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Identification of vibrational excitations and optical
transitions of the organic electron donor
tetraphenyldibenzoperiflanthene (DBP)†

Gaël Rouillé,*a Tino Kirchhuebel,b Marcel Rink,c Marco Gruenewald,b Jörg Kröger,c

Roman Forkerb and Torsten Fritz*b

Tetraphenyldibenzoperiflanthene (DBP) attracts interest as an organic electron donor for photovoltaic

applications. In order to assist in the analysis of vibrational and optical spectra measured during the

formation of thin films of DBP, we have studied the vibrational modes and the electronic states of this

molecule. Information on the vibrational modes of the electronic ground state has been obtained by IR

absorption spectroscopy of DBP grains embedded in polyethylene and CsI pellets and by calculations

using density functional theory (DFT). Electronic transitions have been measured by UV/vis absorption

spectroscopy applied to DBP molecules isolated in rare-gas matrices. These measurements are compared

with the results of ab initio and semi-empirical calculations. Particularly, the vibrational pattern observed in

the S1 ’ S0 transition is interpreted using a theoretical vibronic spectrum computed with an ab initio

model. The results of the previous experiments and calculations are employed to analyze the data obtained

by high-resolution electron energy loss spectroscopy (HREELS) applied to DBP molecules deposited on a

Au(111) surface. They are also used to examine the measurements performed by differential reflectance

spectroscopy (DRS) on DBP molecules deposited on a muscovite mica(0001) surface. It is concluded that

the DBP molecules in the first monolayer do not show any obvious degree of chemisorption on

mica(0001). Regarding the first monolayer of DBP on Au(111), the HREELS data are consistent with a

face-on anchoring and the absence of strong electronic coupling.

1 Introduction

Semiconductive organic materials have become an ingredient
of light-emitting and photovoltaic devices. Ultimately they are
expected to be less costly to use in production processes than
inorganic semiconductor materials and to allow the develop-
ment of thinner and lighter, even flexible, components. The
production of organic semiconductor components may require
the formation of thin layers of molecules by physical vapor
deposition (PVD) onto a substrate. During the procedure, the
molecules adsorb on the surface of the substrate or the topmost

deposited material and arrange themselves. Optical spectroscopy
can provide information on this arrangement by comparing the
spectrum of the deposited molecules with the spectrum of the
same molecules taken when they are free from the adsorption-
induced interactions. Carried out for various stages of deposition,
this comparison can reveal how the molecules interact individu-
ally with the substrate before showing how they interact with each
other as the first monolayer approaches completion, then as the
number of molecular monolayers increases.1 For physisorbed
species, accurate optical measurements can also reveal the possi-
ble deformation of the deposited molecules, especially when they
have a high symmetry in their free state, for any loss of symmetry
causes the rise of new spectral features as observed in the
spectrum of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)
molecules on a KCl(100) surface.2 Cases of significant chemi-
sorption can be revealed by considerably broadened optical
spectra and/or noticeable spectral shifts, sometimes leading to a
complete loss of any resemblance to the monomeric absorption
behavior such as in the case of PTCDA on Ag(111).3

The polycyclic aromatic hydrocarbon tetraphenyldibenzo-
periflanthene (5,10,15,20-tetraphenylbisbenz[5,6]indeno[1,2,3-
cd:10,20,30-lm]perylene, DBP, C64H36) was first reported for its
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properties of electrogenerated chemiluminescence.4 Since then
it has been investigated as an electron donor for photovoltaic
cells,5–11 and it has been tested as an assistant dopant in
organic light-emitting diodes.12,13 It was used as the electron
donor in the single-junction organic solar cell with a high fill
factor that showed the highest open-circuit voltage reported at
that time.11 DBP is especially interesting because it has been
found more efficient than frequently-used copper phthalocyanine
as an electron donor in heterojunction photovoltaic structures.5

In particular, vapor-deposited DBP molecules can form films thin
enough to enable exciton diffusion while retaining high absorp-
tion, because they arrange themselves with their transition
moment parallel to the surface of the film.14

To date, a detailed description on the molecular level of the
self-organization of DBP molecules during the formation of thin
films by PVD is missing. Even though it was observed that the
temperature of the substrate affects the structure of a DBP thin film
formed by vapor deposition,15 better knowledge of mechanisms at
work in the growth of such a film would be welcome.16 To contri-
bute to this knowledge, we have measured absorption spectra of
DBP molecules and carried out theoretical calculations to assist in
the analysis of the measurements. The spectra were measured
in the mid-infrared (MIR) wavelength domain on DBP grains
embedded in pellets of polyethylene (PE) and of CsI. Measurements
were also performed in the visible and near ultraviolet regions on
DBP molecules isolated in Ne and Ar matrices. After the spectra
were analyzed with the assistance of theoretical calculations, the
usefulness of these experimental and theoretical data was demon-
strated by using them in two examples. They were exploited to inter-
pret high-resolution electron energy loss spectroscopy (HREELS)
measurements performed on DBP molecules deposited on a
Au(111) surface with submonolayer and few-monolayer coverages.
They were also used to study differential reflectance spectroscopy
(DRS) measurements carried out on DBP molecules deposited
with a submonolayer coverage on a mica(0001) surface.

2 Methods
2.1 Experimental methods

The DBP powder used in the experiments was provided by
Luminescence Technology Corp. (Lumtec) with a nominal
purity of 499%. The powder was further purified by two cycles
of temperature gradient sublimation using a setup detailed in
the literature.17 Fig. 1 shows the skeletal formula of DBP.

2.1.1 Infrared absorption spectroscopy. The MIR absorp-
tion bands of DBP were measured at room temperature using
grains embedded in two different solid pellets. Each pellet was
produced by pressing the DBP and pellet material powders after
they were finely ground and mixed in a mortar. The two pellet
materials were CsI (Aldrich, purity 99.999%) and polyethylene
(PE; Seishin Co., SK-PE-20L powder). The mass ratio of DBP to
the pellet material was 1 : 700 with CsI for a total mass of 233.49 mg
while it was 1 : 500 with PE for a total of 258.74 mg. Both pellets
were prepared by pressing the mixed powders at 10 t for 10 min in a
die 13 mm in diameter.

