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Size and shape dependent photoluminescence
and excited state decay rates of diamondoids
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We present photoluminescence spectra and excited state decay rates of a series of diamondoids, which
represent molecular structural analogues to hydrogen-passivated bulk diamond. Specific isomers of the
five smallest diamondoids (adamantane—pentamantane) have been brought into the gas phase and irra-
diated with synchrotron radiation. All investigated compounds show intrinsic photoluminescence in the
ultraviolet spectral region. The emission spectra exhibit pronounced vibrational fine structure which
is analyzed using quantum chemical calculations. We show that the geometrical relaxation of the first
excited state of adamantane, exhibiting Rydberg character, leads to the loss of T4 symmetry. The luminescence
of adamantane is attributed to a transition from the delocalized first excited state into different vibrational
modes of the electronic ground state. Similar geometrical changes of the excited state structure have
also been identified in the other investigated diamondoids. The excited state decay rates show a clear
dependence on the size of the diamondoid, but are independent of the particle geometry, further
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1 Introduction

The size- and shape-dependent optical properties of nanocrystals
have attracted great interest in recent years." ™ Such systems are
promising candidates for tuning of optical properties,”” with a
variety of applications ranging from molecular building blocks
for optoelectronics to biocompatible, photostable biomarkers.® >
In particular, the observation of photoluminescence (PL) in
reduced-dimensional semiconductor systems, which otherwise
exhibit an indirect band gap, like Si and C (diamond), opens
possibilities to tailor their optical properties and to interface with
already existing technologies.”™® However, despite numerous
studies,”*"®'” the fundamental photophysical processes in such
systems still are not fully understood. In order to gain a deeper
insight into these processes, it is desirable to perform experi-
ments under idealized conditions, i.e. on electrically neutral,
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indicating a loss of particle symmetry upon electronic excitation.

isolated systems with well defined sizes and structures. Such an
approach enables the direct comparison with theoretical
calculations.

Diamondoids can be considered structurally as fragments of
the diamond lattice (Fig. 1). At the same time, they belong to
the hydrocarbon class of molecules, where the free valences
of the carbon atoms are saturated by hydrogen. This is similar
to the surface passivation by hydrogen present in macroscopic
diamond produced by chemical vapor deposition (CVD).***° All
carbon atoms in pristine diamondoids are sp*-hybridized,
resulting in three-dimensional cage-like structures. Corresponding
to the number of cages, a numerical multiplier (dia-, tria-, tetra-,
and pentamantane) is used for naming the polymantanes. Ada-,
dia-, and triamantane are called lower diamondoids, and each has
only one structural isomer congruent with the diamond lattice.
For the higher diamondoids, the number of isomers increases
drastically with the number of cages. Chirality aside, tetramantane
has three isomers, pentamantane six, and hexamantane already 24.
The notation for different isomers usually follows the nomencla-
ture of Balaban and Schleyer (see Table 1).° Diamondoids are
perfectly size- and shape-selectable, which makes them ideal model
systems for the study of how size and shape affect the properties
of nanoparticles.?*?

The PL of gas phase adamantane has been previously studied.
However, the experimental parameters (i.e. high excitation energies
with respect to the optical gap [Eg,p]) caused the spectrum to be
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Fig. 1 Examples of diamondoids, surface hydrogen atoms are shown in white.

Table 1 Estimated sublimation temperatures T, optical gaps Eg,p, excited
state decay rates 1/t, ground state symmetries, molecular formulae of the
investigated compounds, and excitation energies used in the PL measurements

T, E..° Excitation

gap
n-Mantane (°C) (eV) 1/t (ns™') Symmetry Formula energy (eV)

Ada 25 6.49 0.75 & 0.02 Tq CioHys  6.49
Dia 60 6.40 1.39 =+ 0.06 Dsq CiHy  6.60
Tria 90 6.06 1.72 & 0.09 Cyy CigHoy 6.78
[121]Tetra 140 6.10 — Con CyHys  6.88
[1(2)3]Tetra 140 5.94 2.13 £ 0.15 Cs, CooHog  5.99
[123]Tetra® 140 5.95 2.32 + 0.17 C, C,oHys  5.98
[1(2,3)4]Penta 160 5.81 3.13 + 0.32 Ty CosHs,  5.93
[12(1)3]Penta® 160 5.83 2.38 + 0.18 C, CoeHsy  6.20
[1212]Penta 160 5.85 — Coy CoeHsy —
[1213]Penta® 160 5.79 2.77 + 0.25 C, CosHsr  6.31
[12(3)4]Penta 160 — — Cs CoeHsy —
[1234]Penta® 160 — — C, CoeHsy —
[12312]Hexa 160 5.88 — D CosHszo —

