/mol (LD.)  

 Harmonic vibrational analysis of the most stable conformers of LL- and LD-Glu2H
+ is 

accomplished at the many-body dispersion (MBD) corrected hybrid DFT level PBE0+MBD/tight.323 

Harmonic frequencies are used to calculate zero-point corrected energies (E0) and Helmholtz free 

energies at 15 K (F15) and 300 K (F300).
281 Calculated linear IR absorption spectra are linearly scaled by 

factors of 0.93 (2600-3600 cm-1) to roughly adjust the experimental free OH stretching vibration 

(band A), and 0.955 (1100-1900 cm-1) adjust the CO stretching vibrations (bands K1-K4). 

Some noncovalent interaction types and their strengths are determined using the 

noncovalent interaction (NCI) approach. To this end, the reduced gradient of the electron density 

(s()~|grad()|/4/3) is evaluated as a function of the electron density  oriented by the sign of the 

second eigenvalue 2 of the Hessian, *=.sign(2). The * values provide a measure of the 

strengths of the noncovalent interactions (H-bonds, electrostatic, inductive, and dispersive 

interactions). By use of a BGR color code covering the range -1.25<*<1.25 a.u., a representation of 

the isosurfaces with an isosurface value of 0.5 a.u. is derived. Blue and red surfaces correspond to 

attractive (negative 2) and repulsive (positive 2) interactions, respectively. Green surfaces correlate 

with * values close to zero, indicating weak interactions (mostly dispersion).   
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Figure S1. Additional stable structures of LD-Glu2H
+ with intra- (red) and intermolecular (black) H-

bonds (R, Å). Relative energies (E0, kJ/mol) and binding energies (D0, kJ/mol) calculated at the 

PBE0+MBD/tight level are also given 

 

 

Figure S2. Additional stable structures of LL-Glu2H
+ with intra- (red) and intermolecular (black) H-

bonds (R, Å). Relative energies (E0, kJ/mol) and binding energies (D0, kJ/mol) calculated at the 

PBE0+MBD/tight level are also given. 
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Figure S3. Low-frequency normal modes of selected conformers (cm-1) calculated at the 

PBE0+MBD/tight level. Spectra highlighted in green belong to LD6 and LD11 that benefit most by 

entropy, those highlighted in red spectra belong to LD1 and LL1 that are disfavoured by temperature 

effects 

 

Figure S4. Noncovalent interaction in LD1 and LL1 visualized via the reduced gradient 

s()~|grad()|/4/3 as a function of the oriented electron density *=.sign(2) using the NCI Plot 

Software. BGR color coding (-1.25<*<1.25 a.u.) is used for the isosurfaces (isosurface value of 0.5 

a.u.), blue: attractive interactions (negative 2), red: repulsive interactions (positive 2), green: weak 

interactions (2~0).  
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Figure S5. IRPD spectra of cryogenic LL-/LD-Glu2H
+-H2 in the XH stretch range. From top to bottom: 

LL-Glu2H
+ (m/z 297, both 15N-labelled), LL-Glu2H

+ (m/z 296, one 15N-labeled), LL-Glu2H
+ (m/z 295, 

unlabelled), LD-Glu2H
+ (m/z 295, unlabelled), LD-Glu2H

+ (m/z 296, one 15N-labeled). For comparison, 

the IRPD spectrum of L-GluH+ is also shown.113 By analogy, the transitions of LL-/LD-Glu2H
+ can be 

assigned to bound stretches of the NH3
+ group (b

NH3), free stretches of NH3
+ (f

NH3) and free OH 

stretches (f
OH) as illustrated by their colour. 15N-labeling induces a typical red shift of 8 cm-1 of its NH 

stretching modes (NH), which helps to distinguish them from OH stretches (OH). Bands J-D of LL-

Glu2H
+ are red-shifted by 8 cm-1 upon 15N-labelling supporting this assignment. Only transition Y may 

be attributed to an OH mode. Band B is assigned to b
OH because it is insensitive to 15N-labelling. In 

case of LD-Glu2H
+, bands J-C are assigned to b

NH3 and 
f
NH3, and transitions A and B are assigned to 


f
OH and b

OH, respectively. Bands E-C are characteristic signatures of heterochiral LD-Glu2H
+ 

compared to homochiral LL-Glu2H
+. 15N-labelling only changes their intensities and may indicate a 

shift of “half of the peaks” related to “half of the molecule” as only L-Glu is labelled.  
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Figure S6. IR-dip spectra of LL-/LD-Glu2H
+-H2; arrows indicate the bands probed, dashed lines indicate 

that all bands in the IRPD spectra are covered by IR-IR hole burning. Overlapping bands in the IR-dip 

spectra of LD-Glu2H
+ appear at ≈3445, 3405, and 3290 cm-1. 
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Figure S7. IRPD spectra and IR-IR hole burning spectra of LL-/LD-Glu2H
+-H2 recorded in the full 

measured XH stretch range and calculated IR absorption spectra of the assigned conformers (stick 

spectra and convolution with Lorentzian profile, FWHM 8 cm-1). Left: Four dominant conformers of 

