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ABSTRACT: High-quality single crystals of the organic semiconductor
(1,2;8,9)-dibenzopentacene were grown via physical vapor transport. The
crystal structure—unknown before—was determined by single-crystal X-ray
diffraction; polarization-dependent optical absorption measurements display a
large anisotropy in the ac plane of the crystals. The overall Davydov splitting is
~110 meV, which is slightly lower than that in the close relative pentacene
(120 meV). Momentum-dependent electron energy-loss spectroscopy
measurements show a clear exciton dispersion of the Davydov components.
An analysis of the dispersion using a simple 1D model indicates smaller
electron- and hole-transfer integrals in dibenzopentacene as compared to
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strongly momentum-dependent and demonstrates a strong momentum- Energy (eV)

dependent admixture of Frenkel excitons, charge-transfer excitons, and

vibrational modes.

1. INTRODUCTION

The family of Oligoacenes includes many promising organic
semiconductors, such as anthracene, tetracene, and pentacene.
All show relatively high charge-carrier mobilities' * and are
already used for applications such as organic light-emitting
diodes, organic field-effect transistors, and organic solar
cells.”™® Moreover, they represent model compounds for the
whole class of organic semiconductors, and their investigation
led to important insights into the physics of these
materials.””"*

The optoelectronic properties of organic semiconductors are
mostly driven by excitons, bound electron—hole pairs, lowered
in energy by the Coulomb attraction and sitting on one single
molecule (Frenkel exciton) or on two adjacent molecules
(charge-transfer (CT) exciton). Exciton dynamics is a subject
of high interest, and it has been shown in recent works that in
oligoacenes neither the exciton dispersion nor the Davydov
splitting (DS), an energy level splitting due to symmetrically
inequivalent molecules in the unit cell,"” can be explained by
the molecular Frenkel exciton picture only'”>°*® but instead
are explained with an intermixing of Frenkel, CT excitations,
and vibrational modes. The latest theoretical descriptions on
pentacene and tetracene by the group of Spano and co-
workers'7**7*® implemented this idea of an intermixing
successfully into a model that describes the experimental
data on tetracene and pentacene very well. On the basis of a
detailed understanding of the exciton behavior in single
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crystals, it is also possible to predict exciton migration as it
must occur, e.g., in organic solar cells for a high performance.

Starting from the well-known pentacene system, we choose
1,2;8,9-dibenzopentacene, a pentacene derivate with 2 more
benzene rings, placed on the diagonal ends on the long axis of
the pentacene molecule. It has strong similarities in the
electron 7z-system with pentacene.”’ >’ Not as present as other
Oligoacenes in research, dibenzopentacene (DBP) only
received some attention as a potential superconductor*’~**
in the past. On the other hand, dibenzopentacene offers the
possibility to investigate the anisotropic exciton dispersion in a
molecular crystal made out of molecules with a lower
symmetry than that of pentacene.

To the best of our knowledge, the growth and character-
ization of 1,2;8,9-dibenzopentacene single crystals were not
reported yet. Polarized optical absorption measurements show
a strong anisotropy, and momentum-dependent electron
energy-loss spectroscopy (EELS) measurements reveal the
exciton dispersion in two lattice directions. Our results
demonstrate that the exciton physics in dibenzopentacene is
determined by a strong coupling of Frenkel and CT excitons.
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Figure 1. (a) Optical picture of the grown dibenzopentacene crystal. (b) Dibenzopentacene molecule drawing at 30% ellipsoid probability. Color
code: gray for carbon and white for hydrogen. (c) Dibenzopentacene molecule from the side to show the dihedral angle (nonplanar molecular
structure). (d) Molecular packing of the single crystal in the ab plane. (e) Molecular packing in the ac plane. (f) Molecular packing in the bc plane.
To guide the vision, one layer of the molecules is highlighted with red and the unit cell borders are lined in blue.

2. CRYSTAL GROWTH AND EXPERIMENTAL DETAILS

Dibenzopentacene single crystals were grown using physical
vapor transport (PVT) in a furnace surrounded by a resistive
heater to set up a temperature gradient at atmospheric
pressure.43 Pure argon gas, 15 sccm, was used as the purging
gas. Dibenzopentacene molecules (purchased from TCI
Germany) were heated in the hot zone at 303 °C for 2—7
days, depending on the desired size and thickness of the
crystal. Single crystals then could be collected in the
crystallization zone of the furnace and processed further for
measurements. The crystals showed very homogeneous shape/
color, so polymorphism could be excluded.