22 b

% Samples are racemic mixtures. Gaps from ref. 1 and 32.

completely congested, thus lacking any vibrational fine structure,
making it difficult to compare with calculations.'® The optical
properties of gas phase polymantanes have so far only been
investigated with absorption spectroscopy.> This study showed
that the basic shape (1-, 2-, & 3-dimensional) of the diamondoids
is reflected in the overall shape of its absorption spectrum. In
addition, the recent theoretical work of Patrick and Giustino* has
shown that including the nuclear dynamics in the analysis is key
to understanding the complicated absorption spectra. It has also
been shown that functionalization with a thiol group lowers the
optical gap and quenches PL." The PL of higher diamondoids has,
so far, been examined only in diamondoid crystals, where it is a
property of the molecular solid."” In this work, we present the first
PL spectra of higher diamondoids in the gas phase, and their
excited state decay rates.
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2 Experimental section

Although considerable progress has been made in recent
years, synthesis of higher diamondoids still presents a major
challenge.”>***” All samples used in this work, except adamantane,
were extracted from crude oil and subsequently purified via vacuum
distillation and pyrolysis. Size and shape selection was achieved
by high-performance liquid chromatography. Further details of
the extraction and characterization can be found in the work of
Dahl et al.>®> Adamantane was purchased from Sigma Aldrich.
All samples had a purity of >99%. To ensure that the observed
fluorescence stemmed from the diamondoids, fluorescence
excitation spectra were recorded which reflect their absorption
spectra (not shown). For the PL measurements the samples
were brought into the gas phase using a heatable target cell with
UV-transparent MgF,-windows. The cell, including the samples, was
outgassed at elevated temperatures until the ambient pressure was
less than 10> mbar. Prior to reaching the sublimation temperature
T of each sample, the target cell was sealed. To minimize thermal
broadening of the spectra, the temperature of the target cell during
the measurement was kept only slightly above T (see Table 1).
In order to introduce as little excess energy as possible into the
system, ie. to reduce broadening from intramolecular vibrational
energy redistribution (IVR),”® the excitation energies were chosen
close to Eg,,. However, in some cases the choice of excitation
energy was limited by a low absorption cross section.

The experiments were performed at the U125/2 10m-NIM>°
beamline at the BESSY II synchrotron radiation facility (Helmholtz-
Zentrum Berlin, Germany). The PL spectra were recorded using
either a Seya-Namioka or a Czerny-Turner type spectrometer
with a position sensitive detector equipped with a CsTe coated
microchannel plate or a cooled CCD detector, respectively. The
spectral resolution AE for each spectrum is given in the figure
captions. Excited state decay rates were measured using time-
correlated single photon counting. As a periodical excitation
light source, we employed the light produced by the 10 mA single
bunch of the Multi Bunch Hybrid Mode at BESSY II. Luminescence
photons were counted using a Hamamatsu R7400P-06 fast photo-
multiplier tube, sensitive between 1.9 and 7.75 eV. A SiO,-lens was
used to focus the luminescence light onto the photomultiplier tube
and as a long-pass edge filter with a cut-off energy of about 6.6 €V.
By choosing excitation energies of above 6.6 eV, detection of
scattered photons from the incident light beam could be
avoided. The fluorescence decay signal was deconvolved from
the instrument function by a least-square procedure.?**!

