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ABSTRACT: Modifying the optical and electronic properties of
crystalline organic thin films is of great interest for improving the
performance of modern organic semiconductor devices. Therein,
the statistical mixing of molecules to form a solid solution provides
an opportunity to fine-tune optical and electronic properties.
Unfortunately, the diversity of intermolecular interactions renders
mixed organic crystals highly complex, and a holistic picture is still
lacking. Here, we report a study of the optical absorption
properties in solid solutions of pentacene and tetracene, two
prototypical organic semiconductors. In the mixtures, the optical
properties can be continuously modified by statistical mixing at the
molecular level. Comparison with time-dependent density func-
tional theory calculations on occupationally disordered clusters
unravels the electronic origin of the low energy optical transitions. The disorder partially relaxes the selection rules, leading to
additional optical transitions that manifest as optical broadening. Furthermore, the contribution of diabatic charge-transfer states is
modified in the mixtures, reducing the observed splitting in the 0−0 vibronic transition. Additional comparisons with other blended
systems generalize our results and indicate that changes in the polarizability of the molecular environment in organic thin-film blends
induce shifts in the absorption spectrum.

■ INTRODUCTION
Solid solutions describe multicomponent blends for which the
stoichiometry can be continuously adjusted in a single phase.1,2

In contrast to mixtures, which follow a discrete stoichiometry in
their phases, they offer the compelling possibility of fine-tuning
the structural, electronic, and optical properties within certain
limits.1 Therefore, the mixing of organic molecules in solid
solutions deserves attraction as a complementary approach to
the chemical modification of the molecular constituents for the
engineering of optical and optoelectronic devices.3−5 For
example, the mixing of three diarylethene molecules allows
access to hues intermediate between the colors of the pure
substances by adjusting the mixing ratio between them.6 In
addition, energy level alignment and optical band gap tuning in
solid solutions have been demonstrated to manipulate photo-
physical properties with the potential to increase the power
conversion efficiency in organic solar cells.2,7 Nevertheless, little
is known about the properties, intermolecular interactions, and
optical and electronic characteristics in organic solid solutions at
microscopic and mesoscopic length scales.
Many solid solution properties are expected to vary

monotonically between the constituent pure substance proper-

ties. For example, the linear change in crystal unit cell parameters
with changing stoichiometry has been summarized in Vegard’s
empirical law.8 However, exceptions and deviations from this
continuously changing behavior have also been found. For
example, charge-transfer (CT) excitons are formed in mixtures
of Cu-phthalocyanine with its perfluorinated analogue upon
intermixing.5 Thus, solid solutions can also produce distinct new
properties. In addition, solid solutions also offer the opportunity
to improve our understanding of certain properties of the
composed neat substances. Therefore, solid solutions are
attractive for both fundamental research and practical
applications.
Here, we focus on the optical properties of acene molecules in

crystalline mixtures, with a particular emphasis on binary blends
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of pentacene (PEN) and tetracene (TET). Both molecules have
attracted great attention in the past and are generally considered
prototypical organic semiconductor materials.9,10 Most of the
interest in acene molecules stems from their ability to undergo
singlet exciton fission, the spin-allowed conversion of one singlet
exciton into two separated triplet excitons.2,11−15 It is now
generally accepted that electronic coupling through diabatic CT
states is crucial in mediating the singlet exciton fission process,
either directly or indirectly.16−22 The same CT states play a
crucial role in the absorption properties of acene mole-
cules.21,23−29 While their direct contribution to the total
absorption is low due to the small wave functional overlap of
the orbitals involved in the optical transition,30,31 they can gain
oscillator strength via coupling to Frenkel states. Furthermore,
diabatic CT admixture in the lowest electronically excited state
in acenes is responsible for large energy shifts in the Davydov
components.21,23,27 Originally, the Davydov splitting of the S1
← S0 optical transition was explained within the framework of
the exciton model of a physical dimer, in which a point-dipole
approximation is used for the coupling of the transition dipole
moments, leading to a splitting into a doublet in the absorption
spectrum.32,33 However, the coupling strength required to
facilitate the experimentally observed large energy splitting is
beyond the weak to intermediate coupling regime expected for
acenes in crystalline materials, particularly for the herringbone
edge-to-face orientation of the molecules within the unit
cell.27,34 Nevertheless, the two translationally inequivalent
molecules in the herringbone crystal structure are the source
of the Davydov splitting, but additional coupling with diabatic
CT states is crucial to explain the extent of the splitting and the
energetic ordering of the two Davydov components.21,23 It has
therefore been concluded that the extent of the Davydov
splitting in a given system is a measure of the degree of the CT
character.22,35 Importantly, the presence of CT interactions
renders the Davydov splitting being sensitive to short-range
interactions.36 Therefore, the perturbation of the periodic
structure in an acene crystal by the presence of a second
molecular species, in essence, a solid solution, alters the
intermolecular interactions on a micro- to mesoscopic length
scale and subsequently modifies the optical properties.
Employing organic molecular beam deposition, we success-

fully prepared thin-film solid solutions of PEN and TET. Our
samples were characterized for their structural and optical
properties by means of X-ray diffraction and UV/vis optical
absorption spectroscopy. The continuous change in the position
of Bragg reflections and absorption bands further supports our
interpretation of the formation of a solid solution. Using time-
dependent density functional theory (TD-DFT) calculations on
molecular clusters, we modeled the optical absorption spectrum
in the mixtures. While an ab initio quantum chemical treatment
of the absorption spectra of solid-state organic semiconductors
is already challenging due to the numerous excited electronic
states present for molecular aggregates,24,25,37 the situation is
further complicated in a solid solution. We therefore model the
occupational disorder present in our blends by simulating
absorption spectra for various finite-sized clusters with different
occupational arrangements. Most excitingly, despite being
limited to a small subset of occupational cluster configurations
in the cost-expensive quantum mechanical calculations, we are
able to reproduce the general characteristics of the absorption
spectrum of a blend containing equal amounts of PEN and TET
with great precision. The excellent agreement allows reliable
analysis to unravel the origin of the experimentally observed

trends in optical absorption properties in the PEN/TET system.
The information obtained is further transferred to other mixed
systems containing either of the two molecules and, therefore,
generalizes our results. Our combined experimental and
quantum chemical investigation demonstrates two main effects
that modify the optical properties in acene-based blends. First,
exciton perturbation is induced by the occupational disorder,
which not only modifies the CT admixture but also leads to the
appearance of additional optically bright electronic states.
Furthermore, an induction of energy shifts in absorption
bands is caused by a change in the polarizability of the molecular
environment.
This paper is organized as follows. After a brief introduction of