The IR spectrum was derived from transmission measure-
ments performed using a Fourier transform IR spectrometer
(Bruker 113v). Measurements were carried out on the DBP:CsI
pellet over the 150–660 and 400–6000 cm�1 ranges and on the
DBP:PE pellet over the 50–220 and 150–660 cm�1 ranges. An
adequate beamsplitter was paired with a specific detector depend-
ing on the frequency range. Thus two mylar beamsplitters, 12 and
3.5 mm thick, were combined with a DTGS-type detector equipped
with a PE window to scan the 50–220 and 150–660 cm�1 ranges,
respectively. The 400–6000 cm�1 domain was explored by pairing
a KBr beamsplitter with a DTGS-type detector equipped with
a KBr window. Every spectrum was measured by averaging
32 scans carried out with a resolution of 2 cm�1 and an interval
of E1 cm�1 between consecutive measurements. For each
frequency range and sample pellet, a spectrum was recorded
using a pellet of pure material, either CsI or PE, with a mass
similar to that of the corresponding sample pellet. This spec-
trum served as reference for baseline correction.

2.1.2 Electron energy loss spectroscopy. High-resolution
electron energy loss spectroscopy (HREELS) has been carried
out at room temperature using an Ibach spectrometer.18 The
sample consisted of a layer of DBP on a Au(111) surface. The
Au(111) surface was cleaned by Ar+ bombardment and annealing.
Cleanliness was checked by specular electron energy spectra,
which, except for the signature of the acoustic surface plasmon,19

were featureless. Clean Au(111) was exposed to DBP at room
temperature. The molecules were sublimated from a heated Ta
crucible at E350 1C. Exposure times ranged from 0 to 3600 s so
as to obtain submonolayer coverages and also deposits a few
monolayers thick. Spectra were acquired in specular scattering
geometry with an angle of impinging electrons of 641 with
respect to the surface normal. The primary energy of the
incident electrons was set to 5 eV with an energy resolution
ranging from 3.5 to 4.5 meV.

2.1.3 Ultraviolet and visible absorption spectroscopy.
Absorption spectra of DBP at UV/vis wavelengths were pre-
viously reported for solutions (DBP in benzene,4 and in dichloro-
methane13,20) and comparatively thick films.5,9,14,16,21 For this
work, absorption spectroscopy was applied to DBP molecules
isolated in rare-gas matrices at cryogenic temperatures.

Fig. 1 Skeletal formula of 5,10,15,20-tetraphenylbisbenz[5,6]indeno[1,2,3-
cd:10,20,30-lm]perylene, also called tetraphenyldibenzoperiflanthene (DBP),
C64H36, Chemical Abstracts Service (CAS) Registry No.: 175606-05-0.
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As the matrix-isolation spectroscopy apparatus has been
described elsewhere,22 only specific details are given here.
The DBP-doped matrices were produced by depositing DBP
molecules together with rare-gas atoms in excess onto a trans-
parent substrate kept at E6 K when the rare gas was Ne, at
E12 K when it was Ar. We used a CaF2 substrate to form the
DBP-doped Ne matrix while KBr was employed for the experi-
ment with Ar. The DBP molecules were transferred into the gas
phase by heating the sample powder at temperatures between
331 and 355 1C in an oven that was equipped with a nozzle
directed toward the cold substrate. The DBP molecules exiting
the oven through the nozzle were mixed with rare-gas atoms
that were provided with a mass flow of 5 sccm (sccm: standard
cubic centimers per minute) for Ne and Ar as well. The molecules
and atoms were deposited for 20 min during the experiment with
Ne and 15 min when using Ar. The UV/vis spectra were measured
with a step of 0.2 nm and a linewidth of 0.2 nm at a rate of
E55 points per minute. A spectrum of the clean, cold substrate
was measured before the deposition of the rare-gas matrices to
serve as a baseline reference.

2.1.4 Differential reflectance spectroscopy. Differential
reflectance spectroscopy (DRS23) was employed to monitor and
characterize in situ the deposition of DBP molecules on muscovite
mica (hereafter referred to as mica for simplicity) with a coverage
increasing from 0.1 to 1 ML (ML: monolayer).

The DRS setup has been described elsewhere.1 The mica
surface was cleaved on the front and backside ex situ parallel to
the (0001) planes and rinsed for E3 min in deionized water in
order to remove minor traces of unbalanced potassium ions
from the surface.24 The sample was degassed for 30 min at
E550 K in ultra-high vacuum and, after cooling down to room
temperature, DBP molecules were deposited using a tempera-
ture of the effusion cell of E330 1C stable within 1 1C. The DRS
measurements were carried out in situ during the deposition.
Due to the integration times, the independently recorded spectra
represent consecutive film thickness intervals whose mean values
are given in the text. The DRS signal of an absorbing species is
in good approximation proportional to its absorbance on a
transparent substrate and should thus depend linearly on the
film thickness provided that the latter is much smaller than the
wavelengths used.

2.2 Computational methods

Theoretical calculations using both the ab initio and density
functional theory (DFT) approaches and also a semi-empirical
model were carried out with the GAUSSIAN 09 software.25 Unless
otherwise mentioned, the default parameters of the software
were used. After tests, the molecule was forced to exhibit the
symmetry elements of the D2h point group in all calculations. As
depicted in Fig. 2, its geometry was described using an x, y, and
z frame of coordinates placed at the center of mass of the
molecule so as to have the x-axis aligned with the long C2 axis
of the dibenzoperiflanthene plane and the z-axis aligned with the
C2 axis perpendicular to that plane. The D2h-symmetrical geo-
metry is the equilibrium geometry of the isolated molecule.
A DBP molecule embedded in a dense phase such as a crystal

may lose this high symmetry to be packed in an arrangement of
lowest energy. For instance, its elongated body could be warped
as the phenyl groups offer the possibility of internal rotation,
although it is limited due to steric hindrance.

2.2.1 Vibrational modes. Since DBP comprises 100 atoms,
its structure yields 294 vibrational modes defined by the dis-
placements of the atoms from their average position. In the
presence of a molecular structure (mass and charge distribu-
tions) that exhibits symmetry elements, each mode transforms
according to an irreducible representation of the corresponding
point group and is labeled with the name of this representation.
In the case of the D2h point group, the irreducible representa-
tions are ag, b1g, b2g, b3g, au, b1u, b2u, and b3u. In this work, the
indexes 1, 2, and 3 relate to the C2 axes oriented in the z, y, and
x directions, respectively (see Fig. 2). As remarkable modes,
those of the ag type are conserved by all the symmetry opera-
tions that constitute the D2h point group, meaning that the
molecular symmetry is not modified during these vibrational
motions. The g and u indexes indicate whether a mode is
symmetric or antisymmetric with respect to the symmetry
center of the structure. Thus only u-type modes can produce
an instantaneous electric dipole moment and are therefore IR
active. Of interest to this work, the b1u-type modes are con-
served by the C2z, sxz, and syz operations. As IR-active modes
(u index), they generate an instantaneous dipole moment with
the z direction (1 index). Fig. 3 shows some examples of atomic
displacements associated with vibrational modes.

