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Photoionization-induced p 2 H site switching
dynamics in phenol+–Rg (Rg = Ar, Kr) dimers
probed by picosecond time-resolved infrared
spectroscopy†

Mitsuhiko Miyazaki,a Yuri Sakata,a Markus Schütz,b Otto Dopfer*b and
Masaaki Fujii*a

The ionization-induced p 2 H site switching reaction in phenol+–Rg (PhOH+–Rg) dimers with Rg = Ar

and Kr is traced in real time by picosecond time-resolved infrared (ps-TRIR) spectroscopy. The ps-TRIR

spectra show the prompt appearance of the non-vanishing free OH stretching band upon resonant

photoionization of the p-bound neutral clusters, and the delayed appearance of the hydrogen-bonded

(H-bonded) OH stretching band. This result directly proves that the Rg ligand switches from the

p-bound site on the aromatic ring to the H-bonded site at the OH group by ionization. The subsequent

H - p back reaction converges the dimer to a p 2 H equilibrium. This result is in sharp contrast to the

single-step p - H forward reaction in the PhOH+–Ar2 trimer with 100% yield. The reaction mechanism

and yield strongly depend on intracluster vibrational energy redistribution. A classical rate equation

analysis for the time evolutions of the band intensities of the two vibrations results in similar estimates

for the time constants of the p - H forward reaction of t+ = 122 and 73 ps and the H - p back

reaction of t� = 155 and 188 ps for PhOH+–Ar and PhOH+–Kr, respectively. The one order of magnitude

slower time constant in comparison to the PhOH+–Ar2 trimer (t+ = 7 ps) is attributed to the decrease

in density of states due to the absence of the second Ar in the dimer. The similar time constants for

both PhOH+–Rg dimers are well rationalized by a classical interpretation based on the comparable

potential energy surfaces, reaction pathways, and density of states arising from their similar intermolecular

vibrational frequencies.

1. Introduction

Nonpolar solvents like rare gas (Rg) atoms and CH4 solvating
phenol (PhOH) or related molecules change the most stable
binding site upon ionization of the PhOH solute (site switching)
from the dispersive aromatic p-cloud to the hydrogen bonding
OH group.1–3 The dynamics of this intermolecular p - H
(hydrophobic - hydrophilic) site switching reaction triggered
by ionization has been measured in real time by applying
picosecond time-resolved vibrational (infrared) spectroscopy
(ps-TRIR) to molecular clusters isolated in the gas phase.1,2,4–7

This p - H switching reaction enables us to investigate funda-
mental aspects of solvation dynamics induced by photoexcitation

in a well-defined molecular system. Solvation dynamics is the
initial step in solution-phase chemistry, and aromatic mole-
cules such as phenol play a fundamental role in biological and
chemical recognition processes.8–16 They significantly affect the
energetics and dynamics of chemical reactions and structural
rearrangements, for example protein folding and the self-
assembly of supramolecules and nanostructures.17–19 In this
context, PhOH–Sn clusters with nonpolar solvent atoms or
molecules (S = Rg, CH4) serve as a benchmark system not only
for experimental works1–7,20–41 but also for accurate quantum
chemical calculations.26,40,42–44

In the neutral ground electronic states (S0) of PhOH–Sn

dimers (n = 1), these nonpolar solvents bind to the p electron
cloud of PhOH mainly by dispersion forces,20–22,35 and the OH
binding site is at most a shallow local minimum.40,42–44 When
multiple Rg atoms solvate the p-cloud, the way of condensation
of the Rg atoms in PhOH–Rgn (n Z 2) is determined by the
relative strengths of the Rg–Rg and p–Rg interactions. In
PhOH–Rgn clusters, the coexistence of both types of condensa-
tion (single-sided and double-sided) has been established by
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the analysis of characteristic shifts of the electronic S1–S0

transition.7,40

Deposition of a positive charge on PhOH switches the
dominant intermolecular interaction site from the p electron
system to the OH group, due to the additional charge-induced
polarization forces, which substantially enhance the strength of
hydrogen bonding.3,28–30,34,37,39,40,45 Thus, one of the nonpolar
solvent moieties moves to the OH group, when the cluster is
ionized into the ground electronic state of the cation (D0). The
mechanism and time scale of this process have been investi-
gated in PhOH–Rgn clusters by ps-TRIR spectroscopy and both
are found to depend on the degree of solvation (n).1,2,4–7

In the larger PhOH+–Rgn clusters (n Z 2), the reaction
proceeds in a one-way, single step p - H forward reaction with
100% yield.4,5,7 The excess energy released by the exothermic
reaction is removed from the reaction coordinate and redistributed
to low frequency vibrational bath modes by intracluster vibrational
energy redistribution (IVR), which are composed mainly of
intermolecular vibrations of the Rg atoms that remain at the
p-cloud.5,7,45 As a result, the H - p back reaction is efficiently
quenched, leading to essentially 100% yield for the p - H
forward reaction.