the materials and methods used, we start with the results
obtained from our structural analysis of the PEN/TET thin-film
blends by means of X-ray diffraction experiments. Next, their
optical absorption properties in the UV/vis spectral range and
trends, quantified by a general fitting routine using Gaussian
functions, are discussed. Afterward, our results from TD-DFT
calculations on finite-size molecular clusters with occupational
disorders are presented and compared to the experimental
results. Finally, we draw a comparison to other blended systems
containing either PEN or TET. As the second molecular
component, we use either [5]phenacene (picene, 5PH),
[6]phenacene (fulminene, 6PH), or hexacene (HEX). While
5PH and 6PH are similar in molecular size to TET and PEN,
respectively, their optical band gap is substantially higher. In
contrast, in HEX, the next larger homologue of TET and PEN
within the acene series, absorption to the lowest electronic
transition is located at a lower energy. We conclude with a brief
summary of the presented results.

■ EXPERIMENTAL AND THEORETICAL METHODS
The single component and binary mixed thin films of PEN
(Sigma-Aldrich, 99.99%, triple sublimed) and TET (Sigma-
Aldrich, 99.99% purity, sublimed) were grown by organic
molecular beam deposition at a base pressure of 1 × 10−8 mbar,
identical to the later discussed blends containing 5PH (TCI,
99%), 6PH (Lambson Japan Co., Ltd., 99%), and HEX (in-
house synthesis using a modification of the previously described
method38 with increased yield). The molecular structures of the
used molecules are shown in Scheme 1. The thin films were

grown on silicon with a native oxide layer (Microchemicals) and
on fused silica glass substrates (JGS1, Microchemicals). The
total growth rate was 0.6 nm/min, with the rates of the two
materials monitored separately by two quartz crystal micro-
balances (QCMs), calibrated by using X-ray reflectivity (XRR).
The nominal thickness was 20 nm. For the PEN/TET blends,
the substrate temperature was kept constant at 0 °C to account
for the low sticking coefficient of TET at room temperature.
Results from additional samples grown at room temperature are

Scheme 1. Chemical Structures of theMolecules Used in This
Study
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shown in the Supporting Information for comparison. Only for
samples of extremely high TET concentrations were minor
differences observed between the two temperature series. All
other samples were prepared at room temperature.
XRR was measured on a diffractometer (3303TT, GE) using

Cu Kα1-radiation (λ = 1.5406 Å) and a 1D detector (Meteor 1D,
XRD Eigenmann). Grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) measurements on PEN/TET blends were
conducted at the beamline P08 at Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, DE, with a wavelength of λ =
0.69 Å. Additional GIWAXS measurements on the other
samples were conducted at beamline I07 at the Diamond
Light Source Ltd., Oxfordshire, U.K., with a wavelength of λ =
0.95 Å and at beamline SixS at Soleil, Gif-sur-Yvette, France,
using a wavelength of λ = 0.9538 Å, or using an in-house small-
angle X-ray scattering setup (Xeuss 2.0, Xenocs) operated at a
wavelength of λ = 1.5406 Å and using a Pilatus 300k detector.
Furthermore, GIWAXS measurements have been conducted
under specular conditions (αin = αout = 0.2°), using a Rigaku
SmartLab 3 diffractometer with in-plane soller slits 0.5° at the
source and at the detector side and a collimating parabolic
mirror at the source side (parallel beam configuration). The
incidence slit width was 0.2 mm, and the vertical acceptance of
the detector 1.6°was given by a pair of vertical slits in front of the
detector (a linear position-sensitive detector D/teX). The
optical absorption spectra in the UV/vis absorption range have
been measured using a PerkinElmer Lambda 950 spectropho-
tometer.
TD-DFT calculations were performed on finite-sizemolecular

clusters of PEN and TET. The statistically mixed geometrical
structure is modeled by taking into account variations in the
occupation of the lattice sites by the two molecules. Thus, our
approach is an extension of our earlier quantum chemical
treatment of neat thin films of PEN and TET.24,25 Similarly, our
calculations on thin-film blends demand for specific symmetry
constraints on the cluster used.24,25 The optimally tuned
ωTB97X-D3 functional and the def2-SVP basis set have been
used. Excited state analysis was performed with TheoDore 2.3.39

For more detailed information, the reader is referred to refs 24
and 25.

■ RESULTS AND DISCUSSION
Structural Properties. The molecular arrangement and

order in the solid state are known to strongly influence the
optical and electronic properties by defining the intermolecular
interaction (see, e.g., refs 43 and 44). Therefore, in order to
understand and discuss the optical properties of the pristine and
blended organic thin films, knowledge of the crystalline structure
and mixing behavior is crucial.
For the structural analysis, we performed XRRmeasurements,

with the results shown in Figure 1. Acene molecules are known
to be oriented close to upright standing for thin films grown at
about room temperature on weakly interacting substrates such
as native silicon and quartz glass.40,45−52 Therefore, the direction
perpendicular to the substrate mainly coincides with the long
molecular axis, for which the largest difference in the molecular
structures of TET and PEN exists. In an XRR experiment, the
out-of-plane lattice spacing is measured with high precision.
This technique is therefore well suited to investigate the
structural properties and mixing behavior in blended acene thin
films, although the intermolecular interactions that determine
the optical and electronic properties are mainly governed by the
in-plane molecular arrangement.10,27,28,50,51,53−56

The XRR diffractograms shown in Figure 1a demonstrate that
both the pure films and the blends exhibit a high degree of
crystallinity, as exemplified by the presence of Bragg peaks for all
PEN molar fractions, f PEN. For pure TET (lower black curve), a
doublet of diffraction peaks is observed, which can be attributed
to the presence of the thin-film phase and the bulk phase for a
film thickness of 20 nm.40,57 The Bragg peak at higher q-values of
the doublet corresponds to the bulk phase,40,41 which has a
smaller out-of-plane lattice spacing. For pure PEN, only the thin-
film phase is observed.42 Interestingly, already small amounts of
PEN force TET to adopt its thin-film structure, for which the
difference in the out-of-plane lattice spacing is smaller compared
to that of the PEN-crystal structure. This can be concluded from
the absence of the bulk Bragg peak in all blends (Figure 1a). For
low PEN molar fractions, the PEN molecules disturb the host
TET matrix and limit the TET coherent crystal size so that it