X-ray diffraction data collection was carried out at the
BESSY II storage ring (BL14.2, Berlin-Adlershof, Germany).™*
XDSAPP2.0 suite was employed for data processing.”*® The
structure was solved by direct methods and refined by
SHELXL-2018.*” Hydrogen atoms were added geometrically
and refined with a riding model.

For optical absorption measurements, we transferred the
crystals onto a glass substrate and measured the absorption
spectra using a Bruker vertex spectrometer in the UV—vis and
IR range at 77 K. Electron diffraction and EELS were
performed with a custom-made electron energy-loss spec-

trometer, which could detect electronic excitations as a
function of momentum transfer.”>*” The primary electron
energy was 172 keV. To keep organic single crystals
undamaged as long as possible, the sample temperature was
always kept at 20 K, which also minimized thermal broadening
in the spectra. Every sample was checked regularly for sample
degradation to avoid distorted data. Electron diffraction was
applied in situ prior to every measurement to ensure the
quality of the sample and conformance with the measured
crystal structure (see Figure 4a).

With an energy and momentum resolution of about 85 meV
and 0.035 A™!, the measured signal in EELS is proportional to
the loss function Im(— 1/e(g, @)) and can be determined for
different momentum transfers q. With increasing the
momentum transfer g, the EELS cross section decreases

proportionally to ~$.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. The color of the crystal is light
pink, compared to the dark burgundy-red of the source
material (see Figure 1a). DBP grows in flakelike crystals in the
crystal ac plane. In crystals of our desired thickness (50—200
nm for EELS measurements), they tend to roll up or stick to
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Figure 2. (a) IR spectra of the dibenzopentacene crystal with a polarization of the incoming light according to the crystal’s a and ¢ axes and with a
powder spectra in comparison. The inset shows a zoomed-in region to display the strong polarization dependence. (b) Raman spectra with two
polarization directions of the incoming beam, an averaged isotropic curve, and an inset with an example region to demonstrate the differences of the

spectra.

each other. The process of rolling up seems uncontrollable. X-
ray diffraction (XRD) measurements revealed the crystal
structure for the first time. The crystal system is orthorhombic
with the space group P2,2,2 and the crystal axis having the
length a = 748 A, b = 36.38 A, and ¢ = 6.72 A. The unit cell
contains 4 molecules; two molecules are pi-stacked with an
small angle (see Figure 1d and e) in the ac plane, similar to the
typical herringbone packing of pentacene.’® Both of these pairs
connect to each other on the long molecular axis under an
angle (see Figure 1d and f) in the b direction. The two phenyl
rings at both ends of the molecule have a dihedral angle of
~4°. According to previous data on nonplanarity, this behavior
is not rare in the family of oligoacenes>’ (see Figure lc). The
complete crystal structure data are given in the Supporting
Information.

For further crystal characterization, we performed IR and
Raman spectroscopy on the dibenzopentacene crystal. The IR
data are presented in Figure 2a and consist of the IR spectra in
the two lattice directions a and ¢ and a nonpolarized powder
spectra. The Raman data are given in Figure 2b and show two
curves with different polarizations of the incoming beam
(z(yx)z and z(xx)z) and a third curve that is averaged over all
angles and therefore nonpolarized (isotropic). Both data sets
are strongly polarization-dependent, as can be seen in detail in
the figure’s inset. This strong polarization dependence
demonstrates that our crystals are of high quality.