2.2.2 Electronic ground state. The geometry of DBP in its
electronic ground state was optimized in an application of DFT
combining the B3LYP functional26–29 with the 6-31+G(d,p) basis
set.30 The preset tight convergence criteria for optimization
were applied as well as the predefined ultrafine grid for the
calculation of integrals. The vibrational modes and the IR spec-
trum were calculated at the optimized geometry. The computed
frequencies were positive, real numbers indicating that the opti-
mization procedure yielded a geometry corresponding to a mini-
mum in the potential energy surface. This molecular structure is
given in the ESI.†

Even though the results of the DFT calculation at the B3LYP/
6-31+G(d,p) level of theory would give a more accurate descrip-
tion, the geometry and vibrational modes of the electronic

Fig. 2 Pseudo-three-dimensional representation of DBP with D2h-type
symmetry. The light- and dark-colored spheres represent H and C atoms,
respectively. The frame of coordinates used in the theoretical calculations
is indicated using axes labeled with x, y, and z.
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ground state of DBP were also derived in a Hartree–Fock (HF)
calculation using the 6-31G(d,p) basis set.31 In this calculation,
tight optimization criteria, the ultrafine grid, and frozen cores
were applied. The HF description of the ground state was needed
for a consistent calculation of the vibronic intensity pattern in
the first allowed electronic transition of DBP considering the
model employed to compute the excited state (see Section 2.2.3).

2.2.3 Electronic excited state. The first excited electronic
state and its vertical excitation energy were obtained in a
configuration-interaction calculation with single excitation
(CIS).32 Because the excitation energies derived with the ab initio
CIS approach are not accurate enough in the case of PAH mole-
cules, they were also computed using the Zerner intermediate
neglect of differential overlap (ZINDO/S) model,33–36 which is
more reliable in such occurrences.37 The CIS and ZINDO/S
calculations were carried out at the geometry derived with the
B3LYP/6-31+G(d,p) model chemistry.

Furthermore, the geometry and the vibrational modes of
DBP in its first excited state were determined with CIS calcula-
tions. As CIS electronic states are derived from the HF ground
state, the vibrational modes computed with these two models
were used for a consistent computation of the vibronic spectrum
of the first electronic transition. Accordingly, the 6-31G(d,p)
basis set and frozen cores were also applied when calculating
the excited state and tight convergence criteria were used along
with the ultrafine grid. The geometry of the first electronic

excited state was also optimized so as to preserve a D2h-type
symmetry. The success of the optimization procedure was
verified with the fact that the frequencies were positive, real
numbers. Using the HF/6-31G(d,p) and CIS/6-31G(d,p) vibra-
tional modes of the electronic ground and excited states,
respectively, the relevant Franck–Condon factors were com-
puted with the PGOPHER software.38

3 Results and discussion
3.1 Infrared spectrum of grains

Fig. 4 shows the spectra of DBP in PE and CsI over the 150–660 cm�1

range. At frequencies lower than 500 cm�1, the spectrum of
DBP grains in CsI is affected by an interference pattern that
obscures weak bands possibly present below 400 cm�1. Indeed,
the measurements obtained with the pellet prepared with PE
clearly show absorption peaks at frequencies down to 180 cm�1.
The measurements obtained between 50 and 220 cm�1 with the
DBP:PE pellet are not displayed because they did not reveal any
clear feature. They showed, however, that there could be only
weak absorptions in that frequency range. Absorptions in the

Fig. 3 Examples of vibrational modes in DBP with symmetry types and scaled
theoretical frequencies given in units of wavenumbers (see Section 3.1). The
molecular structure is rendered as a wireframe with green arrows indicating
the displacement of the atoms. The frame of coordinates used in the
theoretical calculations is indicated using axes labeled with x, y, and z.

Fig. 4 Observed MIR spectra of DBP embedded in PE and CsI pellets
compared with the theoretical spectrum obtained at the B3LYP/6-31+G(d,p)
level of theory while constraining the symmetry to D2h type. In the latter
spectrum, the frequencies have been scaled using a factor of 0.9799 and the
bands have been given a Lorentzian profile with a FWHM of 7 cm�1.
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400–6000 cm�1 domain were measured using the DBP:CsI
pellet and the corresponding spectrum is shown in Fig. 5. All
measured peak positions are given in Table 1.

The assignment of the IR absorption bands relies on the
comparison of the laboratory measurements with the results of
the quantum chemical calculations described in Section 2.2.
Fig. 4 and 5 include the theoretical IR spectrum of DBP in its
electronic ground state S0(Ag) computed at the B3LYP/6-31+G(d,p)
level of theory successfully assuming a D2h-type symmetry. As
already mentioned, only the vibrational modes of types au, b1u,
b2u, and b3u are IR active and can give rise to absorption bands.
The harmonic frequencies of the vibrational modes have been
scaled to fit the observed band positions. More precisely, the
comparison of the experimental spectra with the theoretical
B3LYP/6-31+G(d,p) spectrum allowed us to pair the clearest 27
vibrational bands with computed harmonic frequencies and to
derive a scaling factor of 0.9799. The bands corresponding to CH
stretching modes were not included in the derivation of the
scaling factor as better results are obtained by treating them
separately.39 In Fig. 5, however, the scaling factor of 0.9799 has
been applied to render them for simplicity. One may note that the
value of 0.9799 is consistent with those obtained using the same
chemistry model applied to 2- and 9-vinylanthracene,40 as well as
with the scaling factors derived from other models.39 To plot the
theoretical IR spectra in Fig. 4 and 5, the bands have been given a
Lorentzian profile with a full width at half maximum (FWHM) of
7 cm�1. In these plots, the IR intensity scale has not been
corrected to take into account the area of the bands.

Several broad or composite peaks that appear in the measured
spectrum between 1600 and 2000 cm�1 are not present in the

theoretical spectrum. Thus they do not correspond to funda-
mental vibrations. They must correspond to harmonic or combi-
nation vibrations, which can be strong enough to be detected
when modes that give strong IR absorption bands are involved.
Interestingly, the same features can be seen in the IR spectrum
of rubrene,41 suggesting that they arise from combinations of
vibrations in the phenyl side groups and terminal benzene rings
of the tetracene backbone. At least one of the most strongly IR-
active vibrations, i.e., the b3u out-of-plane phenyl group deforma-
tion that gives the band at 699.1 cm�1 or the b1u out-of-plane CH
bending of the terminal benzene rings that causes the absorp-
tion at 762.7 cm�1, is likely involved.