Figure 1. Structural properties of PEN/TET blends. (a) Normalized
XRR-diffractograms displayed with an offset for clarity. For pure TET
(lower black curve), the doublet in the diffraction peak, corresponding
to the thin film (TF) and the bulk phase (B), is labeled. (b) Out-of-
plane lattice spacing determined from the position of the Bragg peaks in
(a). The spline connecting the experimentally determined data points
(blue line) deviates to larger lattice spacings compared to the linear
trend predicted by Vegard’s law (red line).8 Literature values are
depicted in red.40−42 Horizontal error bars correspond to the error in
QCM during sample preparation, and vertical error bars are
proportional to the fwhm in the Bragg peak.
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cannot overcome the critical size for bulk phase nucleation.
Adopting a more upright geometry of the TET molecules also
means that the orientation of the transition dipole moment of
TET relative to the substrate normal is slightly changed, and
consequently the optical properties are altered, as discussed
below.
The out-of-plane lattice spacing shown in Figure 1b was

derived from the position of the Bragg peaks for all samples. The
continuous change in out-of-plane lattice spacing, indicative for
PEN and TET forming solid solutions for all mixing ratios, is in
agreement with previous investigations and is the central result
of our structural analysis.14 The similarity in size and shape of
the molecules, as well as their similar electronic structure and
energy level alignment, further support this conclusion.2,58

Importantly, it also forms the basis for our later modeling of the
absorption properties by TD-DFT calculations. A slight
deviation of the out-of-plane lattice spacing with f PEN from a
linear trend, as predicted by Vegard’s law for binary mixtures, is
seen in Figure 1b.8 However, a similar behavior has been
observed in the past for organic blends.59 The deviation from the
linear trend to larger spacings follows the tendency for smaller
molecules to dissolve more easily in a lattice of larger
molecules.58

While a statistical mixing of PEN and TET solid solutions is
inferred from our XRR measurements, knowledge of the in-
plane crystal properties is also necessary to model and
understand the optical properties.27,28,50,51,53−56 Therefore,
GIWAXS measurements were conducted with the results
shown in the Supporting Information. As can be expected
from the similar crystallographic a and b parameters in the unit
cell of PEN and TET (see Table 1), only minimal changes in the

position of the Bragg peaks are observed in our GIWAXS
measurements on thin-film blends of PEN and TET. Therefore,
the in-plane structural properties are largely maintained for all
mixing ratios. Consequently, very similar positions and
orientations within a single molecular layer are expected in all
of our samples, and the molar fractions of PEN and TET
determine the relative probabilities of occupancy of a lattice site
by PEN and TET molecules.
Optical Absorption Properties. Having confirmed the

formation of a solid solution in blends of PEN and TET for all
mixing ratios ( f PEN ∈ (0,1)), we now turn to the optical
properties. UV/vis absorption spectra of pristine films and
blends are shown in Figure 2. Compared to the UV/vis
absorption spectra in solution (Figure S5), a bathochromic shift
and a splitting in the lowest electronic transition (S1 ← S0) are
observed for the neat compounds (gray and black curve in
Figure 2 for PEN and TET, respectively). The overall shift to
lower energies is explained by the solution-to-crystal shift, which
is due to an increased dipole interaction of an excited molecule

with its surrounding molecules.60 The splitting of the 0−0
vibronic band is called the Davydov splitting in PEN (P1 and P2)
and TET (T1 and T2) and is the result of coupling between the
transition dipole moments of at least two translationally
inequivalent molecules per unit cell.32 However, the inter-
molecular interaction responsible for the extent of this peak
splitting has been proven to be more complex, going beyond a
simple dipole−dipole interaction between the two translation-
ally inequivalent molecules within the unit cell, and will be
discussed in more detail below.21−27,29,61 For PEN (dashed gray
line in Figure 2), we determine a Davydov splitting of≈100meV
between the lower (P1) and the upper Davydov component
(P2), in agreement with the literature.2,24,29,62,63 A smaller
Davydov splitting of ≈60 meV is determined for pristine TET
(black solid line in Figure 2), matching the literature values.12,32

While the optical properties of neat thin films of PEN and
TET have been extensively discussed in the litera-
ture,21,23,24,26,27,62−67 we focus instead on the changes that
occur upon blending these two prototypical organic semi-
conductor molecules. As can be expected for organic solid
solutions with weak intermolecular van der Waals interactions,
the contributions of the neat compounds to the absorption
spectrum can be well resolved, even in the mixtures. Therefore,
we use the same assignment of absorption bands as that used for
the pristine films for better orientation. Three major changes
occur in the blends: (i) a change in the relative intensities and
energy splitting of the Davydov components of PEN (P1 and
P2), (ii) the breakdown of the Davydov splitting in TET (T1 and
T2), and (iii) an energetic shift in the absorption bands, as can be
seen best for the first vibronic progression peaks (P3 and T3).
These three key features are analyzed in more detail next. In
addition, they confirm the formation of a solid solution, since
our absorption spectra cannot be described by a linear
combination of the absorption spectra of the neat com-
pounds.68,69

Inspired by refs 2, 22, 70−72, we fit the absorption spectra in
Figure 2 by Gaussian functions, with the fitting procedure being
described in more detail in the Supporting Information. This
approach is suitable for quantifying the general trends observed
during mixing, although we note that the absorption spectrum of

Table 1. Unit-Cell Parameters for the Thin-Film Phase of
PEN42 and TET40 along with the Bulk Phase Crystal
Structure of TET41

PEN thin film TET thin film TET bulk

a (Å) 5.96 5.93 6.06
b (Å) 7.60 7.56 7.84
c (Å) 15.61 13.17 13.01
α (°) 81.3 79.8 77.1
β (°) 86.6 86.8 72.1
γ (°) 89.8 90.1 85.8

Figure 2. UV/vis absorption spectra of PEN/TET thin-film blends.
The absorption spectra of the pristine films of PEN and TET are shown
as a dashed gray line and solid black line, respectively. The labeling of
the peaks in the pristine films is used for the discussion of the blended
thin films and is explained in the main text. Percentages in the legend
refer to the molar fraction of PEN.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c06737
J. Phys. Chem. A 2024, 128, 747−760

750

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06737?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06737?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06737?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c06737?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c06737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


organic molecules in the solid state is often more intricate,
including a deviation from perfectly Gaussian-shaped absorption
bands.53,73,74