3.2. Electronic Excitations in the Optical Limit.
Dibenzopentacene molecules were dissolved and diluted in
toluene until the absorption spectra showed no sign of
intermolecular excitations. Figure 3a shows the measured
spectra. The (0—0) excitation at 2.34 eV is followed by a
vibronic progression. The data indicate that this progression is
composed of two vibrational modes, as is visible at the (0—1)
and (0—2) peaks. The main mode has a vibrational energy of
~178 meV, while the second mode, visible in (0—1) as a
shoulder, has a slightly reduced energy of ~145 meV. This is in
accordance with earlier measurements on solution-phase
dibenzopentacene.”’ The appearance of vibrational satellites
is a well-known feature in the excitation spectra of organic
semiconductor molecules; see, for instance, the corresponding
data for pentacene and tetracene in solution.””*>
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Figure 3. Optical absorption spectra of dibenzopentacene molecules
in toluene solution (a) in comparison to the polarization-dependent
optical absorption spectra of a dibenzopentacene single crystal (b).
The crystal data reveal a strong anisotropy of the absorption as a
function of light polarization.

Upon crystallization the spectra change strongly, as shown in
Figure 3b. Three curves are shown, measured with linearly
polarized light at 77 K. The blue curve shows the spectra with
a light polarization in the direction of the crystal a axis, the
orange curve is in the direction of the ¢ axis, and the green
curve was measured at 45° between these axes to clarify the
change between the two spectra. The crystal structure has 4
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Figure 4. (a) Electron diffraction profiles of dibenzopentacene along three reciprocal lattice directions, which are parallel to the g, ¢, and (a* + c*)
directions, due to the orthorhombic crystal symmetry. These data demonstrate that the crystal is of high quality. (b) Electronic excitation spectra
(loss function) of dibenzopentacene as measured using EELS in the optical limit (g = 0.1 A™") for three momentum vector directions. (c) Wide
energy EELS data in the optical limit for momentum directions parallel to the crystal a and c axes. (d) Real part, €}, and imaginary part, ¢€,, of the
dielectric function of dibenzopentacene for momentum vectors parallel to the crystal a and ¢ axes as obtained via a Kramers—Kronig analysis. The

inset shows a zoomed-in region to denote more features.

molecules in the unit cell, which are arranged in two very
similar herringbone-like planes, tilted slightly to each other in
the b direction. We therefore note that measurements in the ac
plane always represent both planes in the unit cell. Due to the
P2,2,2 space group, which corresponds to D, point symmetry,
we would expect two Davydov components in the ac plane
polarized along the two axes.

The peaks in the absorption data for light polarization
parallel to the a and ¢ directions are labeled with A, A,, and A,
and C,;, C,, and C;. At first sight, the polarization-dependent
absorption data are strongly anisotropic and undergo a strong
red-shift compared to the solution-phase data due to solid-state
polarization effects.”” The feature A; has a peak energy of 2.09
eV. We ascribe the broad appearance of feature A; to the fact
that the transmittivity of a parallel-sided plane (our crystal) is
determined by the interplay of transmission and multiple
reflections.”” > Peak A, at 2.3 eV is the first peak of the
vibronic progression. The following peak A; at 2.39 eV,
however, cannot be associated with a vibronic satellite because
its energy position does not agree. We instead conclude that it
is of electronic origin.

Turning the light polarization by 90°, the spectrum changes
dramatically. Peak A, vanishes completely, and instead peak C,
at 2.2 eV arises. This peak is the second Davydov component
and therefore defines the Davydov splitting (DS) as 110 meV,
which is a bit lower than that in the close relative pentacene of
120 meV at a similar sample temperature.*>*® Similar to A,
peaks C, and C; cannot be associated with simple vibronic
satellites.

21186

Compared to single-crystal data from tetracene’’ and
pentacene,”*° tetracene shows a regular vibronic progression,
while the pentacene spectra show an irregular satellite region
when compared to the solution data. For pentacene, it has
been shown that the entire excitation region can be well-
described by a substantial coupling of molecular Frenkel and
CT excitons within a multiparticle basis set in addition to the
vibronic coupling.”**> For dibenzopentacene we expect a
similar behavior, particularly regarding the satellite region
above 2.3 eV in both directions. This will be further discussed
later. The electronic excitation spectra of dibenzopentacene
crystals have also been probed using EELS for momentum
vectors in the ac plane of the crystal. The corresponding data
have been taken at 20 K. The momentum vector has been
aligned to the respective crystal directions with the help of the
electron diffraction profiles measured in situ in our
spectrometer. Figure 4a depicts the electron diffraction profiles
along selected reciprocal directions. The data reveal the
corresponding Bragg diffraction features and document the
single-crystalline nature of our samples.