It can be noted that the peak at 762.7 cm�1 is the highest of
the two that crown the feature arising at 760 cm�1. This feature
shows a secondary peak at 757.9 cm�1 that does not correspond
to any computed mode and is too strong to be caused by a
combination of the vibrations that have a lower frequency. As
the feature is broader than the other strong bands, it might be
split. Because it is attributed to the b1u out-of-plane CH bend-
ing of the terminal benzene rings, the splitting could indicate
two different arrangements of the molecules in the grains that
would especially affect this vibrational mode.

Beside those mentioned in the two previous paragraphs, the
differences between the experimental and theoretical results
consist of minor peaks in the measured spectrum that do not
have a clear computed counterpart. These minor peaks (at 846.6,
1466.6, 1574.6, and 1593.9 cm�1) could correspond to combi-
nation bands or to bands that are not accurately calculated. There
are obvious discrepancies between the relative intensities in the
observed and theoretical spectra. One cannot rule out an effect of
the experimental conditions on the measured intensities. Indeed,
the theoretical spectrum corresponds to a free molecule while the
measurements were carried out on molecules in the solid phase.
Still, differences can be inherent to the theoretical model
employed. For instance, it was reported that IR intensities for
aromatic CH stretching modes are overestimated by a factor of
two when using the B3LYP functional.39,42

The experimental MIR spectrum of DBP grains is none-
theless generally well reproduced by the theoretical spectrum
of the isolated molecule computed while assuming it has a D2h-
type symmetry. All differences arising from the imperfection of
the theoretical model could be attenuated a priori by employing
a larger basis set, though the size of the molecule would make
the calculation costly, and possibly another functional. Finally,
within the limits of accuracy of the present IR study, we
conclude that the structure of DBP exhibits the D2h-type sym-
metry in the grains.

3.2 UV/vis spectrum in rare-gas matrices

3.2.1 Electronic transitions. Fig. 6 shows the UV/vis absorp-
tion spectra of DBP molecules isolated in Ar and Ne matrices.
The two spectra are very similar and reveal the same absorptions.
As expected, when using Ar instead of Ne as the matrix material,
the absorption bands are found at slightly lower energy and their
profile is broader. The energy shift is essentially due to the
difference between the polarizabilities of the Ar and Ne atoms

Fig. 5 MIR spectrum of DBP embedded in a CsI pellet compared with the
theoretical spectrum obtained at the B3LYP/6-31+G(d,p) level of theory
while constraining the symmetry to D2h type. In the latter spectrum, the
frequencies have been scaled using a factor of 0.9799 and the bands have
been given a Lorentzian profile with a FWHM of 7 cm�1.
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(see Section 3.2.2) while the variation of the bandwidth reflects
the general dependence of the homogeneous broadening on
the matrix material and temperature.

The allowed electronic transition of lowest energy gives a
band at 2.2437 eV (18 097 cm�1) when Ne is the matrix material.
It marks the origin of the electronic transition and it is accom-
panied by several vibronic bands. At higher energy, between 3.7
and 4.8 eV, other bands suggest the presence of three electronic
transitions, likely more. These bands are broader than the peaks
marking the allowed electronic transition of lowest energy. At
even higher energy, between 5 and 6 eV, the baseline variations
may signal the presence of strong, though extremely broadened,
absorptions.

The theoretical calculations using the CIS and ZINDO/S
models predict the S1 ’ S0 transition to be allowed and strong.
Thus the band found at 2.2437 eV for DBP isolated in solid
Ne can be attributed to this transition. The symmetry type of
the first excited singlet state S1 is B3u, which means that the
transition moment is oriented along the x direction, i.e., the
long axis of the molecule. The theoretical transition energies
and oscillator strengths computed for this electronic transition
are given in Table 2.

Beside the S1 ’ S0 transition, about 50 transitions are
allowed within the whole 2–6 eV range according to the results
of the calculations using the ZINDO/S model. They are repre-
sented with a stick spectrum in Fig. 6. Four strong transitions
arising between 4.2 and 5.0 eV in the ZINDO/S spectrum likely
correspond to the bands observed between 3.7 and 4.8 eV for
DBP isolated in solid Ne. An assignment is not straightforward,
however, because of the difference between the computed and
observed energy transitions. Moreover, the difficulty is increased
because the observed features overlap and are broadened.
Hence, we refrain from assigning them.

The three strong transitions predicted by the ZINDO/S
calculation near 6 eV cannot be distinguished in the measured
spectra. We propose that this apparent discrepancy is the
consequence of a severe broadening, therefore a lowered peak
intensity. It would be consistent with the baseline variations
between 5 and 6 eV mentioned above.

Both the CIS and ZINDO/S models attributed a high oscilla-
tor strength, E2, to the S1 ’ S0 transition, in agreement with
the experimental data. As the oscillator strength is related to
the number of electrons in the molecule and considering that
we are discussing a p–p* transition, this high value is a priori an

Table 1 Experimental and theoretical vibrational energies of DBP in units of cm�1

FTIR DFTa Mode descriptionb FTIR DFT Mode description

184.2 169.64 b1u t(CCC)DP 1029.8 1031.17 b3u R(CC)Ph

194.8 182.31 b1u t(CCC)DP 1029.8 1031.32 b2u R(CC)Ph
248.8 243.01 b3u phenyl wagging 1037.5 1041.69 b3u R(CC)DP
264.2 259.22 b1u phenyl rocking, t(CCC)DP 1071.3 1077.41 b1u R(CC)Ph

314.3 309.41 b3u a(CCC)DP 1100.2 1105.02 b3u b(CCH)DP

331.7 329.55 b2u a(CCC)DP 1133.9 1138.46 b3u b(CCH)DP

404.0 401.60 b2u a(CCC)DP 1157.1 1159.31 b1u b(CCH)Ph

451.3 455.57 b1u t(CCC)DP 1165.8 1168.47 b3u b(CCH)DP

451.3 457.38 b1u t(CCC)DP 1174.4 1178.85 b2u b(CCH)Ph
505.3 507.29 b3u a(CCC)DP, t(CCC)Ph 1174.4 1179.02 b3u b(CCH)Ph