In Figure 3a, the change in the absorption intensity,
represented by the area of the Gaussian curve, is shown for
absorption peaks P1, P2, and P3, corresponding to PEN
absorption features. To better compare the trends in the
different absorption bands, we have corrected the area obtained
from the fitting procedure for the relative number of PEN
chromophores, which decreases with decreasing f PEN in our
mixtures with a fixed thin film thickness. In contrast to the data
shown in Figure 2, which suggests a decrease in the absorption
intensity of P1 compared to P2, the opposite trend is observed
here. This can be explained by a broadening of the P1 bandwith a
decreasing f PEN value, as shown in Figure 3b. In contrast, a

narrowing of P2 is observed, while the fwhm of P3 remains
constant for all mixing ratios.
At the same time, the energetic difference between P1 and P2,

corresponding to the Davydov splitting of neat PEN, decreases
linearly with decreasing f PEN (compare the peak positions of P1
and P2 in Figure 3c). This is consistent with observations made
for organic thin film blends containing acene molecules.2,22,75

Quantum chemical calculations showed that the large Davydov
splitting in acenes can only be explained by the inclusion of CT
interactions.21,23−25,27 Therefore, the Davydov splitting has
been used as a measure of the CT contributions to the lowest
electronic states in acene molecules.22 Consequently, the
observed reduction in the Davydov splitting in our experimental
results would indicate a decrease in the CT admixture to the
lowest electronically excited states in the blends.

Figure 3. Results of Gaussian function fitting of UV/vis absorption features of PEN/TET thin-film blends. (a) Peak areas of the absorption bands P1,
P2, and P3 represent the absorption intensity. The data have been corrected for the relative number of PEN molecules, which, for samples of identical
thickness, decreases with decreasing molar fraction (see Supporting Information for details). Change in the fwhm and peak position is shown in (b,c).
Solid lines represent linear regressions to the data. The horizontal error bars correspond to themixing ratio error due to the uncertainty in the thickness
determination by QCM, while the vertical error bars are estimated based on a comparison of several pristine PEN thin films, differing in the used PEN
powder batch, the level of purity, and the deposition temperature.

Figure 4. Results from TD-DFT calculations on two exemplary clusters containing four PEN and four TET molecules. The respective cluster
configuration has been added as an inset to the absorption spectra (top). (a) Phase-separated clusterAwith all PENmolecules on one side and all TET
molecules on the other side. (b) Cluster B is obtained from cluster A by swapping PEN2 and TET8. Consequently, PEN2 (TET8) is separated from the
other PEN (TET)monomers in clusterB. The color code in the stick spectrum, representing the oscillator strength, refers to the relative localization of
the exciton on the PEN (red) and TET (blue) molecules, respectively. In the bottom, the electron−hole separation plots for the most intense low-
energy optical transitions are shown. Compared to the phase-separated cluster (a), an additional optically bright transition occurs in cluster B (B4),
which corresponds to an excitation on the isolated PEN2 and is responsible for an inversion of the intensities in the Davydov components (see text for
details). Quantitative values for the energy, oscillator strength, andCT character are given in Table 2. A full list of all electronic transitions calculated for
the shown clusters is given in the Supporting Information.
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In contrast to the Davydov splitting attributable to PEN (P1
and P2), which is observable for all mixing ratios, no Davydov
splitting in TET is seen for all but the samples with the highest
TET concentration (see Figure 2). However, it is important to
note that the width of the peak containing the T1−T2-doublet is
as broad as the combination of the two peaks in the pristine TET
absorption spectrum, so it seems likely that they are still present
but obscured (see Supporting Information for more details).
Contributions from higher vibronic and electronic states of
PEN, as well as mixed PEN-TET electronic states, contribute to
this absorption band, as discussed later.
Despite its stronger scattering background, the absorbance of

the pristine TET sample is slightly smaller than that for the 5%
PEN/95% TET sample, indicating a stronger absorption in the
latter. As mentioned in our structural analysis, this can be
explained by the slightly different orientation of TET molecules
in the thin film and bulk phases.40,57 For normal incident
illumination in the UV/vis absorption measurements, the
strongest absorption can be expected for molecules being
oriented upright standing on the substrate because the transition
dipole moment is aligned along the short axis of the molecular
plane of TET.76

Lastly, there is a shift in the energy of the absorption bands.
While PEN absorption features shift to higher energies with
decreasing f PEN (see Figure 3c), a weaker bathochromic shift is
observed for TET absorption features (Figure S6). Similarly
strong hypsochromic shifts are determined for P2 and P3,
indicating that both share the same electronic origin, but P3 has
an additional vibrational quantum (Figure S14).77 This is
further supported by the energetic spacing of 154 ± 7 meV
between the two peaks, which is in the energy range typical for
carbon−carbon stretching modes.78 The slightly smaller
energetic spacing compared to the vibronic progression of
PEN in solution (175 meV; Figure S5) can be explained by a
combination of excitation to the upper band edge of the upper
Davydov component, energetic shifts induced by CT con-
tributions also in the vibronic progression, and vibronic

coupling.27,79 However, the assignment of the absorption band
P3 as a vibrational replica of P2 does not exclude the existence of
additional electronic transitions of weaker oscillator strength in
this energy region, such as optical transitions to electronic states
with large CT character.24,80 In contrast, optical transitions to
CT states in TET have been reported at energies higher than
T3.

80 Therefore, the T3 absorption feature in TET is likely to be
of vibronic origin only.76

QuantumChemical Simulation of Absorption Spectra.
To gain further insight into the nature of the optical transitions
in the thin-film blends, we performed TD-DFT calculations on
molecular clusters of PEN andTET.We use an octameric cluster
(see Figure 4), where all molecules are located in a single 2D
layer (corresponding to a layer parallel to the substrate in the
experiment), thus modeling the intermolecular interactions
most relevant for the optical and electronic properties in acene
crystals.27,28,50,51,53−56,81We compare our results fromTD-DFT
calculations not only with experimentally accessible quantities
such as the absorption intensity (oscillator strength) or the
energetic position but also elaborate on the CT character and
the spatial distribution (delocalization vs localization) of the
excitons.
The work is based on our experience in simulating the spectra

of pure PEN, TET, and perylene thin films.24,25 This work has
shown that the use of tuned DFT is essential for this purpose
since otherwise the CT states that are important for the spectra
are overestimated in energy. In addition, the choice of cluster
used was extremely important since for TET and PEN, even
small differences in the environments of the monomers led to a
localization of the exciton on individual monomers. The spectra
calculated for clusters with slightly different environments
showed no agreement with the experiment and frequently
resulted in an artificial localization of wave function, which
conversely means that the experimentally measured spectra
indicate completely delocalized excitons. While the crystal
structures for PEN and TET allowed cutouts with almost
identical monomer environments, this is not possible for α-