The reaction mechanism of a PhOH+–Rg dimer (n = 1)
with an atomic ligand is qualitatively different from that in
PhOH+–Rgn (n Z 2).6,41 In the dimer, there are only three
intermolecular degrees of freedom arising from the three
translational motions of Rg, and the isomerization coordinate
from the out-of-plane p-cloud to the in-plane OH group must be
constructed from all three translational degrees of freedom. In
addition, the lowest frequency intramolecular vibration of
PhOH+ is 177 cm�1,46 i.e. much larger than the low-frequency
intermolecular vibrations of the PhOH+–Rg dimer. Thus, the
excess energy is distributed predominantly among the inter-
molecular modes. This means that the excess energy remains
always in the reaction coordinate, i.e. there are no available
bath modes to accept the excess energy. Therefore, the Rg atom
cannot stay in the OH global minimum and it undergoes a
H - p back reaction toward the two degenerate p-bound local
minima below and above the aromatic ring (Fig. 1). Therefore,
the isomerization reaction reaches a p 2 H equilibrium
population of the p-bound and OH-bound structures in the case
of the n = 1 dimer, leading to a finite reaction yield well below
100%. This behavior is different for (acidic) aromatic dimers
with polyatomic solvent molecules (S = H2O, CH4),1,2,45,47–51

because then even in the dimers (n = 1) bath modes are available
for IVR, which quench the back reaction.

So far, the real time dynamics of the p2 H equilibrium has
been observed only for the PhOH+–Kr (n = 1) dimer.6 Although
p - H reactions in PhOH+–Arn (n = 2 and 3) have been
studied,4,5,7 there is no report on the dynamics of the
PhOH+–Ar dimer. Though the similarity of static IR spectro-
scopy of the PhOH+–Ar and PhOH+–Kr dimers suggests that the
dynamics for Rg = Ar is also analogous to Rg = Kr, comparison
of the dynamics in larger clusters for the same solvent species
(here Ar) is indispensable for the systematic study of the size
dependence of the dynamics. In addition, as for the mechanism

of the site switching of PhOH+–Ar, a significant contribution of
direct ionization from the p-bound to the OH-bound structure
and the existence of a tiny activation barrier for the p - H
isomerization have been reported from IR spectroscopy on the
cationic D0 state and high-n Rydberg states.41 Ionization of the
clusters above the barrier initially generates a wavepacket
localized at the p-bound site. This wavepacket then propagates
to the H-bound site, and finally spreads over the whole region
between the p and OH sites due to dephasing.6 To clarify this
dynamics, a real-time observation using picosecond lasers has
to be carried out. The present study aims to measure the
isomerization process of PhOH+–Ar, and the dynamics of
PhOH+–Kr is revisited under the same, improved experimental
conditions to directly compare the dynamics of the two Rg atoms
by ps-TRIR spectroscopy.

2. Experimental and
computational details

Details of the picosecond time-resolved UV–UV–IR ion dip
spectroscopy and the employed experimental setup have been
described elsewhere.1,2,4 Briefly, PhOH–Rg clusters are produced in
a supersonic jet by expanding phenol vapor at room temperature
seeded in mixtures of 10% Ar or 1% Kr in He at 2–3 bars stagnation
pressure through a pulsed valve into a vacuum chamber. The
clusters pass through a skimmer into the ionization region of a
time-of-flight (TOF) mass spectrometer. The PhOH–Rg dimers are
resonantly ionized via the first singlet excited state (S1) using two
picosecond UV laser pulses. The wavelength of the first UV laser,
nexc, is tuned to the S1 origin band of each cluster. The second UV
laser, nion, ionizes the excited cluster with little excess energy
into the cation ground state (D0). The delay time between nexc

Fig. 1 Sketch of the potential energy diagram of PhOH+–Rg dimers in the
cationic D0 state along the reaction coordinate for the ionization-induced
p2 H site switching. The H-bound structure (H) is the global minimum of
the potential, while the two p-bound structures (p1 and p2), in which Rg is
located on either side of the aromatic ring, are local minima. The rate
constants for the forward and backward reactions used in the simple
classical pendular model are indicated. Calculated binding energies for
minima and barriers are available in Table 1.
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and nion is set to 100–250 ps. The ions generated are extracted
into the TOF mass spectrometer and detected. While monitor-
ing the mass-selected PhOH+–Rg ion current, a tunable pico-
second IR laser, nIR, is fired and scanned in the OH stretching
range with an adjustable delay (Dt) with respect to nion. The ion
signal is amplified, integrated, and monitored as a function of
nIR and/or Dt. If nIR is resonant with a vibrational transition of
PhOH+–Rg, the cluster dissociates upon vibrational excitation,
leading to a depletion of the monitored parent ion current.
Thus, the IR spectrum of PhOH+–Rg is obtained by monitoring
the depletion of its ion current as a function of nIR. The
depletion is converted to absorbance by taking the logarithm
of the depletion. All the laser beams are combined coaxially and
focused by a CaF2 lens with f = 275 mm focal length into the
supersonic jet. The intensity of the nIR beam is carefully
adjusted not to saturate the IR depletion by controlling its
focal point using a telescope. The energies of the UV and IR
pulses are less than 10 and 30 mJ, respectively. The energy and
time resolution of the picosecond laser pulses are B12 cm�1

and B3 ps, respectively. Similar spectroscopic experiments are
carried out using standard nanosecond laser systems.