542.9 545.21 b2u a(CCC)DP, t(CCC)Ph 1229.4 1225.31 b3u R(CC)DP–Ph

553.5 549.46 b3u a(CCC)DP, t(CCC)Ph 1245.8 1247.74 b3u R(CC)DP, b(CCH)DP

598.8 595.53 b2u a(CCC)DP 1297.9 1299.07 b3u R(CC)DP, b(CCH)DP

598.8 598.56 b3u a(CCC)DP, t(CCC)Ph 1358.6 1361.89 b3u b(CCH)DP

613.3 613.78 b1u e(CH)DP, a(CCC)Ph 1369.2 1366.59 b2u R(CC)DP–Ph
620.0 619.82 b3u a(CCC)DP, a(CCC)Ph 1369.2 1370.20 b3u R(CC)DP
647.0 644.85 b1u t(CCC)DP 1423.2 1428.71 b3u R(CC)DP

663.4 659.22 b2u a(CCC)DP, t(CCC)Ph 1441.5 1444.35 b1u R(CC)Ph

672.1 667.56 b3u a(CCC)DP 1466.6
684.6 679.45 b1u t(CCC)DP, e(CH)DP 1488.8 1486.78 b2u R(CC)DP

699.1 696.93 b3u t(CCC)Ph 1488.8 1495.72 b3u R(CC)Ph
740.5 735.90 b3u a(CCC)DP, e(CH)Ph 1488.8 1499.84 b2u R(CC)Ph
757.9 1511.9 1521.10 b3u R(CC)DP

762.7 763.82 b1u e(CH)DP 1574.6
776.2 773.45 b3u a(CCC)DP, e(CH)Ph 1584.2 1587.03 b3u R(CC)DP, b(CCH)DP

810.0 806.30 b3u a(CCC)DP 1584.2 1588.20 b1u R(CC)Ph

832.1 830.22 b1u e(CH)DP 1584.2 1590.74 b2u R(CC)DP

846.6 1584.2 1592.92 b3u R(CC)DP
915.1 915.63 b3u e(CH)Ph 1593.9
937.2 934.54 b2u a(CCC)DP, e(CH)Ph 3025.8 b1u, b2u, b3u r(CH)
976.8 975.55 b3u R(CC)DP, e(CH)Ph 3063.4 b1u, b2u, b3u r(CH)
1000.9 989.10 b2u a(CCC)DP, R(CC)Ph

1000.9 994.35 b3u a(CCC)Ph

1000.9 994.41 b2u a(CCC)DP, a(CCC)Ph

a Theoretical harmonic frequencies scaled by a factor of 0.9799. b The subscripts DP, Ph, and DP–Ph indicate deformations of the dibenzoperi-
flanthene plane, the phenyl groups, and the CC bond between them, respectively. Notation of modes: r(CH), CH stretching; R(CC), CC stretching;
a(CCC), in-plane carbon ring angular deformation; b(CCH), in-plane CH bending; e(CH), out-of-plane CH bending; t(CCC), out-of-plane carbon
ring angular deformation.
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indication of the large number of electrons that constitute the
extended p system of the dibenzoperiflanthene unit in DBP.

For comparison, we have computed the oscillator strength of
the S1 ’ S0 transition for the related molecules periflanthene
(diindenoperylene, DIP, C32H16, CAS No. 188-94-3), tetraphenyl-
diindenoperylene (Ph4-DIP, C56H32, CAS No. 222849-28-7), and
dibenzoperiflanthene (bisbenzindenoperylene, BIP, C40H20,
CAS No. 176741-59-6). It was essential to apply the theoretical
approach already used for DBP as calculated electronic transi-
tions can vary significantly depending on the theoretical model.
Care was taken to optimize the structure of these species at the
same level of DFT used for DBP, i.e., B3LYP/6-31+G(d,p), with
the same accuracy criteria. The atoms and their coordinates in
the resulting structures are given in the ESI.† While a D2h-type
symmetry was successfully assumed for DIP and BIP, Ph4-DIP has
been found to be twisted into a structure with a D2-type symmetry.

The deviation from a higher symmetry is caused by the steric
interaction between the phenyl groups and the H atoms at the
corners of the central perylene unit. In DBP, this interaction is
balanced by the steric interaction between the phenyl groups
and the lateral H atoms carried by the terminal benzene rings
of the dibenzoperiflanthene body, leading to the higher D2h-
type symmetry.

The electronic transitions of DIP, Ph4-DIP, and BIP were
calculated using the ZINDO/S model for consistency as men-
tioned above. In each case the moment of the S1 ’ S0 transi-
tion was found to be parallel to the long axis of the molecule.
The transition energies derived for DIP, Ph4-DIP, and BIP
are 2.58, 2.47, and 2.47 eV, respectively, to be compared with
2.38 eV for DBP. While the oscillator strength computed for the
S1 ’ S0 transition of DBP is 1.81, we have obtained 1.32, 1.42,
and 1.76 for DIP, Ph4-DIP, and BIP, respectively. As expected,
the oscillator strength increases with the size of the p electronic
system of the main body. One can note that the presence of the
phenyl groups also coincides with an increase of the oscillator
strength, though of lower magnitude. The mechanism of this
effect is yet to be determined. Thus, at this level of theory, DBP
exhibits the strongest S1 ’ S0 transition, which gives rise to
photon absorption at the longest visible wavelength.

Table 2 shows that the transition energies computed for DBP
are larger than the energy measured on the molecules isolated
in a Ne matrix, i.e., 2.2437 eV. This value would be slightly lower
than the transition energy for a free molecule. Indeed, in
Section 3.2.2, the latter is estimated to be 2.2651 eV. In com-
parison with the CIS model, ZINDO/S gives a vertical excitation
energy closer to this value (see Table 2). This is consistent with
what is generally observed in the calculation of the first excited
electronic states of neutral PAHs, provided that the ZINDO/S
calculation is carried out at a reasonably accurate geometry.
Such a geometry was presently obtained with a calculation at
the B3LYP/6-31+G(d,p) level of theory and the corresponding
ZINDO/S S1 ’ S0 excitation energy is 0.1119 eV (903 cm�1)
higher than the transition energy expected for the free DBP
molecule (see Section 3.2.2).

While applying the ab initio CIS model, the energy of the
S1 ’ S0 transition was computed for two different geometries.
It was computed for the geometry of the S0 state obtained at
the B3LYP/6-31+G(d,p) level of theory and also for the relaxed

Fig. 6 UV/vis spectra of DBP molecules isolated in Ar and Ne matrices
shown above a stick spectrum of the theoretical electronic transitions
computed using the ZINDO/S semi-empirical model at the B3LYP/6-31+G(d,p)
geometry of the S0 state. A baseline attributed to scattering has been
subtracted from each measured spectrum.