LD-Glu2H
+ probed at 3445, 3486, 3367, and 3405 cm-1. Right: Three dominant conformers of LL-

Glu2H
+ probed at 3368, 3397, and 3487 cm-1 as indicated by arrows in the IRPD spectrum. 
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Figure S8. IR-dip spectra of cryogenic LL-/LD-Glu2H
+-H2 compared to the scaled (0.93) linear IR 

absorption spectra of additional most stable conformers calculated at the PBE0+MBD/tight level 

(stick spectra and convolution with Lorentzian profile, FWHM 10 cm-1). Left: LD-Glu2H
+ probed at 

3367, 3405, 3486, and 3445 cm-1. Right: LD-Glu2H
+ probed at 3368, 3397, and 3487 cm-1 (see also 

Figure S7). 
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Figure S9. IRPD and IR-IR hole burning spectra of LL-/LD-Glu2H
+-H2 in the XH stretch range compared 

to IR absorption spectra of the assigned conformers (stick spectra and convolution with Lorentzian 

profile, FWHM 8 cm-1) as calculated by Gaussian09 and FHI-aims. Black traces: PBE0+MBD/tight (FHI-

aims); blue traces: PBE0/cc-pVTZ (G09); green traces: B3LYP/cc-pVTZ (G09), red traces: 

corresponding H2-tagged conformers. Left: LL-Glu2H
+ probed at 3368, 3397, and 3487 cm-1. Right: LD-

Glu2H
+ probed at 3445, 3486, 3367, and 3405 cm-1 (see also Figure S7).  
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Figure S10. Structures of relevant H2-tagged LL-/LD-Glu2H
+-H2 isomers with H2 binding energies (D0, 

kJ/mol) and lengths of intermolecular H-bonds (R, Å) calculated at the PBE0+MBD/tight level. 

 

  



 
 

229 
 

Figure S11. IR-dip spectrum of cryogenic LD-Glu2H
+-H2 probed at 3486 cm-1 compared to the scaled 

(0.93) linear IR absorption spectra of relevant H2-tagged LD2 isomers calculated at the 

PBE0+MBD/tight level with FHI-aims (black) and at the B3LYP/cc-pVTZ level with Gaussian09 (red, 

scaled by 0.95). 

 

 

Figure S12. IR-dip spectrum of cryogenic LL-Glu2H
+-H2 probed at 3397 cm-1 compared to the scaled 

(0.93) linear IR absorption spectra of relevant H2-tagged LL1 isomers calculated at the 

PBE0+MBD/tight level with FHI-aims (black) and at the B3LYP/cc-pVTZ level with Gaussian09 (red, 

scaled by 0.95). 
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Figure S13. IR-dip spectrum of cryogenic LL-Glu2H
+-H2 probed at 3487 cm-1 compared to the linear IR 

absorption spectra of relevant H2-tagged LL4 isomers calculated at the PBE0+MBD/tight level with 

FHI-aims (black, scaled by 0.93) and at the B3LYP/cc-pVTZ level with Gaussian09 (red, scaled by 0.95). 
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Figure S14. IRPD spectra of cryogenic LL-/LD-Glu2H
+ in the fingerprint range. From top to bottom: LL-

Glu2H
+ (m/z 305, both deuterated), LL-Glu2H

+ (m/z 300, one deuterated), LL-Glu2H
+ (m/z 295, 

unlabeled), LD-Glu2H
+ (m/z 295, unlabelled). The two lowest spectra correspond to L-GluH+ (m/z 153, 

deuterated) and L-GluH+ (m/z 148) to illustrate the effect of deuteration. Dotted lines are IRMPD 

spectra measured with the CLIO-FEL. There is an apparent effect of deuteration of the alkyl chain on 

the skeletal modes of the fingerprint range. Any deuteration effect is however negligible in the XH 

stretch range, because the CH-stretches (CH) are too weak to be observed. Comparison of the IRPD 

spectra of natural (m/z 295), partially deuterated (m/z 300), and fully deuterated (m/z 305) LL-Glu2H
+ 

reveals the effects of deuteration, which are confirmed by comparison to natural (m/z 148) and 

deuterated (m/z 152) L-GluH+ (lowest two spectra). Deuteration influences CH (1450 cm-1): band M 

of fully deuterated LL-Glu2H
+ (m/z 305) is red-shifted and overlaps with band N (≈32 cm-1). All 

modes affected by deuteration are mainly skeletal CH bending modes (CH), overlapping partly with 