Dispersion-corrected density functional theory calculations
are employed to determine the salient parts of the PhOH+–Rg
potential energy surface in the D0 state, with a particular focus
on the properties of the stationary points.52 To this end, struc-
tural, vibrational, and energetic properties of the H-bound and
p-bound minima and their connecting transition states are
evaluated at the B3LYP-D3/aug-cc-pVTZ level (Table 1). This level
reliably describes the interaction of the Rg atoms with the
PhOH+ cation in its doublet ground electronic state, as shown
by the good agreement between the experimental and computa-
tional binding energies of the p-bound and H-bound PhOH+–Ar
cation (Table 1). Spin contamination is negligible at this theore-
tical level, with values of hS2i �0.75 o 0.0001 and 0.015 after and
before spin annihilation, respectively. All interaction energies
(De) are corrected for harmonic vibrational zero-point energies
to derive binding energies (D0). Harmonic intramolecular vibra-
tional frequencies are scaled by a factor of 0.9554 to match the

calculated with the experimental OH stretching frequency of
bare PhOH+ (nOH = 3534 cm�1).53 Reported intermolecular
frequencies (ns, nb1, nb2) remain unscaled.

3. Results and discussion
3.1 Computational results

Table 1 collects the computational results for PhOH+ and
PhOH+–Rg relevant for the present work, along with available
experimental data. In general, the interaction in PhOH+–Kr is
roughly 30–35% stronger than in PhOH+–Ar due to the larger
polarizability of the Rg atom (a = 2.465 versus 1.63 Å3). For both
Rg atoms, the H-bonded structure is the global minimum on
the potential (Fig. 1), with binding energies of D0 = 1271 and
952 cm�1 and bond lengths of ROH� � �Rg = 2.50 and 2.39 Å,
respectively. H-bonding results in an elongation of the OH
bond by DrOH = 5.2 and 3.2 mÅ for Rg = Kr and Ar, and
corresponding frequency red shifts of �DnH

OH = 118 and 74 cm�1,
which are in excellent agreement with the measured values of
123 and 70 cm�1, respectively.30,34 H-bonding increases the IR
activity of nH

OH (IOH) by factors of 3.35 (Kr) and 2.62 (Ar). The less
stable p-bonded local minima of PhOH+–Rg have dissociation
energies of D0 = 777 and 548 cm�1 and bond distances of
Rp� � �Rg = 3.67 and 3.54 Å for Kr and Ar, respectively. As expected,
p-bonded ligands have almost no impact on the OH bond
length (DrOH o 0.3 mÅ), stretching frequency (DnH

OH o 3 cm�1),
and IR activity (DIOH o 7%) of PhOH+. Interestingly, the frequen-
cies of the intermolecular stretching (ns) and the two bending
modes (nb1, nb2) are quite similar for both isomers of PhOH+–Rg
for both Rg = Ar and Kr (Table 1), with good agreement with
experimental frequencies for the p-bonded structures available
from high-resolution photoelectron spectroscopy.27,31 The similar
intermolecular frequencies imply comparable vibrational density
of states for both PhOH+–Rg dimers. Significantly, the dissocia-
tion energies calculated for PhOH+–Ar(p) and PhOH+–Ar(H),
D0 = 548 and 952 cm�1, are in excellent agreement with the
measured values of 535 � 3 and 905 cm�1,25,37 confirming that
the employed B3LYP-D3/aug-cc-pVTZ level provides a reliable

Table 1 Structural, vibrational, and energetic parameters of PhOH+ and PhOH+–Rg dimers in the cation ground state (D0) evaluated at the B3LYP-D3/
aug-cc-pVTZ level, along with available experimental data (in italics)