Figure 5. Results from TD-DFT calculations on two additional clusters containing four PEN and four TET molecules. Likewise to Figure 4, the
absorption spectrum, occupational geometry of the cluster, and electron−hole separation plots for selected optical transitions are shown. The color
code in the stick spectrum indicates the relative contributions of PEN and TET to a given optical transition. In (a), all PEN and all TET molecules are
translationally equivalent, resulting in the formation of a superlattice. In (b), PENmolecules occupy the diagonal in the cluster. Both clusters represent
rather exceptional situations that possibly occur in an octameric cluster with equal number of PEN and TET molecules.
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perylene. This crystal structure is composed of dimers, where
one dimer is surrounded by six dimers with different
arrangements. The calculations show that our approach also
provides good agreement with the experimental spectra for such
cases since the different environments and the resulting
localization of the excitons are indeed physically present.
Transferred to the PEN/TET mixed clusters investigated in
the following, we expect our calculations to provide fairly
accurate results since the localization of the excitons induced by
the mixing is not artificial but actually occurs in the
experimentally investigated mixed phases.
Based on the robustness of the in-plane structural dimensions

for all mixing ratios f PEN (Figure S4), we use the thin-film
structure of PEN to fix the position and orientation of each
molecule at a given lattice site.42 As shown before, PEN and
TET form a solid solution for all mixing ratios, which means that
a wide variety of cluster configurations are realized in a real
crystal. For example, a cluster composed of four PEN and four
TET molecules accumulates to a total of Ncluster sites!/(NPEN!
NTET!) = 70 possible configurations. Therein, NPEN and NTET
denote the number of PEN and TET molecules, respectively,
while Ncluster sites = NPEN + NTET is the total number of molecule
sites in the cluster. Even considering that the number of
physically different configurations is reduced by symmetry
arguments, a complete treatment of all configurations is still
inappropriate. Furthermore, a finite cluster can obviously model
only a section of the real solid solution, and molecular fractions
f PEN different from the macroscopic concentration become
increasingly relevant as the cluster size decreases. Nevertheless,
already a limited number of cluster configurations is sufficient to
understand and model the absorption spectra, as demonstrated
below, exemplary for the 50% PEN/50% TET thin-film blend.
Here, we start with a fully phase-separated cluster (Figure 4a),

denoted A, of four PEN and four TET molecules and follow the
changes in the absorption properties that occur by swapping
molecules of different molecular species (cluster B in Figure 4b
and clusters C, D in Figure 5). Note that all of the clusters
discussed, including the phase-separated configuration, are
adopted in an ideal solid solution, plus numerous additional
clusters (some of them are discussed in the Supporting
Information). Their relative abundance in an ideal solid solution
is determined solely by the molecular concentrations. In the
following discussion, the absorption bands are arranged
according to their transition energy, with the most intense
low-energy ones being discussed here in the main text. Their
energies, oscillator strengths, and CT character are listed in
Table 2. The full list of electronic transitions calculated for each
cluster can be found in the Supporting Information. For all
clusters, the indexing of the molecules is given in the respective
figure. For better comparability in the shown electron−hole
separation plots, PEN molecules are labeled from one to four
and TET molecules are labeled from five to eight. Detailed
information on how to interpret the electron−hole separation
plots can be found in refs 39 and 82. In short, diagonal elements
refer to local Frenkel excitations, while off-diagonal elements
represent CT excitations between the indexed molecules. In our
electron−hole separation plots, the shading of each square
corresponds to the proportion of the diabatic excitation to the
adiabatic excited state.
The simulated absorption spectrum of the phase-separated

cluster (Figure 4a) closely resembles a linear combination of the
absorption spectra of neat octameric clusters of PEN and TET
(Figure S19). This includes, inter alia, the position and relative

intensities of optical transitionsA1 andA4, which can be assigned
to the Davydov components of PEN in our experimental results
(P1 and P2). For both transitions, the exciton is delocalized over
all four PEN molecules (see the electron−hole separation plots
for A1 and A4 in the bottom of Figure 4a). However, they differ
in their CT character (see Table 2), with the lowest transition
showing a higher value of 41%. This is in agreement with
theoretical investigations of the Davydov splitting in PEN that
have indicated that the admixture of diabatic CT states to
diabatic Frenkel states is responsible to shift the lower Davydov
component down in energy below the upper Davydov
component, for which less CT character is found due to the
symmetry of the states.21,23,27

An additional low-energy, optically intense transition (A9),
which is predominantly delocalized over the PEN molecules
only, is observed. This excitonic state is characterized by a large
CT character (see Table 2) andmatches in energy and character
with experimental results from electroabsorption.80 However, it
should be noted that in our TD-DFT calculations, focus is given
to electronic transitions only, while vibrational contributions are
neglected due to the complexity of vibronic coupling in organic
crystals.27,79 Such a vibronic transition has been observed at a
similar energy as the CT-dominated transition A9.

77

While the optical properties in the low-energy region
attributable to PEN determined by our TD-DFT calculations
on the phase-separated cluster match excellently with the
experimental and theoretical results reported in the literature for
neat PEN, minor differences are observed in the TET absorption
region above 2.2 eV. A multitude of electronic transitions are
found in that energy region, which are dominantly delocalized
over TET molecules only, over PEN molecules only, or over
TET and PEN molecules. Even though the Davydov splitting in
TET is still visible in the simulated spectrum, the numerous
optical transitions of different characters already give an
indication on the origin of the experimentally observed
breakdown of the Davydov splitting in TET in our blends (T1
and T2). This becomes even more obvious when turning to a
more mixed cluster, as discussed next.
Cluster B (shown in Figure 4b) is obtained from cluster A by

swapping the monomers PEN2 (the index referring to the
labeling within the respective cluster) and TET8 so that PEN2
(TET8) is isolated from the remaining PEN (TET) monomers.
From that cluster, the experimentally observed breakdown of the
Davydov splitting for TET (T1 and T2) is now fully appreciated