NH bending modes (NH, bands N, M) and OH bending modes (OH, band O). Deuteration-induced 

effects must carefully be distinguished from chirality effects, which are most prominent for CO (K1-

K5) and NH (N).  
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Figure S15. IRPD spectra of cryogenic LL- and LD-Glu2H
+-H2 in the fingerprint range (1100-1900 cm-1) 

compared to the scaled (0.955) linear IR absorption spectra of additional most stable conformers 

calculated at the PBE0+MBD/tight level (stick spectra and convolution with Lorentzian profile, FWHM 

10 cm-1). 
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Figure S16. Mass spectra of the sprayed solution containing L-d5-Glu and D-Glu taken at different ESI 

and ion optics conditions. The tables included in the individual plots indicate the observed ratio of L- 

and D-Glu (top left two entries). Expected ratios of DD-/LD- and LL-Glu2H
+ (top right three entries) are 

calculated from these values assuming no preference for a certain diastereomer. We compare the 

expected ratios to the observed ratios of DD-/LD- and LLGlu2H
+ (bottom three entries) and do not 

find any clear indication for any preferred formation of homo- or heterochiral dimers. 
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Figure S17. Collision-induced dissociation (CID) efficiency of LL-/LD-Glu2H
+ as a function of the RF 

amplitude of the QIT (see also Figure 6). 
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Figure S18. Extended energy hierarchy diagram of the most stable LL- and LD-Glu2H
+ (E<20 kJ/mol) 

at the PBE0+MBD/tight level (Table S3). 
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Figure S19. IRPD spectra of cryogenic LL-/LD-Glu2H
+-H2 recorded in the XH stretch range. From top to 

bottom: LD-Glu2H
+ (m/z 300, L-enantiomer is deuterated), LL-Glu2H

+ (m/z 305, both L-enantiomers 

are deuterated), LL-Glu2H
+ (m/z 295, unlabelled), DD-Glu2H

+ (m/z 295, unlabelled). The bottom two 

IRPD spectra of unlabelled LL- and DD-Glu2H
+ are identical, which is not surprising because these LL 

and DD dimers are enantiomers, which have the same physical properties (apart from tiny effects of 

parity violation). Furthermore, the IRPD spectrum of labelled LL-Glu2H
+ (m/z 305) resembles the one 

of unlabelled LL- and DD-Glu2H
+. This emphasizes that (i) deuteration has no impact on the modes in 

the XH stretch range and (ii) the same ensemble of conformers is probed. Hence, we conclude that 

deuteration does not significantly alter the chemistry of the probed dimers or at least not at a scale 

detectable by IR spectroscopy. The spectrum of LD-Glu2H
+ is clearly different. Yet, deuteration has no 

impact on the XH stretching modes (X=O, N) and hence does not distort the IRPD spectrum in this 

range. 
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Table S1. Positions and assignments of major bands in the IRPD spectraa of LL-/LD-Glu2H
+ in the XH 

stretch range (X=O, N, 3200-3600 cm-1) and scaled frequencies calculated at the PBE0+MBD/tight 

level.b 

 

species IRPD IR-dip calculated isomer assignment 

LD A1 3543 (20) 3542 

3542 

3544 

3536 (2.9) / 3534 (4.2) / 3533 (3.3) 

3530 (4.5) 

3531 (3.6) 

LD6 

LD1 

LD5 


f
OH 


f
OH 


f
OH 

LD A2 3534 (15) 3536 

3535 

3536 (4.0) / 3522 (2.9) 

3536 (4.0) 

3526 (3.3) 

LD2 

LD2-H2(OH1) 

LD5 


f
OH 


f
OH 


f
OH 

LD B 3486 (10) 3483 

3430 

3512 (4.1) 

3508 (3.5) 

LD2 

LD2-H2(OH1) 


b

OH 


b

OH 

LD C 3445 (15) 3442 

3444 

3446 

 

 

3407 (0.9) 

 

 

LD5 

 

 


f(as)