In Figure 4b we present the electronic excitation spectra at a
small momentum value of 0.1 A™", which represents the optical
limit, as well as spectra for momentum vectors aligned parallel
to the a and ¢ crystal directions and the (a* + ¢*) reciprocal
crystal direction. The data are in good agreement with those
from optical absorption (see earlier) but do not show the fine
structure due to a lower energy resolution. The data can also
be compared to thin-film data,”” which show a similar energy
onset but not the angle dependence of the single crystals. In
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Figure S. Electronic excitation spectra of dibenzopentacene crystals measured using EELS as a function of increasing momentum parallel to the
crystal a (a) and c axes (b). Data curves are smoothed to obtain better clarity (see the Supporting Information).
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Figure 6. Dispersion of the lowest singlet excitons in dibenzopentacene and pentacene (data taken from paper by Roth et al.**) for momentum
transfers parallel to the a and ¢ axes of the dibenzopentacene crystal and the a and b axes of pentacene, respectively. The solid lines represent the
results of the dispersion analysis using a one-dimensional model proposed by Hestand et al. > (see text).

detail, the data for a momentum vector parallel to the a axis are
characterized by an onset at ~2 eV and a strong excitation at
2.1 eV (A,). Excitation A, is seen as a shoulder at 2.3 eV only,
while excitation Aj still is represented by a clear maximum at
2.4 eV. For momentum vectors parallel to the crystal ¢ axis, the
first spectral structure C, appears at 2.2 eV followed by a
broader feature at 2.4 eV being composed of features C, and
C, as seen in the optical absorption.

As our EELS spectrometer allows measurements in a large
energy range, it is possible to determine the loss function
(Im(—1/¢(q, w))) related to all valence excitations. In Figure
4c we show such data for a small momentum-transfer value
along the two crystal directions a and c. The two curves are
dominated by a broad maximum between 20 and 24 eV, which
can be ascribed to the so-called valence band plasmon. This
plasmon is due to a collective excitation of all valence
electrons. The energy position at which it is observed is typical
for z-conjugated solids.** ™" The real and imaginary parts of
the dielectric function, €; and €, can be derived via a
Kramers—Kronig analysis of the loss function after subtraction
of the elastic line.”® We have used the oscillator sum rule to
normalize the Kramers—Kronig analysis. In Figure 4d we
present the results for €, and €, in a wide energy range with an
inset that shows the energy window of the lowest excitations.
The obtained values for €,(0) reveal the anisotropic refractive
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index (n = ,/€,(0) ) for dibenzopentacene in the ac plane: n, =
1.96 and n, = 1.52.

3.3. Exciton Dispersion. The evolutions of the excitation
spectra for increasing momentum parallel to the 4 and ¢ axes
are depicted in parts a and b of Figure S, respectively. These
data clearly demonstrate a significant momentum dependence
of the spectra. We first concentrate on the energy position of
the lowest excitation (A; and C,), which provides the exciton
dispersion or exciton band structure of the lowest singlet
exciton in dibenzopentacene. For momentum vectors parallel
to the a axis, we observe a clear up-shift of the exciton energy.
The spectral width of the exciton feature remains rather
constant. For momentum vectors parallel to the ¢ axis, a
significant down-shift (negative) dispersion is seen, and the
exciton feature below 2.2 eV again is a well-defined, symmetric
spectral feature, independent of the momentum value.

The data in parts a and b of Figure S are very similar to what
has been observed for the exciton dispersion in tetracene®"**
and especially in pentacene single crystals.””®® This is not
surprising in view of the similarities in the molecular-packing
habits in the crystals. In Figure 6a, we show a summary of the
exciton dispersion in dibenzopentacene, whereas the peak
positions in parts a and b of Figure S have been determined by
fitting the peak with a Gaussian function. To underline the
close similarity of the exciton dispersion to pentacene, we have
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taken the peak centers of the two Davydov components of
pentacene (data taken from paper by Roth et al.>*) and show it
in a side-by-side comparison in Figure 6b.