Table 2. Computed Electronic States, Their Energy,
Oscillator Strength, f, and CT Character for the Clusters
Shown in Figures 4 and 5

state energy (eV) f CT

A1 1.820 0.220 0.411
A4 1.939 0.087 0.149
A9 2.123 0.089 0.690
B1 1.829 0.161 0.392
B3 1.958 0.171 0.054
B4 1.960 0.049 0.043
B9 2.231 0.062 0.746
C1 1.897 0.343 0.176
C3 1.977 0.062 0.042
C4 1.990 0.054 0.044
D1 1.832 0.205 0.425
D3 1.939 0.059 0.298
D4 1.969 0.100 0.062

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c06737
J. Phys. Chem. A 2024, 128, 747−760

753

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06737/suppl_file/jp3c06737_si_002.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c06737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


by numerous electronic transitions of similar oscillator strength,
resulting in a broad, almost structureless band in the given
absorption region. For a proper description of the experimental
data, a superposition of the absorption spectra calculated via
TD-DFT on different clusters is expected, which further adds to
the smearing of the doublet. Therefore, for the rest of this paper,
we focus on the low-energy absorption features below 2.25 eV.
Most importantly, we find an inverse absorption intensity in

the two lowest absorption bands in cluster B. In contrast to
phase-separated cluster A, the higher-energy band is now
composed of two quasi-degenerate optically bright transitions
(B3 and B4). While B3 is delocalized over all four PEN
molecules, B4 is localized on the isolated PEN2 molecule.
Therefore, it can be considered a monomer peak that is
isoenergetic to B3, which shares the same origin as the upper
Davydov component A4. Compared to cluster A, a minor blue-
shift of the optical transitions is observed for clusterB. The blue-
shift is most pronounced for B9, which, likewise to A9 has a
dominant CT character. The higher susceptibility of CT-
dominated states to changes in the molecular environment can
be appreciated by the point-dipole approximation.83 The
electron−hole separation in CT states is larger, giving rise to a
larger dipole moment that interacts with the molecular
environment.28 From these results, we also conclude that the
large shifts observed experimentally in the absorption spectra on
the order of 100 meV are the result of significant CT admixture
being present to a large extent in the electronic states of acene
crystals.
In the following, two additional clusters representing

exceptional cases of occupational disorder are discussed, with
a focus on the PEN absorption region. Their associated
absorption spectra are important for describing the experimental
optical properties of the 50% PEN/50% TETmixture since they
strongly influence the intensity pattern in the corresponding
energy range. Cluster C (Figure 5a) is exceptional since all PEN
molecules and all TET molecules are translationally equivalent,
respectively. Therefore, this situation of occupational disorder
represents the formation of a superlattice. In the superlattice, the
CT character is strongly reduced, resulting in two major
changes. First, the absorption bands are shifted to higher
energies (compare with Table 2). This is in agreement with the
literature that the admixture of diabatic CT states is responsible
to shift the lower Davydov component to lower energies and
further determining the Davydov splitting.21−23,27 Due to the
decrease in the CT character, accompanied by an increase in the
Frenkel character, the oscillator strength of the bright optical
transitions is greatly increased as a result of the increased orbital
overlap.36 Analogously to cluster B, the isolated PEN molecule
(PEN1) is responsible for an additional optical transition
attributable to monomeric PEN (C3). The energies and
oscillator strengths of the optically bright C1 and C4 states can
be explained together with the dark electronic state C2 in the
simple framework of coupled oscillators and the particle in a box
model, as detailed in the Supporting Information. No additional
optically bright transition in the PEN absorption region
containing a large CT character is found in the superlattice.
We attribute this to the absence of translationally inequivalent
molecules of the same molecular species in this cluster.
Therefore, it justifies the choice of our final cluster discussed
here.
ClusterD (Figure 5b) is exceptional since the PENmolecules

occupy the diagonal of the octameric cluster, resulting in an
equal number of PEN molecules in the sublattices representing

translationally inequivalent lattice sites. As expected, higher CT
contributions are found for this cluster (Table 2). This reduces
the oscillator strength in the lowest optical transitions and is
responsible for their redshift compared to cluster C.
Interestingly, three optically bright states of significant oscillator
strength are found at low energies (D1, D3, and D4). Even
though the latter two have a lower oscillator strength compared
to the former, their close energetic proximity leads to the
observation of two absorption bands of similar intensity.
With our results from TD-DFT calculations on selected PEN-

TET clusters at hand, the absorption bands and the initially
raised questions can be answered. Figure 6 compares the spectra
obtained for clustersA−D (Figure 6a) and compares the overlay
of the various spectra with the experimentally measured
spectrum for the 50% PEN/50% TET-blend (Figure 6b).
First, the lowest experimentally observed absorption band, P1

Figure 6.Comparison between the various clusters investigated by TD-
DFT calculations and the experimental results. (a) Calculated
absorption spectra of clusters A−D, alongside the absorption spectrum
of a neat PEN octameric cluster in the region of PEN absorption. The
red-shaded (green-shaded) area represents the grouped electronic
transitions attributed to the lower Davydov component (upper
Davydov-component and monomer peak). (b) Comparison between
the experimental absorption spectrum for the 50% PEN/50% TET
blend (black, red-shifted by 50 meV) and a superposition of the
absorption spectra obtained from TD-DFT calculations on octameric
clusters. Already good agreement to the experimental result, namely, in
describing the Davydov splitting in PEN and the spectral broadening in
the region of the Davydov splitting of TET, is obtained for a uniform
superposition of clusters A−D (blue, see text for more details). The
agreement can be further improved by inclusion of absorption spectra
for three additional clusters (red), as discussed in the Supporting
Information.
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corresponds to transitions to an electronic state delocalized on
PENmolecules. We refer to it as the lower Davydov component
based on the assignment in neat PEN. A broad energetic
distribution for the electronic transitions determined in our TD-
DFT calculations (green area in Figure 6a) is responsible for the
experimentally observed broadening in this absorption band
(Figure 3b). In contrast, the absorption band P2 has a 2-fold
origin and shows a narrower energetic distribution in our
calculations (red area in Figure 6a). Both, delocalized states,
similar to the upper Davydov component in neat PEN, and
absorption to monomeric (isolated) PEN, contribute to this
spectral signature. Our DFT calculations show that they are in
close proximity to each other in the clusters investigated. This 2-
fold origin, along with the narrower distribution, explains the
observed trend in the relative amplitudes of the absorption
bands P1 and P2 (Figure 2).
Furthermore, we find a tendency toward smaller CT