NH2

LD D 3434 (5) 3430 3455 (9.3) LD2-H2(OH1) 
b

OH 

LD E 3405 (8) 3402 

3402 

3404 

 

3409 (1.5) 

 

 

LD1 

 

 


f(as)

NH2 

 

LD F 3367 (15) 3365 3334 (2.5) LD6 
f
NH3 

LD G 3335 (20) 3325 

3336 

3313 (0.5) 

3328 (0.3) 

LD1 

LD5 


f(s)

NH2 


f(s)

NH2 

LD H 3289 (25) 3288 

3287 

3290 

 

 

3232 (2.4) 

 

 

LD5 

 

 


b

NH3

LD I 3228 (>25) 3238 3152 (9.7) LD1 
b

NH3 

LD J 3198 (>25) 3206 3190 (6.9) 

3217 (3.5) 

LD2 

LD6 


b

NH3 


b

NH3

LL AX 3563 (5) 3565 3536 (2.8) LL2 
f
OH 

LL A1 3543 (20) 3544 3534 (4.8) / 3533 (2.7) LL2 
f
OH 
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3541 

3543 

3529 (4.5) 

3536 (4.0) /3523 (3.0) 

3537 (4.0) 

LL1 

LL4 

LL4-H2(OH1) 


f
OH 


f
OH 


f
OH

LL B 3487 (10) 3484 3488 (5.6) 

3481 (4.3) 

LL4 

LL4-H2(OH1) 


b

OH 


b

OH

LL C 3441 (5)    

LL D 3432 (3) 3431 3455 (10.5) LL4-H2(OH1) 
b

OH 

LL E 3397 (10) 3398 3413 (1.1) LL1 
f(as)

NH2 

LL Y 3381 (10) 3383 3447 (11.9) LL1-H2(OH) 
b

OH

LL F 3368 (10) 3365 3335 (2.5) LL2 
f
NH3

LL G 3317 (10) 3316 3326 (2.7) LL4 
f
NH3

LL H 3305 (10) 3325 3326 (0.2) LL1 
f(s)

NH2 

LL J 3220 (>25) 3263 / 3226 

3223 

3241 

3231 (3.1) 

3161 (16.6) 

3189 (5.8) 

LL2 

LL1 

LL4 


b

NH3 


b

NH3 + 
b

OH 


b

NH3 

 

a Band widths (FWHM, cm-1) are listed in parentheses. 
b IR intensities (D2/Å2) are listed in parentheses. The scaling factor is 0.93. 
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Table S2. Positions and assignments of major bands in the IRPD spectraa of LL-/LD-Glu2H
+ in the 

fingerprint range (1100-1900 cm-1) and scaled frequencies calculated at the PBE0+MBD/tight level.b 

 

species IRPD calculated isomer assignment 

LD K1 1774 (10) 1779 (7.8) 
1776 (8.2) 
1774 (7.5) 

LD1 
LD2 
LD6 

CO 

CO 

CO 

LD K2 1751 (10) 1735 (13.5) 
1754 (18.1) 
1743 (5.8) 

LD1 
LD5 
LD5 

CO 

CO 

CO 

LD K3 1728 (10) 1728 (6.0) 
1724 (9.6) 

1717 (11.1) 

LD2 
LD6 
LD5 

CO 

CO 

CO 

LD K4 1715 (8) 1710 (9.2)  
1697 (10.3) 

LD6 
LD1 

CO 

CO 

LD L 1619 (20) 1656 (7.8) 
1619 (5.9) 

LD6 
LD1 

COO- 

NH3 

LD N 1390 (30) 1413 (8.8) 
1411 (5.1) / 1402 (5.5) 

1418 (4.2) 
1409 (4.0) 

LD6 
LD2 
LD1 
LD5 


u

NH3 


u

NH3 


b

OH 


b

OH 

LD O 1165 (15) 1160 (6.5) 
1168 (6.9) / 1162 (4.1) / 1146 (5.1) 

1177 (6.8) / 1160 (6.6) 
1166 (5.5) 

LD1 
LD6 
LD2 
LD5 


f
OH 


f
OH 


f
OH 


f
OH 

LL K1 1774 (10) 1779 (7.9) 
 1771 (7.6) 
1774 (8.4) 

LL1 
LL2 
LL4 

CO 

CO 

CO 

LL K2 1751 (10) 1726 (9.5) LL2 CO 

LL K3 1728 (10) 1737 (21.2) 
1732 (11.9) 