3 Computational methods

The vibrationally resolved optical absorption and emission spectra
of adamantane were calculated based on the Franck-Condon
principle®*** using the method of Santoro et al.>**® as imple-
mented in the Gaussian 09 quantum chemical software package.””
This approach involves the calculation of vibrational normal modes
for the optimized geometries of the ground and excited electronic
states contributing to the studied vibronic band, followed by
the computation of Franck-Condon factors for the individual
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combinations of vibrational states. For this purpose, the
Duschinsky transformation between the normal modes of the
ground and excited electronic state is performed,*® and
the Franck-Condon factors are obtained analytically utilizing
a recursive procedure.’® In the present calculations, only transi-
tions from the vibrational ground state of the initial electronic
state to the manifold of vibrational states of the final electronic
state were taken into account. The electronic structure was
described using density functional theory (DFT) for the electronic
ground state and time-dependent density functional theory
(TDDFT) for the excited states. Due to the Rydberg character of
the low-lying electronically excited states of adamantane, the
long-range-corrected CAM-B3LYP functional’® combined with
the 6-311++G** basis set*’ containing diffuse basis functions
was employed. This ensures an accurate description of these
states, as is evident from the very good agreement between the
theoretical and experimental spectra. The calculated stick absorp-
tion and emission spectra were convolved with a Gaussian
function in order to obtain better comparability with the experi-
mental data. For the absorption spectra, a full width at half
maximum (FWHM) of 10 meV was employed, while for emission
the FWHM was 20 meV.

4 Results and discussion

In the following, we first discuss the luminescence spectrum of
adamantane and analyze it by comparison to the theoretical calcula-
tions. Subsequently, the experimental photoluminescence of the
polymantanes is presented and compared to that of adamantane.
Finally, the excited state decay rates are discussed.

4.1 Photoluminescence of adamantane

The experimental and theoretical photoluminescence and absorp-
tion spectra of adamantane are presented in Fig. 2. Partly resolved
vibrational fine structure is apparent in the measured spectra and
reproduced with good agreement by the calculations.

Landt et al®> previously published a similar PL-spectrum,
but obtained using a higher excitation energy. They observed
a broad, structureless PL which was explained through a self-
trapped exciton. Our new data suggest that the previous obser-
vation results from broadening due to thermal effects and IVR,
where the excess energy provided by the photon is dissipated
among the vibrational degrees of freedom.

The experimental data as well as the calculations show that
the energetically highest emission feature coincides with the
first allowed transition in absorption. This result suggests that
for the PL of adamantane the initial state is the vibrational
ground state of the first optically allowed excited singlet state
(S;) which exhibits 3s-like Rydberg character.**** The vibra-
tional progressions in the PL spectrum are determined mainly
by five normal modes of the electronic ground state S,. The
modes with the largest contribution are labelled in Table 2. The
calculated energies, assignments and symmetries are listed
in Table 3. A large number of combinations of these normal
modes contribute to the broad background. The maximum
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Fig. 2 Measured (top) and calculated (bottom) PL (red) and absorption
(black) spectra of adamantane. The excitation energy is marked with an
asterisk and Eg,p is marked with a blue arrow. The experimental resolution
AE of the absorption is 10 meV, while the resolution in the PL is 100 meV.
The calculated PL and absorption spectra were convolved with a Gaussian
function with a FWHM of 20 and 10 meV and redshifted by 60 meV.

Table 2 Assignment of the vibrational normal modes that are the main
contributors to the peaks in the calculated PL spectrum of adamantane.
The modes are denoted by v, where v is the mode and b the number of
quanta in this mode. The modes were numbered according to increasing
energy. Different contributions are separated by commas. Simultaneous
excitation of different modes is indicated by slash

Peak Main contribution

0-0

6,

214, 244

40,, 41,

41,/6,

41,/21,, 41,/24,
41,, 40,, 40,/41,
41,/6,

41,/24,

40,/41,, 40,/41,

e R0 A6 O

Table 3 Calculated energies, assignments and symmetries of vibrational
normal modes that are the main contributors to the peaks in the
calculated PL-spectrum of adamantane. Assignments and symmetries
from Jensen et al.*?

Mode Energy (cm™'/meV) Assignment Symmetry
6 459/57 C-C-C wag ty
21 993/123 C-C stretch t,
24 1069/133 C-C-C bend a,
40 1364/169 C-H wag [23
41 1364/169 C-H wag [23

intensity of the emission is red-shifted by roughly 0.8 eV with
respect to the adiabatic 0-0 transition between the lowest
vibrational levels of both electronic states (S;09, see Fig. 2).
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Fig. 3 Calculated angular distributions (top) and bond lengths (bottom) of
the ground state Sg (black), the relaxed excited state S; (red) and the cation
Do (blue) of adamantane.