contributions to the lowest electronic state in the mixed-cluster
calculations. This results in the most pronounced hypsochromic
shift for electronic state C1, which also has the smallest CT
character upon all the lowest transitions in the investigated
clusters. It thereforematches our expectation that themagnitude
of the Davydov splitting in acenes is a measure of the CT
admixture, especially to the lower Davydov component.21,22 Our
TD-DFT calculations further suggest that the increasing
absorption peak area normalized to the number of PEN
molecules for P1 (Figure 3a) can be explained by an increased
oscillator strength, as observed, for example, for the superlattice
cluster C. The overall reduction in CT character, which is
logically accompanied by an increase in Frenkel character,
observed for the here investigated clusters in electronic states
located in the spectral region of P1 might increase the wave
functional overlap between the initial and final states in the
electronic transition, resulting in a higher cumulative oscillator
strength, which experimentally leads to a higher absorption
intensity (peak area).36

Most impressively, a uniform superposition of the absorption
spectra calculated by TD-DFT on selected octameric clusters
A−D (blue curve in Figure 6b) describes the experimentally
measured UV/vis absorption spectrum in the region of the P1
and P2 absorption bands in the 50% PEN/50% TET blend
exceptionally well. Furthermore, the broadening and subsequent
collapse of the TET-Davydov splitting (T1 and T2) are
successfully captured in our simulation. Note that the
experimental data have been red-shifted by 50 meV, to better
match with the simulated spectrum. Clusters containing an

equal number of PEN and TET molecules can be expected to
dominate the experimental spectrum, but it is obvious that
clusters of differing numbers of PEN and TET molecules might
also contribute. Nevertheless, the agreement between the
superposition and the experiment is already remarkable. In the
Supporting Information, we discuss three additional clusters
containing four PEN and four TET molecules. Including them
in the superposition (red curve in Figure 6b) leads to an even
improved similarity to the experiment and underlines the
successful modeling of organic thin-film blend absorption
spectra by TD-DFT calculations on mixed finite-size clusters.
The major difference between the experimental results and

the superposition of absorption spectra simulated by TD-DFT
calculations on finite-size clusters is observed in the description
of the absorption bands P3 and T3 (see Figure 6b). We attribute
this to our TD-DFT calculations being limited to electronic
transitions only, neglecting vibronic coupling. Therefore, our
calculations indicate that P3 and T3 are mainly of vibronic origin
in the blends. However, our calculations further indicate that for
neat PEN clusters, transitions to CT-dominated electronic states
contribute to P3 in agreement with the literature.

80

Comparison to Other Systems. To get a clearer picture of
the changes that occur upon blending acene molecules and to
generalize our results, we prepared sample sets containing either
PEN or TET mixed with phenacene molecules, which interact
weakly with the former. Closely related to acenes, phenacene
molecules are also composed of benzene rings, but with the rings
being fused in an angular fashion.84 Therefore, the molecular
dimension along the short axis of the molecular plane of a given
phenacene is slightly increased compared to its acene analogue.
This results in larger in-plane lattice parameters, as can be seen
in the structural analysis of the respective neat and mixed thin
films, as shown in the Supporting Information. However, the in-
plane structural differences are still small enough to facilitate
mixing in the blends and the formation of a solid solution, as
judged from the continuous change in lattice parameters
(Figures S11 and S15).58 In contrast to the minor structural
differences, the increased number of Clar sextets in the
phenacenes increases their optical band gap substantially
compared to the acenes, leading to absorption features at
distinctly higher energies.85 Therefore, phenacene molecules
modify the crystal structure by changing the unit cell parameters
and the polarizability of the molecular environment, vide
infra.2,22 At the same time, the formation of a cocrystal seems
unlikely based on the ordering of the frontier molecular orbitals
in acene and phenacene molecules.2,85

Figure 7.UV/vis results for related systems. (a,b) Peak position of the absorption bands attributable to PEN in PEN/6PH thin-film blends and TET in
TET/5PH thin-film blends, respectively. (c) Absorption spectra of PEN/HEX thin-film blends. Error bars in parts (a,b) were determined analogously
to Figure 3.
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We start our comparison of the optical properties to other
systems with PEN/6PH blends (Figure S13). First, we observe
the same trend for the relative amplitude of the absorption bands
P1 and P2, as discussed before for the PEN/TET blends. Again,
P1 loses amplitude compared to P2 for decreasing f PEN. Likewise,
a reduction in the PEN Davydov splitting is determined in the
blends, which, as confirmed by our TD-DFT calculations, is the
result of a smaller CT admixture to the electronic states
composing the lower Davydov component.21,22

Furthermore, a hypsochromic shift of all three absorption
bands attributable to PEN is observed (Figure 7a). However, the
shift is stronger if 6PH instead of TET is used as the second
molecular species (compare Figure 3c with Figure 7). We
attribute these differently pronounced shifts in the absorption
bands to being mainly caused by changes in the polarizability of
the molecular environment. This can be understood qualita-
tively in the simplified framework of the point-dipole-
approximation, which describes the interaction between the
dipole moment of a molecule in its excited state with the dipole
moments induced to its neighboringmolecules (see, e.g., ref 83).
Among other things, the strength of the attractive interaction
depends on the absolute value of the dipole moment in the
exciton, in essence, the separation between the electron and the
hole,28,86 and the polarizability of its surrounding neighboring
molecules. An inverse relationship was found for the in-plane
polarizability and the optical band gap in organic thin films.87,88

Therefore, a stronger hypsochromic shift is expected to be
induced by the molecule of a larger optical band gap (here, 6PH
instead of TET), in agreement with our experimental results
(Figures 3c and 7a). Based on our fitting results, we obtain
energetic shifts in the limit of vanishing PEN concentration
( f PEN → 0) of 71 and 112 meV for the absorption band
corresponding to the first vibronic progression (P3) in PEN
blended with TET and 6PH, respectively. As can be appreciated
from Figures 3c and 7, the shift becomes even larger for the
lower Davydov component (P1), underscoring the suitability of
using molecular solid solutions to controllably fine-tune the
energetic position of optical transitions.
We note that the difference between the two energetic shifts

of P3 in different systems is not only the result of changes in the
polarizability of the molecular environment. The presence of the
phenacene molecule, with its larger in-plane structural proper-
ties, further distorts the crystal lattice, causing stronger
localization of the exciton. This, in turn, should further
destabilize the electronically excited state, resulting in a larger
optical transition energy. While the change in the polarizability
of the molecular environment and the change in crystal
parameters are likely to be the main causes for the difference
in spectral shifts, additional effects like, for example, a
confinement of the exciton induced by the perturbation of the
periodic structure, such as Anderson localization, contribute to
the overall shift as well.73,89