Table 2 Theoretical and experimental first electronic excitation energies of DBP

Method Geometry Transition Energy (cm�1/eV) Oscillator strength

CIS/6-31+G(d,p) S0 [B3LYP/6-31+G(d,p)] S1(B3u) ’ S0(Ag) 23 835/2.9551 2.1555
CIS/6-31G(d,p) S1 [CIS/6-31G(d,p)] S1(B3u) ’ S0(Ag) 21 921/2.7178 2.1958
ZINDO/S S0 [B3LYP/6-31+G(d,p)] S1(B3u) ’ S0(Ag) 19 172/2.3770 1.8108
Gas phase (extrapolated) 18 269/2.2651
MIS/Ne 18 097/2.2437
MIS/Ar 17 556/2.1767
DRS/mica(0001) 17 365/2.153a

CH2Cl2 solution20 17 036/2.1122b

Benzene solution4 16 978/2.1050c

a Peak position for a coverage of 0.2 ML. b Values derived from the absorption wavelength of 587 nm.20 c Values derived from the absorption
wavelength of 589 nm obtained by shifting the emission wavelength of 596 nm by 7 nm.4
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geometry of the S1 state optimized at the CIS/6-31G(d,p) level.
Both values are clearly larger than the transition energy expected
for the free molecule. When applying the CIS model to PAH
molecules, the difference observed between the theoretical and
measured transition energies is quite common.

Thus the ZINDO/S calculation is relatively successful in
reproducing the S1 ’ S0 transition energy of the DBP molecules
in the Ne matrix while considering the geometry optimized at
the B3LYP/6-31+G(d,p) level of theory with a D2h-type symmetry.
This indicates that DBP molecules exhibit the symmetry elements
of this point group when they are isolated in Ar and Ne matrices
and, by extension, when they are in the gas phase.

3.2.2 Extrapolation to the gas phase. We are interested in
the characteristics of free DBP molecules to use them as refer-
ences in the study of the formation of DBP thin films. Although
our experiments were not carried out with free molecules, the
spectra we have measured provide useful information.

For instance, the energy of the S1 ’ S0 transition in free DBP
molecules can be extrapolated from the energies measured for
the same transition with molecules isolated in Ne and Ar
matrices.43 This is achieved by considering that dispersion is
the main interaction mechanism between PAH molecules and
rare-gas atoms. Thus,

~ngas phase ¼ ~nNematrix þ
1

Ra � 1
~nNematrix � ~nArmatrixð Þ; (1)

where ~ngas phase, ~nNe matrix, and ~nAr matrix are the transition energies
in the various media and Ra = 4.13 is the ratio of the polarizability
of Ar to that of Ne.44 Taking ~nNe matrix = 2.2437 eV and ~nAr matrix =
2.1767 eV, one finds ~ngas phase = 2.2651 eV.

3.2.3 Vibronic spectrum. Details of the S1(B3u) ’ S0(Ag)
absorption of DBP isolated in a Ne matrix can be examined in
Fig. 7. The strongest peak, which is found at the lowest energy
(18 097 cm�1), is the origin band of the transition. The next peak
(at 18 242 cm�1) could be either a second origin band caused by a
site effect or a vibronic band corresponding to the excitation of a
low-frequency vibration in the S1 state. Even though the vibronic
structure is not clear enough to rule out a site-effect pattern, the
assignment of the peak to a low-frequency vibration is supported
by the comparison of the measured spectrum with the compo-
nents of the theoretical vibronic spectrum that is also displayed
in Fig. 7. This stick spectrum represents Franck–Condon
factors derived from the vibrational modes computed at the
HF/6-31G(d,p) and CIS/6-31G(d,p) levels of theory for the S0 and
S1 states, respectively. Beside the origin band, the theoretical
spectrum comprises vibronic bands that correspond to the
excitation of vibrational modes with the ag-type symmetry. All
fundamental modes, all second harmonics, and all third harmo-
nics have been taken into account. Moreover, the strongest bands
arising from combinations of two different modes have also been
included. According to the list of vibrational modes computed for
S1 at the CIS/6-31G(d,p) level of theory, the band measured at
18 242 cm�1 can be attributed to the wagging motion of the
phenyl groups that conforms to an ag-type symmetry.

Fig. 7 also features a synthetic spectrum obtained by con-
voluting the CIS-HF/6-31G(d,p) vibronic stick spectrum with a

Lorentzian profile to which was given a FWHM of 100 cm�1.
While the synthetic spectrum does not precisely reproduce the
observed S1 ’ S0 spectrum of DBP isolated in a Ne matrix, the
intensity pattern up to 1000 cm�1 from the origin band coincides
well with the measurements. The discrepancies can be attributed
to the use of two different methods, HF and CIS, to describe,
respectively, the lower and upper states, both methods being
moderately accurate. The synthetic spectrum does not contradict
the conclusion previously drawn from the calculation of the
electronic states, namely, that DBP molecules isolated in rare-gas
matrices exhibit the D2h-type symmetry.

3.3 DBP on mica(0001)

Fig. 8 shows the S1 ’ S0 transition of DBP deposited on a
mica(0001) surface as obtained by DRS for several values of
coverage from 0.1 to 1 ML. The absorption spectrum of Ne-
matrix-isolated DBP in the same energy region is displayed

Fig. 7 The S1 ’ S0 transition of DBP isolated in solid Ne compared with a
decomposed theoretical stick spectrum (see the main text for details on its
computation). The origin of the stick spectrum has been placed at the
position of the observed origin band and the vibrational shifts correspond
to unscaled harmonic frequencies. A synthetic spectrum resulting from the
convolution of the stick spectrum with a Lorentzian profile having a FWHM
of 100 cm�1 is plotted for further comparison.
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along for the purpose of comparison. A synthetic spectrum
resulting from the convolution of the matrix-isolation spectrum
with a Lorentzian profile characterized by a FWHM of 0.09 eV is
also plotted to emphasize the relationship with the DRS data.
While the spectrum of DBP on mica(0001) appears to comprise
the same features as the spectrum of the Ne-matrix-isolated
molecule, the features are broadened and shifted toward lower
energies. The broadening and the shift can be attributed to the
interaction of the DBP molecules with the mica(0001) surface and
with neighboring DBP molecules in close-packed islands, which
is expectedly stronger than the interaction between DBP mole-
cules and surrounding Ne atoms in a matrix. It can be seen that
the shift increases slightly from 0.0905 to 0.1162 eV (or 0.1119 to
0.1376 eV with respect to the band position extrapolated for the
free molecule) as the coverage value increases from 0.2 to 1 ML.
This effect can be interpreted as the result of the increasing
occurrences of interaction between the DBP molecules, added to
the interaction with the mica(0001) surface. Furthermore, these
room-temperature differential reflectance spectra are subject to
thermal and possibly also inhomogeneous broadening, the latter
being caused by nonequivalent adsorption environments.