PhOH+ PhOH+–Ar(H) PhOH+–Ar(p) PhOH+–Kr(H) PhOH+–Kr(p)

rOH [Å] 0.97165 0.97488 0.97145 0.97680 0.97136
nOH

a [cm�1] 3534 3460 3536 3416 3537
nOH

b [cm�1] exp 3534 3464 3536 3411 3535
IOH [km mol�1] 265 694 255 889 248
De [cm�1] — 1027 642 1336 863
D0 [cm�1] — 952 548 1271 777
D0

c [cm�1] exp — 905 535 � 3 — —
Vb� [cm�1] 413 28 516 43
ROH� � �Rg [Å] — 2.393 — 2.499 —
RC1� � �Rg [Å] — — 3.410 — 3.501
Rp� � �Rg

d [Å] — — 3.535 — 3.668
ns

e [cm�1] — 70 60 (66) 59 55 (64)
nb1

e [cm�1] — 30 34 (25) 33 37 (29)
nb2

e [cm�1] — 30 25 (15) 29 22 (17)

a Scaled by a factor of 0.9554 to match the experimental and calculated frequencies of PhOH+. b Ref. 30, 34 and 53. c Ref. 25 and 37. d Measured
from the center of the aromatic ring. e Experimental values from ref. 27 and 31.
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description of both the p-stacking and H-bonding regions of
the PhOH+–Rg potentials. In general, the topology of the
PhOH+–Rg potential is quite similar for Rg = Ar and Kr. In
particular, the structural parameters of the PhOH+–Rg minima are
almost the same for Rg = Ar and Kr (Table 1), suggesting that the
p2 H isomerization paths are comparable in both direction and
length for the two Rg atoms. The calculated barriers for the p- H
forward and H - p backward reaction are Vb+ = 28 and 43 cm�1

and Vb� = 413 and 516 cm�1 for Rg = Ar and Kr, respectively (Fig.
S1 in ESI†). Thus, the major difference between the two potentials
is merely the stronger interaction in PhOH+–Kr.

3.2 REMPI and PIE spectra

Fig. 2(a) and (b) show 1 + 10 REMPI spectra of PhOH–Ar and
PhOH–Kr, respectively. The blue and red traces in each panel

correspond to spectra measured by use of nanosecond and
picosecond lasers, respectively. The strongest band in each spectrum
is assigned to the S1 origin band (36 349 and 36 296 cm�1)21,22,54

of the clusters. The nanosecond spectra well reproduce those in
previous reports.21,31 The S1 origin bands are well isolated and
ensure a selective probe of the n = 1 dimers even in the broader
picosecond spectra. The wavelength of nexc is tuned to the S1

origin bands for the time resolved experiments. The black
traces present the REMPI spectrum of the PhOH monomer
recorded simultaneously with the dimer spectra. They confirm
the soft ionization condition of the clusters because of the lack
of fragmentation.

Fig. 2(c) and (d) display photoionization efficiency (PIE)
spectra of PhOH–Ar and PhOH–Kr, respectively, recorded by
picosecond lasers via their S1 origins. The PIE curves rise at
B200 cm�1 below the adiabatic ionization energies (IE0)
of each cluster (68 452 and 68 394 cm�1 for PhOH–Ar and
PhOH–Kr, respectively)25,27,31 due to the high DC extraction
field (B1 kV cm�1) applied in the ionization region of the TOF
mass spectrometer. In the ps-TRIR experiments, the nion frequency
is set to B80 cm�1 above the red-shifted ionization energies
of PhOH–Ar and PhOH–Kr, respectively, as indicated by arrows
in Fig. 2(c) and (d).

3.3 ps-TRIR spectra

Fig. 3(a) and (b) show the ps-TRIR spectra recorded for
PhOH+–Ar and PhOH+–Kr, respectively. The blue spectra at
the bottom of each panel reproduce static IR spectra in the
D0 state measured by nanosecond lasers, for which the ioniza-
tion energies are set to B80 cm�1 above IE0 for Rg = Ar and Kr,
respectively, i.e., well above the barriers calculated as Vb+ = 28
and 43 cm�1. These spectra correspond to the final products of
the solvent rearrangement reactions. When nIR is introduced
before the ionization event (Dt o 0), no absorption is detected
in the ps-TRIR spectra, because the nOH bands of the neutral
dimers occur outside of the scanning range (43600 cm�1).2,5

After the ionization, a strong band appears at 3537 cm�1 that
matches with npOH of the p-bound PhOH+–Rg structures in the
D0 state.22,39 This observation is consistent with the fact that
the p-bound neutral clusters are selectively ionized by the 1 + 10

REMPI process. Although the npOH band of the D0 state remains
visible for all delay times (up to 50 ns), a second weak band
gradually grows in intensity at 3490 and 3460 cm�1 for Rg = Ar
and Kr, respectively, that well matches with nH

OH of the corres-
ponding H-bound PhOH+–Rg structures in the D0 state.34,39 The
nH

OH absorption has reached an almost constant level around
50 ps after the ionization, and the ps-TRIR spectra at around
125 ps closely resemble the static ones recorded in the D0 state
at 50 ns delay. The band width is broader in the picosecond
spectra due to the lower spectral resolution of the employed
lasers. This broadening is particularly apparent for the sharper
npOH band. The delayed appearance of the nH