This observation indicates a substantial change in the geometry
upon electronic excitation, which is supported by the calculated
relaxed structures of the ground and the excited states. A previous
study has shown that the adamantane cation is significantly
Jahn-Teller-distorted.® We compare our computed values of the
ground and first excited states of adamantane to the adamantane
cation ground state D, in Fig. 3.

The discrete values have been convolved with a Gaussian
function to account for small deviations due to the numerical
error inherent in the DFT procedure. In an idealized structure
of adamantane, the angle spanned by any three neighboring
atoms is the tetrahedral edge central angle with a value of ~109.47°.
The T4-symmetry can be conserved when some angles differ.
However, certain sets of angles have to do so collectively (for
example: all H-C-H angles have to be the same for the structure
to maintain Tg-symmetry). While the bond lengths and angles
of the electronic ground state are confined to a few values,
the results for the relaxed excited state and the cation show
strong deviations in the bond length and angular distributions.
Compared to the ground state values, bond lengths vary up to
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8% for the excited state and 4% for the cation while the angles
differ by up to 14° for the excited state and up to 5° for the
cation. This indicates a lowering of the molecular symmetry in
the excited state. To quantitatively investigate this effect we
calculated the root mean square deviation (RMSD) from the
idealized structure with perfect T4-symmetry.*> The RMSD of
the optimized ground state structure of adamantane amounts
to 1.9 x 107> A, which is roughly one order of magnitude
smaller than the RMSD of both the excited state structure
with 4.7 x 107> A and of the cation with 4.0 x 10~ A. For
the cation, it has been found previously that the symmetry
is lowered to Cj,.

It is worth noting that the angles of the cation appear in 13
sets (see Fig. 3). Of these sets, 7 have an occurrence of 6, while
the 6 remaining sets each have a value that occurs 3 times,
adding up to the 60 angles in adamantane. Although calculated
without symmetry restrictions, the C;, symmetry of the cation
is reflected in the degeneracy of these values. The angular
distribution of the S; state structure, in contrast, contains
several angles of which the values occur only once, with large
deviations to other angles. Thus, in the framework of the
TDDFT approach employed, the S; state seems to exhibit an
even lower symmetry than the D, state in the cation. The
relaxed S, and S; state geometries can be seen in Fig. 4, where

ground state excited state

_E—_‘
Fig. 4 Calculated geometrical structure and iso-surfaces of the LUMO

and the HOMO for the ground and the excited state of adamantane. The
orbitals are shown with an isovalue of 0.018.

structure

LUMO

HOMO
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their highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO) are shown. The excita-
tion between these orbitals provides the main contribution to
the S,-S; transition in adamantane. While the LUMO and
HOMO of the ground state structure are highly symmetric,
both molecular orbitals are considerably distorted in the
relaxed excited state. This shows that even though the Rydberg
state is characterized by a relatively diffuse electron distribu-
tion, the transition to this state affects the nuclear configu-
ration of the molecule, as can be seen in Fig. 3 and 4.

4.2 Photoluminescence of the polymantanes

Fig. 5 shows the PL as well as the absorption spectra of all
investigated polymantanes. The absorption spectra (black) and
Egp (blue arrow) have been taken from Landt et al' The
excitation energy used to record the individual PL spectra (red)
is marked with an asterisk. Similar to the case of adamantane,
the PL spectra of the polymantanes are dominated by vibronic
progressions that get congested by thermal inhomogeneous
broadening (TIB), and IVR in cases where the excitation energy
is much higher than E,;,. Since the highest energy of emission
in all the polymantanes is very close to Eg,, of the respective
sample, it is reasonable to assume that in all cases, the S; state is
the preferred initial state for the luminescence. The vertical
energy shift of the vibrational envelope in emission with respect
to Eg,p indicates that also polymantanes undergo a significant
change in geometry upon excitation.

Each diamondoid has a unique luminescence spectrum,
most with pronounced vibrational progressions. The varying
appearances of the spectra can be readily explained with the
unique symmetry selection rules for the vibrational normal
modes of the individual isomers. Ground state symmetries are
listed in Table 1. Landt et al. have pointed out that for some
species (diamantane and [121]tetramantane in our sample
series), a smooth absorption onset is observed. It was shown
by Voros et al. that in these cases, the lowest transition is dipole
forbidden®® in the initial D34 and C,;, symmetries.