One may compare the shift toward lower energies observed
for the S1 ’ S0 transition of DBP molecules deposited on a
mica(0001) surface with the shift observed for DBP in rare gas
matrices and in solutions (Table 2). The shift observed for non-
polar solute molecules, such as DBP, surrounded by a non-
polar host medium, like rare-gas atoms or benzene molecules,
is essentially caused by the variation of the dispersion inter-
action energy between the solute molecule and the solvent or
the host material when the former undergoes an electronic
transition and its polarizability changes.45–49 For a given mole-
cule and electronic transition, the magnitude of the shift depends
on the polarizability of the surrounding medium. This is the
mechanism we have taken advantage of to extrapolate the energy
of the S1 ’ S0 transition in free molecules using the measure-
ments on DBP molecules isolated in Ar and Ne matrices. The
increasing shift observed for DBP surrounded by Ne and Ar
atoms, by CH2Cl2 and benzene molecules, reflects the increasing
polarizability of these species, respectively, 0.397,44 1.64,44

E6.6,50 and E10.4 � 10�30 m3.50 A quantitative prediction of
the shift is complex as it should take into account the volume and
topology of both the solute and host species.

In contrast to molecules dispersed in a solution or in a
matrix, molecules adsorbed on a rigid surface are not comple-
tely surrounded by a polarizable medium. Consequently they
interact with somewhat less than half the same amount of
material – or even much less depending on their shape, i.e., flat
like a regular PAH molecule or spherical like C60, and also on the
adsorption configuration with the surface, i.e., face-on, side-on,
or head-on anchoring – resulting in a smaller shift of transition
energies considering identical media. In the case of the DBP
molecule, even if it is lying face-on on a rigid surface, most of its
polarizable volume, which is constituted by the dibenzoperi-
flanthene body, is kept at an extra distance from this surface,
standing on the phenyl groups. Since the dispersion interaction
varies conversely with the sixth power of the distance, it is
weaker and the transition energy shifts are expected to be
smaller. This has to be taken into account to understand the
energy shift of the S1 ’ S0 transition of DBP on mica(0001) with
respect to the transition energy of the free molecule. Note that
while the shift induced by the mica surface is smaller than the
shift observed in solution spectra, the broadening is larger for
DBP on mica(0001) than for dissolved DBP.4,13,20

When molecules are not isolated from each other and form
aggregates, their transition energy can be affected significantly
by an additional effect, which is the interaction between the
individual transition moments of the deposited molecules. It is
related to the coherently delocalized excitation and super-
radiance phenomena. Its magnitude depends on the relative
distances and orientations of the aggregated molecules. The
effect has been observed, for instance, with two-dimensional
ordered aggregates of adsorbed PTCDA molecules.51,52 It likely
contributes to the coverage-dependent energy shift observed in
the DRS measurements of Fig. 8 and mentioned in the first
paragraph of this section.

The DRS measurements carried out on DBP molecules
deposited on a muscovite mica(0001) surface with submonolayer

Fig. 8 S1 ’ S0 transition of DBP on mica(0001) measured by DRS at
different coverage values compared with the absorption spectrum of DBP
isolated in Ne matrix of Fig. 6. For an easier comparison, a synthetic
spectrum obtained by convoluting the matrix-isolation spectrum with a
Lorentzian profile characterized by a FWHM of 0.09 eV is also displayed.
Note the relative shift of 0.1 eV between the horizontal scales. The vertical
arrow indicates the increase of the signal accompanying the increase of
the coverage from 0.1 to 1 ML with increments of 0.1 ML.
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coverages do not reveal a strong degree of chemisorption. The
data have not allowed us to determine the anchoring configu-
ration of the molecules onto this surface, although a face-on
configuration is expected as it would likely maximize the inter-
action energy, thus lowering the energy of the system.

3.4 DBP on Au(111)

The FTIR spectra measured on grains embedded in PE and CsI
pellets have allowed us to scale theoretical harmonic frequen-
cies so as to reproduce the observed vibrational frequencies. We
have used the scaled theoretical spectrum to analyze the HREEL
spectrum obtained at low energies for DBP molecules deposited
on a Au(111) surface. Fig. 9 shows the HREEL spectrum of a
submonolayer deposit on a Au(111) surface and the theoretical
b1u-type IR absorption bands are superimposed as sticks for
comparison. It is found that the two spectra are virtually
identical. Since the selection rules for HREELS measurements
in specular geometry allow only vibrational modes that produce
a dynamical dipole moment with a component perpendicular
to the substrate surface, the coincidence between the two
spectra indicates that the DBP molecules are anchored face-
on on the Au(111) surface. As in the case of terrylene, which also
adsorbs face-on on the same surface,53 the two strongest bands,
at 94.2 and 101.7 meV in Fig. 9, are assigned to out-of-plane CH
bending modes. In comparison to the spectrum of terrylene,
the peak at 380 meV that corresponds to aromatic CH stretch-
ing modes is much stronger. It can be explained by the fact that,
even though both molecules lie face-on on the Au(111) surface,
the phenyl groups in DBP are perpendicular to this surface and
their CH stretching motions can be excited by the impinging
electrons whenever they contribute to a b1u-type vibrational
mode, yielding a HREELS signal. Two of the CH stretching
modes actually involve the phenyl groups and transform accord-
ing to the b1u representation.

Although the HREEL spectrum largely reflects the theo-
retical b1u-type vibrational pattern, Fig. 9 presents at least two
peaks at E63 and E87 meV that do not closely correspond to
any of these modes. A third one at 113.5 meV is visible in
Fig. 10, which presents spectra of three DBP coverages from the
submonolayer range to at least the second molecular layer.
Of course the pattern of the HREELS measurements may differ
from the theoretical IR spectrum of an isolated molecule simply
because the proximity of the Au substrate induces vibrational
energy shifts through van der Waals and electrostatic interac-
tions. Accordingly, the peak at E87 meV – a position slightly
overestimated due to overlapping peaks – could be assigned to
the b1u-type mode found at 84.9 meV (684.6 cm�1) in the FTIR
spectrum of grains and computed at 84.2 meV (679.45 cm�1)
for a free molecule (see Table 1). On the other hand, one may
attempt to attribute these bands to modes exhibiting another
symmetry type than b1u. Normally inactive in HREELS, these
modes would have produced peaks due to a lowering of the
molecular symmetry possibly caused by the deformation of the
molecule upon adsorption on the Au surface.