OH band after the
ionization event directly proves that the H-bound structure
is produced by p- H isomerization from the initially prepared
p-bound cation structure. The final intensity of nH

OH is weak
compared to that of npOH. These intensity ratios reflect the final

Fig. 2 1 + 10 REMPI and PIE spectra of PhOH–Ar (a and c) and PhOH–Kr
(b and d) recorded by nanosecond (blue) and picosecond (red) lasers. The
REMPI and PIE spectra of the PhOH monomer recorded by picosecond
lasers (black) are also shown. The ionization excess energies used for the
ps-TRIR experiments are indicated by arrows.
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population distribution of H-bound and p-bound structures
related to the reaction yield. Although the H-bound structure is
the global minimum in D0,28–30,40,42,43 the reaction yield is
limited and far below unity. This strongly reduced reactivity has
been attributed to ineffective IVR in the cationic clusters.6,41,45

The reaction yield will be discussed in Section 3.4 along with
the time evolution of the npOH and nH

OH bands.

3.4 Time evolution of vibrational bands

Fig. 4 shows the time evolutions of the npOH and nH
OH bands of

PhOH+–Ar and PhOH+–Kr, respectively. The absorption of npOH

rises simultaneously with the ionization at Dt = 0 and subse-
quently decays to a constant level. The nH

OH band, on the other
hand, grows slowly with the delay time, and converges at
around Dt = B100 ps after the ionization also to a constant
level. The short enhancement of the nH

OH absorption at Dt = 0 is
due to a coherent overlap between the nion and nIR pulses. Thus,
the width of this coherent spike reflects the cross correlation of
the two pulses, which corresponds to the instrumental time
resolution (B3 ps). Though the shape of the time evolutions of
both species resemble each other, PhOH+–Kr exhibits a larger
drop of the npOH band at long delay. This result means that a
larger amount of the initially prepared the p-bound structure is
eventually converted into the H-bound structure.

To deduce the reaction rate, the time evolutions are fitted on
the basis of a slightly modified pendular model proposed
previously.6,41 In this model, the equilibrium between the
single H-bound structure and the two equivalent p-bound
structures above and below the aromatic ring are considered,
p1 " H " p2 (Fig. 1). Resonant photoionization from the S1

state prepares a wavepacket in one of the p-bound sites of the
D0 state. This wavepacket propagates toward the H-bound global
minimum with kinetic energy given by the Franck–Condon

Fig. 3 ps-TRIR spectra (red) of (a) PhOH+–Ar and (b) PhOH+–Kr for
variable delay times (Dt). Blue traces at the bottom of the panels show
static IR spectra in the cationic state recorded by nanosecond lasers at Dt =
50 ns. The assignments of the bands are indicated in the figures.

Fig. 4 Time evolution of the npOH and nH
OH bands of PhOH+–Ar (a and b)

and PhOH+–Kr (c and d) recorded at the frequencies indicated in each
panel (see Fig. 3). The blue curves represent the best fit obtained by the
three-state reaction model described in the text (Fig. 1). In the time
evolution of the nH

OH bands, the peak near Dt = 0 is due to a coherent
spike and not related to formation of the H-bound cluster. The profile of
the spike corresponds to the cross-correlation function between the
UV and IR laser pulses and confirms the overall time resolution of 3 ps.
This effect is included in the fitting procedure.
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factors for the ionization step. The isomerization does not stop
at the H-bound minimum because the excess energy from
the exothermic p - H reaction cannot be dissipated from the
reaction coordinate into bath modes by IVR in the PhOH+–Rg
dimers, and the wavepacket continues to move toward the
other p-bound site and/or back to original p-bound site. Finally,
the wavepacket spreads out over the whole energetically acces-
sible potential region and converges to an equilibrium by
dephasing processes. Such a reaction can be simulated in the
simplest way by a basic three-state model with classical rate
equations as follows:

d p1½ �
dt
¼ �kþ p1½ � � að Þ þ k� ½H� � bð Þ (1)

d½H�
dt
¼ kþ p1½ � � að Þ � 2k� ½H� � bð Þ þ kþ p2½ � (2)

d p2½ �
dt
¼ �kþ p2½ � þ k� ½H� � bð Þ: (3)

Here, [X] denotes the concentration of the state X, and a and b
represent the population of nonreactive vibrational states of the
p-bound and H-bound isomers lying below the isomerization
barriers, respectively.41 These components cannot isomerize
and thus contribute as constants to the populations. The factor
2 for k� in eqn (2) arises from the two degenerate paths to
escape from the H-bound structure to the two equivalent p-sites.
These equations are further simplified to a two-state model by
considering only the summed population of both p-sites because
we cannot distinguish them:

d p1 þ p2½ �
dt

¼ �kþ p1þ p2½ � � að Þ þ 2k� ½H� � bð Þ (1)

d½H�
dt
¼ kþ p1þ p2½ � � að Þ � 2k� ½H� � bð Þ: (2)