LL1 
LL4 

CO 

CO 

LL K4 1715 (8) 1711 (8.8) LL2 CO 

LL M 1432 (25) 1485 (6.5) / 1461 (3.9) LL1 
u

NH3 

LL  N 1400 (30) 1417 (8.0) 
1414 (4.7) 
1406 (7.4) 

LL2 
LL4 
LL1 


u

NH3 


u

NH3 


b

OH 

LL O 1167 (15) 1159 (6.2) 
1167 (5.8) / 1163 (5.7) 

1172 (2.3) / 1162 (6.1) / 1156 (7.7) 

LL1 
LL-2 
LL4 


f
OH 


f
OH 


f
OH 

 

a Band widths (FWHM, cm-1) are listed in parentheses. 
b IR intensities (D2/Å2) are listed in parentheses. The scaling factor is 0.955. 
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Table S3. Relative electronic energies (E), zero-point corrected energies (E0), relative free energies 

at 15 and 300 K (F15 and F300, kJ/mol), and binding energies (D0) of the most stable LL- and LD-

Glu2H
+ (E<15 kJ/mol). All values are given in kJ/mol. 

 

conformer E E0 F15 F300 D0

LD1 0.0 0.0 0.0 11.6 144.1 

LD2 7.7 6.4 6.4 14.9 137.7 

LD3 8.3 6.6 6.4 5.9 137.5 

LD4 9.1 7.3 7.1 6.2 136.8 

LD5 7.6 6.7 6.6 11.7 137.4 

LD6 9.4 5.8 5.4 0.0 138.3 

LD7 8.5 8.0 8.0 18.8 136.0 

LD8 9.0 7.3 7.1 6.3 136.8 

LD9 7.6 6.7 6.4 11.8 137.4 

LD10 7.6 6.7 6.7 11.9 137.4 

LD11 9.3 7.1 6.9 2.6 137.0 

LD12 8.5 8.0 8.0 18.8 136.0 

LD13 8.0 6.6 6.6 15.5 137.5 

LD35 16.6 14.2 13.9 8.1 129.9 

      

LL1 4.6 4.0 4.0 16.1 140.0 

LL2 8.6 6.7 6.6 5.6 133.3 

LL3 8.2 6.6 6.5 6.8 133.4 

LL4 7.9 8.2 8.2 19.3 131.8 

LL5 8.6 8.5 8.5 19.7 131.5 

LL6 9.8 7.3 7.1 6.0 132.7 

LL7 9.4 6.7 7.7 8.8 133.3 

LL8 8.6 8.5 8.5 19.7 131.5 

LL9 9.8 7.3 7.1 5.9 132.7 

LL10 9.4 6.7 6.6 8.9 133.3 

LL11 10.2 7.7 7.5 6.8 132.3 

LL12 11.3 9.2 9.0 9.3 130.8 

LL13 11.3 9.1 9.0 9.2 130.9 

LL14 8.6 8.8 8.7 10.1 131.2 

LL19 12.0 9.6 9.5 8.1 130.4 
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Table S4. Unscaled low-frequency normal modes of selected conformers (cm-1) calculated at the 

PBE0+MBD/tight level. 

 

mode 
no. 

1 2 3 4 5 6 7 8 9 10 

LD1 a 19.9 31.2 55.4 73.8 77.1 89.4 91.4 96.5 103.5 125.5 

LD2 a 24.2 33.9 37.4 43.8 47.9 53.1 63.3 71.2 76.70 90.4 

LD3 7.8 15.6 28.3 35.7 51.9 57.3 61.6 72.8 85.7 97.9 

LD5 a 21.3 24.9 43.0 45.4 53.5 66.6 83.3 85.1 92.5 113.0 

LD6 a 14.2 28.6 37.5 46.4 55.6 57.6 72.0 74.5 95.4 111.2 

LD11 2.6 14.2 28.8 37.8 46.2 55.7 57.5 71.9 74.8 95.5 

LL1 a 23.5 40.3 52.6 62.6 75.6 81.6 90.0 109.7 120.4 129.8 

LL2 a 9.2 15.1 27.5 37.5 51.5 52.4 60.2 72.9 80.4 87.7 

LL3 9.6 16.6 26.3 40.9 49.0 58.8 64.8 74.4 86.0 98.6 

LL4 a 34.0 45.5 47.4 56.8 69.7 77.7 85.4 89.2 92.8 112.8 

LL5 25.6 43.4 52.3 61.3 71.3 81.5 88.6 96.1 104.8 125.8 

LL6 5.4 15.6 28.2 41.7 50.1 56.2 60.4 84.1 87.4 94.5 
a Assigned conformers. 
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