The exciton behavior and wave function in pentacene were
analyzed in detail by Spano and co-workers,>> and they have
provided detailed insight into the origin and the nature of the
respective spectral features. Furthermore, they have provided a
simplified one-dimensional model for the exciton dispersion,
which covers the essential information on the exciton band
structure arising from the mixing between Frenkel and charge-
transfer excitons while the Coulomb coupling is negligible.
Within this effective exciton model, the dispersion is governed
by the electron and hole hopping integrals to the nearest
neighbor, ¢, and #,:”

E+/—(k) = wy_o + A+/—(k) (1)
E
A (k) = %
— 202 + 1,2 + 4ty cos(k/2) + Ec’/4
)
E
A (k) = =T
(k) S
- \/2(t62 + t,%) — 4t cos(k/2) + Ecp’/4
®3)

In this model, @w,_, represents the energy for the first
molecular Frenkel exciton, and the parameter Ecp stands for
the energy difference of the charge transfer and the molecular
Frenkel excitation. Importantly, the relative sign of ¢, and #,
determines the band curvature in the exciton dispersion.

We have applied this simplified model in order to obtain a
more quantitative insight into the exciton dispersion and thus
also ¢, and #, in dibenzopentacene, in comparison to those in
pentacene. To do so, we have taken into account the different
lattice constants (r = a, b, or ¢) and replaced the argument in
the cosine function in eqs 2 and 3 with %. Furthermore, the

energy of the charge-transfer excitation Ecp in pentacene can
be estimated to be ~0.2 eV, as indicated by electro-absorption
measurements”> and detailed theoretical analysis of the
pentacene absorption spectra.’”® For dibenzopentacene, we
assume the same value because the crystal-packing habit is very
similar to that for pentacene. The molecular excitation energy
@y_¢ can be estimated by taking the energy of the optical
absorption in solution and an additional energy shift to lower
energies due to crystal formation (i.e., polarization screening of
the lowest excitation’”). We took these into account by
setting an upper limit for @,_, of 2.24 eV for dibenzopentacene
and 2.01 eV for pentacene.

With these values, our data on the exciton dispersion in
dibenzopentacene and pentacene can be successfully fitted
with these equations. The fit was done with ¢, = #;, and t, # #;
the results were virtually independent, and we only show those
for t, = ,, in Table 1, as both fits resulted in the same values.

Table 1. Results of the Fit of the Exciton Dispersion, As
Described in the Text (See Also Figure 6)

@ (V) te (eV) ty (eV)
dibenzopentacene 2.20 0.050 0.050
pentacene 1.99 0.077 0.077

The results of our fit confirm what is seen in Figure 6. @y_,
is larger for dibenzopentacene, in agreement with the larger
absorption energy of the solution data. In both materials, ¢, and
t, have the same sign and are of virtually the same value. In
other words, the exciton behaviors in the two compounds are
also very similar. The absolute values of ¢, and #, are ~36%
smaller in dibenzopentacene compared to pentacene, which
results in a smaller exciton bandwidth. Further, this also
indicates that electron and hole mobilities may be somewhat
smaller in dibenzopentacene.

3.4. Spectral Weight Analysis. As mentioned earlier,
parts a and b of Figure 5 demonstrate significant momentum-
dependent variation of the spectral shape or the intensity
distribution among the various spectral features. We emphasize
that the spectral shape is somehow irregular as compared to
the well-known appearance of vibronic satellites in the
absorption spectra of individual organic semiconductor
molecules (e.g,, in solution, as shown for dibenzopentacene
earlier). Thus, the excitation spectra of dibenzopentacene (and
also of pentacene) cannot be rationalized upon coupling to
molecular vibrations only. Indeed, the detailed theoretical
analysis of the pentacene spectra by Spano and co-workers*"**
has shown that the complete excitation region can be well-
understood by a substantial coupling of molecular Frenkel and
CT excitons within a multiparticle basis set in addition to the
vibronic coupling, and this coupling also determines the
exciton dispersion (see earlier). We analyzed the spectral
weight distribution of the lowest excitations as a function of
momentum parallel to the lattice directions a and ¢ in
dibenzopentacene. The same analysis was carried out for the
data that were obtained for pentacene earlier.”” (Note that the
respective lattice directions in pentacene are denoted as a and
b axes.) For our analysis, the measured EELS data were
multiplied by the excitation energy to obtain data sets that are
proportional to [@ X Im(—1/e(w))] because this function
represents the oscillator sum rule.”* Further, we determined
the total spectra weight (I,o,) by integrating these data in an
energy window from 1.96 to 3 eV for dibenzopentacene and
from 1.64 to 2.9 eV for pentacene. Finally, the spectral weight
of the lowest, well-defined exciton (I,,,) has been derived by
fitting a Gaussian function to this lowest-energy region. This
allows the determination of the intensity ratio of the lowest
exciton feature and the following satellite region:

I exciton __ Iexciton

I I Iexciton (4)

satellite

total —

Figure 7 shows the results of this analysis. It reveals that the
spectral weight distribution between the lowest exciton and the
satellite region is significantly momentum- and direction-
dependent. For both dibenzopentacene and pentacene and for
small momentum transfer, I,,, represents a quite large
portion of the total spectral weight for momenta along the a
direction, but it is much smaller for a momentum parallel to
the ¢ axis in dibenzopentacene and the b axis in pentacene.
This is in very good agreement with the og)tical measurements
of dibenzopentacene and pentacene®™° as a function of
polarization. According to Hestand et al.>” the spectral weight
distribution is a direct consequence of the exciton coupling and
the admixture of Frenkel and CT excitons and the vibrations.
In the optical limit, the dominating exciton coupling is
provided by CT coupling, i.e., by electron- and hole-transfer
processes, and the resulting exciton spectral weight distribution
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Figure 7. Relative spectral weight of the lowest exciton feature and
the following satellite region in the excitation spectra of
dibenzopentacene and pentacene as a function of momentum transfer
and direction. The dashed lines are included as a guide to the eye.

sensitively depends on the relative signs of the electron- and
hole-transfer integrals (¢, and t,), which connect the differently
oriented molecules in the unit cell.*®

Electron- and hole-transfer integrals, ¢, and ¢, in
dibenzopentacene and pentacene have the same sign (see
paper by Hestand et al.”> and our dispersion analysis earlier);
therefore, the coupling near q = 0 is large and results in a
charge-transfer J-aggregate-like behavior of the excitons for g
(or polarization) parallel to the a axis. It has also been pointed
out that the coupling of Frenkel and CT excitons is
momentum-dependent. Coupling of Frenkel and CT excitons
is provided by a charge separation, and the corresponding
matrix element is proportional to lt, + t, exp(ig)! (g is the
momentum relative to the reciprocal lattice constants).”® Thus,
provided that f, and #, are of similar absolute value, the
Frenkel-CT coupling almost cancels for large g vectors
parallel to a. As a consequence, the spectral redistribution at
large q approaches that of the vibronic progression seen for
individual molecules (see earlier). For momenta along the ¢
direction (for pentacene, b), the Frenkel-CT coupling is very
small at low g, ie, the opposite trend is observed for the
spectral weight distribution. For pentacene this has been
calculated in detail previously.”> These results clearly support
the microscopic theoretical description of the excitation
spectrum in pentacene by Spano and co-workers,”” and they
demonstrate the close similarity of the exciton behaviors in
pentacene and dibenzopentacene.

4. CONCLUSION

We have grown high-quality single crystals of the organic
semiconductor (1,2;8,9)-dibenzopentacene using physical
vapor deposition. The crystals were then characterized with
XRD; they crystallized in an orthorhombic crystal system with
4 molecules in the unit cell. Furthermore, these crystals grew in
thin flakes in the crystal ac plane. IR and Raman measurements
showed a strong polarization-dependence. The optical
absorption was determined as a function of light polarization
in the ac plane of the crystals. These measurements revealed a
strong anisotropy and a Davydov splitting of ~110 meV.
Momentum-dependent EELS measurements were performed
for momentum vectors parallel to the a and ¢ axes. The first
excitations were characterized by a clear exciton dispersion,
similar to what has been reported and theoretically analyzed

smaller (by ~36%) than in the close relative pentacene, which
indicated a smaller charge carrier mobility. Finally, a spectral
weight analysis of the EELS data of dibenzopentacene and
pentacene demonstrated a significant momentum dependence
of the irregular satellite region, which was due to strong
coupling of molecular Frenkel excitons and charge-transfer
excitons.*
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