The solution of the eqn (10) and (20), under the initial condition
of [p1 + p2](t = 0) = 1 � b and [H](t = 0) = b is

p1þp2½ � ¼ ð1� a� bÞ kþ
kþ þ 2k�

e� kþþ2k�ð Þt þ 2k�
kþ þ 2k�

� �
þ a

(4)

½H� ¼ ð1� a� bÞ kþ
kþ þ 2k�

1� e� kþþ2k�ð Þt
� �

þ b: (5)

Here, we assume that both PhOH+–Ar and PhOH+–Kr follow
the same reaction scheme based on the similar structure of
the interaction potential curves, though exact reactivities of
PhOH+–Kr from single vibrational levels have not been reported
yet. The PIE curves in Fig. S2 (ESI†) provide an estimate of
a = 0.22 and b = 0.10 (with error of �0.02) for both Rg = Ar and
Kr. The weak absorption at nH

OH at Dt = 3 ps in Fig. 3 may
originate from such direct ionization processes. In the global fit
of the measured time evolutions to eqn (4) and (5) the convolu-
tion of the instrumental response function is taken into account.
The contribution from the coherent spikes are included in the fit
by a Gaussian function at Dt = 0. The obtained reaction time

constants are t+ = 122� 18 ps and t� = 155� 24 ps for PhOH+–Ar,
and t+ = 73 � 4 ps and t� = 188 � 12 ps for PhOH+–Kr. The best
fits are included as blue traces in Fig. 4. The results well
reproduce the experimental time evolutions. The forward reac-
tion is significantly faster than the backward one in PhOH+–Kr.
This is consistent with the observed larger intensity drop in npOH

of PhOH+–Kr. The difference in the time constants is related to
the reaction yield given by the population at long delay through
the equation:

½H�
p1þp2½ �ðt!1Þ ¼

ð1� a� bÞkþ þ b kþ þ 2k�ð Þ
ð1� a� bÞ2k� þ a kþ þ 2k�ð Þ

¼ ð1� a� bÞt� þ b t� þ 2tþð Þ
ð1� a� bÞ2tþ þ a t� þ 2tþð Þ:

(6)

From this relation and the obtained time constants, the final
population ratio of the H-bound and p-bound structures is
estimated to be 0.59 (�0.12) for PhOH+–Ar and 0.94 (�0.07) for
PhOH+–Kr. The final equilibrium population ratio can also be
estimated from relative integrated intensities in the static IR
spectra in the cationic D0 states shown in Fig. 3. The integra-
tion of the spectra after converting the depletion to absorbance
provides band ratios of 1.4 (�0.1) for PhOH+–Ar and 2.5 (�0.2)
for PhOH+–Kr. Because the relative IR transition intensity (IOH)
between npOH and nH

OH has been estimated to be B2.6 for
PhOH+–Ar and B3.6 for PhOH+–Kr (Table 1), the relative
population ratio evaluated from the static IR spectrum becomes
0.54 (�0.04) for PhOH+–Ar and 0.70 (�0.06) for PhOH+–Kr.
These values are in the same order, although those obtained
from the picosecond time evolutions (0.59 and 0.94) are some-
what larger than those from the nanosecond IR spectra. These
similar results ensure that both analyses are plausible. One
possibility for the modest difference from the nanosecond and
picosecond results stems from the way to evaluate the inten-
sities. Peak heights are traced from the time evolution, while
peak areas are evaluated from the static IR spectra. Relative
band intensities from the two methods would give comparable
numbers for similar band widths. However, the width of nH

OH

is broader and thus the height is suppressed compared with
a sharper band with the same peak area. Thus, in the pico-
second time evolutions, the relative intensity of the H-bound
structure appears somewhat different compared to that of the
p-bound structure.

In comparison to the previous report on the dynamics of
PhOH+–Kr (t+ = B20 ps, t� = B24 ps),6 the reaction time
constants derived in the present study (t+ = 73 ps, t� = 188 ps)
are slower by a factor 3.5–7.8. This large discrepancy probably
stems from spectral saturation in the previous study.6 There,
the widths of the bands in the ps-TRIR spectra exceeded
30 cm�1 even for npOH. This value is more than twice that of
the present study, and implies strong saturation in the previous
experiment.6 As a result, the ps-TRIR spectra reached quickly
saturated depletion, leading to apparently faster reaction
constants. The consistency of the reaction yields from the
time-resolved experiments with those derived from the nano-
second IR spectra implies that the ps-TRIR spectra and the time

(10)

(20)
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evolutions in the present experiment observe the true spectral
evolution without saturation, yielding the correct dynamics.