For instance, neglecting any major shift between the
HREELS peak positions and the scaled theoretical vibrational
frequencies, the peak observed near 63 meV could be assigned
to an out-of-plane deformation of the phenyl groups, i.e., a b3u-
type vibration of D2h-symmetric DBP. Similarly, four modes
could be responsible for the HREELS peak at E87 meV accord-
ing to their frequencies. All are out-of-plane vibrations of the
phenyl groups, one of them being of the b3u type while the
others transform according to ag, b2u, and b1g, still considering
D2h-symmetric DBP. Finally, the peak detected at 113.5 meV
could be attributed to another b3u-type out-of-plane vibration of
the phenyl groups. While the involvement of out-of-plane vibra-
tions of the phenyl groups in each of these instances does not
seem to be possibly coincidental, a lowering of the symmetry

Fig. 9 HREEL spectrum of a DBP submonolayer deposit on a Au(111)
surface. The IR activity of all the b1u-type modes calculated at the B3LYP/
6-31+G(d,p) level of theory is shown as a stick spectrum with an arbitrary
vertical scale for comparison. The theoretical frequencies have been scaled
using a factor of 0.9799.

Fig. 10 Low-energy range in the HREEL spectrum of DBP molecules
deposited on a Au(111) surface as measured at different exposure times. At
480 s, the coverage is submonolayer. The thickness of the deposit is
greater than 1 ML at 1800 and 3600 s. A vertical offset has been applied to
the curves for clarity.
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would likely allow more than three modes to become active and
would cause energy shifts in the vibrational spectrum.

An electronic coupling of specific vibrational modes of
adsorbed DBP to electronic states of the substrate would be
revealed by the activation of ag-type modes and their excitation
would give rise to peaks with a Fano profile.54–57 This spectro-
scopic signature, however, is not observed in Fig. 9. In addition,
the vibrational spectra of DBP on Au(111) do not exhibit quali-
tative changes with increasing exposure, apart from an increase
of the signal strength as illustrated with the spectra presented in
Fig. 10. As the upper molecular layer is likely decoupled from
Au(111) and the spectra for different DBP coverages are similar,
we conclude that the electronic coupling between DBP molecules
and Au(111) at submonolayer coverages is rather weak.

Table 3 summarizes the peak positions obtained from the
loss spectrum of DBP on Au(111) after exposure for 1800 s as
this time gives the best resolved spectrum. The peaks have been
attributed to b1u-type vibrational modes in accordance with the
previous discussion, in most cases in a straightforward compar-
ison with IR bands of DBP grains. The peak arising at E87 meV
is assigned to a b1u-type mode assuming a shift that is somewhat
larger than what is observed for the other peaks. Four peaks
could not be assigned to b1u-type modes, two of them apparently
coinciding with bands of a different symmetry type that are
present in the IR spectrum of DBP grains. Other vibrational
modes that owing to their b1u-type symmetry should be observed
in specular spectra fall below the detection limit of the spectro-
meter. We assign the absence of the spectroscopic signature of
symmetry-allowed vibrational modes to their low scattering cross
section at the chosen scattering geometry. The scattering cross
section depends on the angle of incidence of primary electrons
and their energy.58

4 Conclusions

We have characterized the DBP molecule with FTIR spectroscopy
applied to grains embedded in PE and CsI pellets, and also with
UV/vis spectroscopy on molecules isolated in Ne and Ar matrices.
The IR and UV/vis measurements have been analyzed with the
support of theoretical calculations employing semiempirical and
ab initio models as well as density functional theory. The IR-
active vibrational modes of DBP in its electronic ground state S0

have been accurately measured and identified. With regard to
the first excited singlet electronic state S1, the S1 ’ S0 transition
energy of the free molecule has been extrapolated from the
measurements carried out with DBP-doped rare-gas matrices.
The vibronic pattern of the transition has been analyzed.

Using the results of the previous experiments, we have inter-
preted measurements carried out with DRS on DBP molecules
deposited on a muscovite mica(0001) surface with low coverages
and in particular submonolayer coverage. We have found that
DBP molecules deposited on the mica(0001) surface do not show
a significant degree of chemisorption and retain the behavior of
single molecules for coverage values up to 1 ML. Even though it
is expected that the molecules lie face-on on the surface, it could
not be verified experimentally yet. Concerning DBP molecules
deposited on a Au(111) surface, the interpretation of the HREEL
spectra is consistent with a face-on anchoring and the absence of
strong electronic coupling with the substrate.

It was previously found that DBP molecules vacuum-deposited
on an indium tin oxide surface form a film with their S1 ’ S0

transition moment parallel to the surface of the film.14 In the
case of a Au(111) surface, the present work goes a step further by
finding that the molecules in the first monolayer are adsorbed
face-on. Future studies will focus on the arrangement of the
molecules in the first monolayer and beyond.
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and T. Henning, Astron. Astrophys., 2011, 530, A26.

44 A. A. Radzig and B. M. Smirnov, in Reference Data on Atoms,
Molecules, and Ions, ed. J. P. Toennies, Springer-Verlag,
Heidelberg, 1985, vol. 31.

45 F. London, Trans. Faraday Soc., 1937, 33, 8–26.
46 Y. Ooshika, J. Phys. Soc. Jpn., 1954, 9, 594–602.
47 H. C. Longuet-Higgins and J. A. Pople, J. Chem. Phys., 1957,

27, 192–194.
48 E. G. McRae, J. Phys. Chem., 1957, 61, 562–572.
49 W. E. Henke, W. Yu, H. L. Selzle, E. W. Schlag, D. Wutz and

S. H. Lin, J. Chem. Phys., 1985, 97, 205–215.
50 K. J. Miller, J. Am. Chem. Soc., 1990, 112, 8533–8542.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

01
5.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 5
:2

8:
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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp03761a


30416 | Phys. Chem. Chem. Phys., 2015, 17, 30404--30416 This journal is© the Owner Societies 2015

51 M. Müller, A. Paulheim, A. Eisfeld and M. Sokolowski,
J. Chem. Phys., 2013, 139, 044302.

52 M. Müller, E. Le Moal, R. Scholz and M. Sokolowski, Phys. Rev.
B: Condens. Matter Mater. Phys., 2011, 83, 241203(R), DOI:
10.1103/PhysRevB.83.241203.

53 P. Navarro, F. C. Bocquet, I. Deperasińska, G. Pirug, F. S.
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