Hence, Eg,, is no longer related to the transition to the first
excited state of the polymantane, which is dominated by
the HOMO to LUMO orbital excitation and has 3s Rydberg
character. Rather, a higher-lying excited electronic state is
populated which may be dominated by HOMO to LUMO + 1
or HOMO to LUMO + 2 orbital excitations exhibiting 3p Rydberg
character.”> However, nonetheless, the PL in these systems
presumably occurs from the first excited state, which may be
reached by non-radiative internal conversion processes from the
initially populated states. This can be accompanied by a lowering
of the molecular symmetry and hence increased transition
moments to the ground state. The detailed theoretical simulation
of the dynamical electronic and vibrational relaxation processes in
diamondoids is currently in progress.*® The initial excitation to
higher-lying states together with the non-radiative relaxation
processes that result in the transformation of electronic into
vibrational energy lead to thermal broadening and stronger IVR,
both causing the spectra to exhibit less fine-structure than those
of the other diamondoids.
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Fig. 5 Measured photoluminescence spectra (red) and absorption spectra
(black) of selected isomers of the five smallest members of the diamondoid
series. The excitation energy used to record the PL is marked with an
asterisk and Eg,p is marked with a blue arrow. PL-spectra of adamantane
(AE =100 meV), diamantane (AE = 100 meV), other spectra (AE = 25 meV,
the spectra have been smoothed for presentation purposes).

4.3 Excited-state decay rates

The measured decay rates of all investigated diamondoids are
listed in Table 1. To rule out that the temperature of the
samples affect their excited state decay rates (1/t) we recorded
them at different temperatures for ada- and diamantane.
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Fig. 6 Excited state decay rates of the diamondoids as a function of the
number of constituent C-atoms.

Within our experimental error, temperature does not have an
influence on the decay rate of the excited state.

As can be seen from Fig. 6, the decay rates are not related in
a simple way to the particle symmetry. This is most likely due to
the fact that for larger particles, the number of degrees of
freedom over which IVR can take place is a more important
quantity in determining the decay rates. In Fig. 6, the decay rate
as a function of the number of C-atoms of the diamondoid is
shown. The decay rate is seen to increase monotonically with
increasing diamondoid order, and in a simple picture, the
correlation between size and the transition rate can be approxi-
mated by a linear dependence of 0.12 ns™' per additional
carbon atom. This dependence may result from the fact that
internal conversion mechanisms like IVR are strongly depen-
dent on the number of available vibrational degrees of freedom.
These processes are known to take place on time scales much
shorter than the observed lifetimes, and PL mainly takes
place after the internal conversion is complete. Hence, it is
conceivable that systems with a higher number of atoms also
have higher decay rates. However, with these initial results, it is
not possible to determine the branching ratio between radiative
and non-radiative processes.

5 Conclusion

We have shown that all diamondoids up to a size of ~1 nm
exhibit PL in the ultraviolet spectral region. Under carefully
controlled experimental conditions (low temperature and low
excitation energy) vibrational fine structure could be observed.
The broad and structureless PL spectra published in previous
work were presumably the result of thermal broadening and
broadening due to IVR. The luminescence of adamantane,
including its vibrational fine structure, can be explained by a
transition from a delocalized 3s-like Rydberg state into mainly
five vibrational normal modes of the ground state. Furthermore,
the PL properties of the five smallest diamondoids can also be
explained through the same scheme, except for cases where
the HOMO-LUMO transition is dipole forbidden (diamantane,
[121]tetramantane), where the initial excitation occurs to a
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higher-lying 3p Rydberg state. In the latter cases, fluorescence
is emitted from a lower lying state and the PL spectra are
smeared out due to an increased amount of IVR.

The unique spectral shape observed not only for each size,
but also for each isomer of the diamondoid series, shows that
our technique can be used to optically probe sizes and struc-
tural traits. This could be helpful for monitoring the synthesis
of higher diamondoids and is a step towards a better general
understanding of the PL properties of semi-conductor nano-
particles. The ability of theory to model the PL spectra proved to
be vital to the assignment of the vibrational spectra, and the
synergies between further developing the theoretical descrip-
tion of these processes and improved experiments provide a
very strong impetus for new developments in the field.
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