3.5 Discussion

The new reaction time constants of PhOH+–Ar and PhOH+–Kr,
which are consistent with the static nanosecond spectra pro-
vide a reliable qualitative view on the ionization-induced site
switching dynamics. It is interesting to note that the site
switching in PhOH+–Ar and PhOH+–Kr occurs at roughly the
same time scale of B100 ps. From the theoretical calculations
described in Section 3.1, the overall reaction pathways includ-
ing starting and final points are comparable for both Rg atoms.
We may also roughly estimate the forces that drive the Rg atom
from the p-site to the H-site. The most convenient parameters
would be the intermolecular vibrational frequencies (ns, nb1, nb2)
for the p-bound and H-bound structures. Surprisingly, all
three intermolecular frequencies of the p-bound and H-bound
minima are comparable for PhOH+–Ar and PhOH+–Kr (Table 1).
For example, ns, nb1, and nb2 of PhOH+–Ar(p) are measured as
66, 25, and 15 cm�1, respectively, while those for PhOH+–Kr(p)
are determined as 64, 29, and 17 cm�1, respectively.27,31 This
similarity between Rg = Ar and Kr holds also true for the
H-bound structures. This means that the force constants for
these vibrations in PhOH+–Kr are twice those in PhOH+–Ar, and
the factor two in mass of the Rg atom is essentially compen-
sated (m/z 40 and 84 for Ar and Kr). Then, the similar observed
time constants for the p - H site switching can be rationalized
by classical mechanics because of the similar path length and
similar mass-to-force ratio.

Another interesting observation is that at equilibrium (after
long delay) the population of the substantially less stable
p-bound structure dominates over the more stable H-bound
global minimum. The p-bound structure is 1.7 (PhOH+–Ar)
or 1.1 times (PhOH+–Kr) more abundant than the H-bound
structure. Although the PhOH–Rg dimer is ionized into high
vibrational levels above the global minimum, classically
the most stable structure should dominate after arriving at
the thermodynamic equilibrium. It should be noted that, the
quantum chemical calculation suggests that the nH

OH band only
reflects structures with H-bonding of the Rg ligand in regions
relatively close to the H-bound minimum (within �2 Å for the
case of PhOH+–Kr), because only for those Rg positions the OH
stretching frequency will be red-shifted.1 This may somewhat
affect the population ratio of H-bound and p-bound structures
derived from the nH

OH and npOH intensities in favor of the p
isomer (strictly speaking, the signal of the npOH band reflects all
non H-bonded structures). However, it will not explain the
marked difference of the population ratios of PhOH+–Rg to
the 100% population of the H-bound structure observed
for PhOH+–Ar2 at long delay.4,5 Indeed, the lack of bath modes
and IVR is essential for the p1 2 H 2 p2 pendular motion
observed in the PhOH+–Rg dimers. In the classical description,
the speed of the Rg ligand is fastest at the bottom of the
potential curve (H-bound) and zero at the turning point of
the pendular motion near the p-bound structure, leading to a

population ratio, in which p-bound structures dominate over
the more stable H-bound structure.

It is also instructive to consider the quantum mechanical
description based on molecular eigenstates and dephasing of
wavepackets for the ionization-induced site switching in
PhOH+–Rg dimers. As described above, the global minimum
of the PhOH+–Rg dimer cation is the H-bound structure, and
p-bound structures are local minima although they are the
global minima in S0. Let us assume that the p 2 H site
switching path is an intermolecular vibrational coordinate of
a large amplitude motion and focus on this one-dimensional
coordinate (Fig. 1). Molecular eigenstates are located above the
global H-bound minimum along this coordinate, and eigen-
states related to the p-bound structure(s) correspond to higher
vibrational levels. Ionization of neutral p-bound PhOH–Rg by
picosecond lasers coherently excites a wavepacket composed of
several vibrational eigenstates, which corresponds to the initial
generation of the p-bound structure in D0. Subsequently, this
wavepacket propagates toward the H-bound global minimum,
corresponding to p - H site switching. Since the coupling
between the intermolecular reaction coordinate and intra-
molecular vibrational modes of PhOH+ is weak, the wavepacket
simply oscillates within the p1 2 H 2 p2 triple minimum
potential. However, its width is gradually expanding by the
dephasing of eigenstates and is finally spread over the whole
area between the repulsive potential walls, leading eventually to
the H 2 p equilibrium, which can also be probed by static
nanosecond spectroscopy. Hence, the equilibrium populations
are determined by the wavefunctions of higher vibrational
levels. In case of low vibrational quantum number (or excitation
energy), the amplitude of the vibrational wavefunction is larger
at the center of the potential curve (H-bound structure). For
high excitation, the amplitude becomes large near the repulsive
potential walls, corresponding to the p-bound structures, and
the equilibrium after dephasing of the wavepacket corresponds
to this situation. Therefore, the dominant population of the
p-bound structures can also be understood by the dephasing of
the wavepacket. The rate of the dephasing directly affects the
time evolutions of the p-bound and H-bound structures. It
varies with the number and energy spacing of eigenstates which
construct the wavepacket. It is thus related to the density of
states and not necessarily to the mass of the ligand (Ar, Kr).
Thus, a similar time constant for Ar and Kr simply suggests
a similar density of states in the initial preparation of
the wavepackets. This simple one-dimensional view will not
qualitatively change when expanding to the three-dimensional
intermolecular case, as the density of states is similar for both
Rg atoms (Table 1).

Experimentally, the p- H forward reaction in the PhOH+–Rg
dimers (t+ B 100 ps) is for both Rg atoms (Ar, Kr) roughly
one order of magnitude slower than in the PhOH+–Ar2 trimer
(t+ B 7 ps).4,5 The picture of dephasing of a wavepacket is also
valid for PhOH+–Ar2. In the global minimum of PhOH+–Ar2,
denoted as (H10)+, one Ar atom is p-bonded and the other one
is H-bonded. Photoionization produces a Franck–Condon state,
in which both Ar atoms are p-bonded on opposite sites of the
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ring, (11)+. The dephasing rate in PhOH+–Ar2 is faster than in
PhOH+–Rg, because of the higher density of states due to the
vibrational modes originating from two Ar atoms. It is difficult
to predict how much faster the dephasing in PhOH+–Ar2 is
compared to that in PhOH+–Rg. From another viewpoint, in
contrast to the PhOH+–Rg dimers, the larger density of inter-
molecular states arising from the second Rg atom in the
PhOH+–Ar2 trimer can act as bath modes for IVR, which quickly
removes energy from the reaction coordinate. As a conse-
quence, the H - p back reaction is efficiently quenched in
PhOH+–Ar2, leading to the observation of a single-step p - H
forward reaction with unity yield for the final H-bound (H10)+

reaction product. The reaction mechanism observed for
PhOH+–Ar2 is essentially the same as that for PhOH+–Ar3,7 with
the major difference of a shorter time constant of t+ o 3 ps for
the latter cluster due to the larger density of states and shorter
isomerization pathway.

4. Summary

ps-TRIR spectroscopy has been applied to PhOH+–Ar and
PhOH+–Kr dimers to directly monitor the ionization-induced
p - H site switching reaction. The ps-TRIR spectra show the
appearance of npOH simultaneously with the photoionization
event and the delayed rise of nH

OH. This behavior directly proves
that the H-bound structure is generated from the p-bound
structure. The coexistence of npOH and nH

OH in the ps-TRIR
spectra at long delay and in the static nanosecond spectra
suggest a p 2 H equilibrium population induced by the
H - p back reaction. The classical rate equation analysis based
on a modified pendular model reveals time constants of
t+ = 122 ps and t� = 155 ps for PhOH+–Ar and t+ = 73 ps and
t� = 188 ps for PhOH+–Kr. The dispersion-corrected density
functional theory calculation at the B3LYP-D3/aug-cc-pVTZ level
provides energies and geometries of the p-bound and H-bound
minima as well as the connecting transition states. The almost
same time constants derived for Ar and the twice heavier Kr
atom are rationalized by the classical model based on the
comparable potential energy surfaces, reaction pathways, and
density of states arising from the similar intermolecular vibra-
tional frequencies obtained from the theoretical calculations.
The sharp contrast to the ten times faster single-step one-way
p - H forward reaction in PhOH+–Ar2 confirms the previous
model that the site switching yield strongly depends on the
energy dissipation from the reaction coordinate due to IVR.

The ps-TRIR spectra of PhOH+–Ar provide the second exam-
ple for the p 2 H equilibrium. This allows us to predict the
p 2 H equilibrium after ionization for other PhOH+–Rg
clusters such as Rg = He, Ne, and Xe. Further understanding
based on the quantum description requires the precise three-
dimensional potential energy surface and solution of the
vibrational Schrödinger equation (along with the related wave-
packet dynamics), which will hopefully become available in the
near future by rapid progress of computer power and computa-
tional methods.
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44 J. Černý, X. Tong, P. Hobza and K. Müller-Dethlefs, J. Chem.
Phys., 2008, 128, 114319.

45 M. Miyazaki, A. Takeda, M. Schmies, M. Sakai, K. Misawa,
S. Ishiuchi, F. Michels, K. Müller-Dethlefs, O. Dopfer and
M. Fujii, Phys. Chem. Chem. Phys., 2014, 16, 110–116.

46 O. Dopfer, G. Reiser, K. Müller-Dethlefs, E. W. Schlag and
S. D. Colson, J. Chem. Phys., 1994, 101, 974–989.

47 K. Tanabe, M. Miyazaki, M. Schmies, A. Patzer, M. Schütz,
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