The change in polarizability of the molecular environment in
mixed systems can also be used to explain the opposite trends
observed for the shift in absorption bands of TET when mixed
with PEN or 5PH (Figures S6 and 7b). While a minor
bathochromic shift is observed for the former, as discussed
before, a hypsochromic shift is found for the latter (see Figure
7b). The shorter optical band gap of PEN leads to a larger
polarizability compared to TET, while the polarizability of 5PH
with its large optical band gap is the smallest.
Additionally, the point-dipole approximation also explains the

slightly stronger hypsochromic shift in the PEN/6PH blends

(112 meV) compared to that in the TET/5PH blends (102
meV). While a similar polarizability of 6PH and 5PH can be
expected based on their similar optical band gaps, differences
exist in the polarizability of PEN and TET. Furthermore, the
dipole moment in the electronically excited states of PEN and
TET differs. In essence, stronger CT contributions and a
subsequently larger electron−hole separation have been
reported for the lowest exciton in PEN.28,90 Thus, dipolar
coupling for PEN is stronger compared to that of TET,
rendering it more sensitive to changes in the molecular
environment.
The absorption spectra of TET/5PH blends (Figure S17)

reveal an additional exciting characteristic. No breakdown of the
Davydov splitting in the TET is observed. Instead, analogous
trends, as determined for the PEN absorption features in blends
containing PEN are obtained for the Davydov components in
TET. We attribute this to TET being the low-energy absorbing
component in the blends with 5PH, while in the blends with
PEN, TET is the high-energy absorbing component. Therefore,
the formerly discussed presence of a multitude of optical
transitions of different electronic character in the TET
absorption region is not fulfilled in TET/5PH blends. This
interpretation is further supported by our final mixed system
containing PEN and HEX molecules.
In the optical properties of PEN/HEX-blends (Figure 7c),

PEN serves as the acene molecule with a larger optical band gap
and therefore undergoes a small bathochromic shift upon
mixing. Furthermore, the Davydov splitting in PEN cannot be
resolved for decreasing f PEN as was the case for the Davydov
splitting in TET if mixed with PEN. We likewise attribute this
observation to contributions from electronic and vibronic states
in HEX and mixed HEX-PEN states based on the width of the
PEN absorption band. The Davydov components in HEX
undergo the same qualitative changes in their positions and
relative intensity as those observed for the low-energy acene
molecule in the othermixed systems.We note that ourmeasured
Davydov splitting in neat HEX is somehow smaller (≈120meV)
compared to the literature values.35 However, this can be
explained by slight differences in the absorption properties in the
thin film and the single crystal of HEX.35

In summary, our comparison with other blended systems
demonstrates the following general trends in the optical
absorption properties in acene/acene and acene/phenacene
solid solutions. First, if a given acene molecular species defines
the lowest optical transition in the blends, then both of its
Davydov components can be well resolved for a wide range of
mixing ratios. Additionally, the relative amplitudes of the two
Davydov components change with the acene molecular fraction.
In systems in which amolecule of smaller optical band gap exists,
the doublet in the Davydov splitting smears out and can no
longer be resolved. Finally, the general ability of solid solutions
to fine-tune the energetic position of absorption bands by more
than 100 meV is successfully demonstrated. The extent of this
shift is electronic-state-specific and is likely to be the result of
combined contributions from changes in the polarizability of the
molecular environment and perturbation of exciton delocaliza-
tion by occupational disorder and changes in lattice parameters,
respectively.

■ CONCLUSIONS
A combined experimental and computational investigation of
the absorption spectra of PEN/TET thin-film blends have been
performed. Our interpretation of the optical properties is based
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on the formation of a solid solution between the two molecular
species for all mixing ratios, as indicated by our structural
analysis. Our observed trends of a continuous shift in absorption
bands for changing mixing ratios in combination with the
broadening of the lowest optical transition and change in relative
peak intensities, further broaden our knowledge of the
intermixing system. The absorption spectrum in the thin-film
blends can be considered a superposition of a multitude of
various microscopic cluster configurations, with their relative
occurrence being determined by the molecular fractions.
Deviations from an ideal mixing scenario are expected to be
small in the system investigated here based on the weak
intermolecular van der Waals interactions between molecules,
their similarity in size and shape, and their similar electronic
properties. Starting from the pristine films, increasing the
fraction of the second molecule changes the crystalline structure
in two ways. First, the periodic structure is disrupted, disturbing
the exciton formation in the blends. This increasing disorder
partially lifts the selection rules for optical transitions, resulting
in additional bright states. However, our TD-DFT calculations
and experimental results in the region of PEN absorption below
2.25 eV demonstrate that these optical transitions match in
energy with what is known as the upper Davydov component in
PEN and that they belong to rather localized states. Never-
theless, even if all of the nearest neighbors are TET molecules,
electronic coupling between PEN molecules is possible. While
the Frenkel-type coupling of their transition dipole moments is
nonsurprising, our TD-DFT calculations also show small CT
contributions. This indicates that singlet fission is still possible in
blends as it depends on the interaction of at least two
chromophores, and CT states are expected to play an important
role in mediating the coupling between the photoexcited singlet
state and an intermediate triplet-pair state.20,21,78,91−98 Note
that singlet fission from higher electronic states has been shown
recently for TET and closely related rubrene.99,100 Furthermore,
these small CT contributions, which also occur between
molecules of different species, could be important to explain
the observation of singlet heterofission in PEN/TET-blends.14

The absorption spectra of our mixtures also give information
about the characteristics of the P3 absorption band. According to
our combined experimental and computational results, it seems
likely that both vibronic states and CT-dominated states
contribute to it. In contrast, for the analogue absorption band
T3 in TET, it seems rather likely that vibronic states
predominate at that energy. This would also explain the
observations made for energetic shifts in the absorption spectra
of TET and PEN induced by the application of an external
pressure.101 Therein, a parallel shift of the absorption bands in
TET has been observed, suggesting a common electronic origin
of absorption bands, while differently strong shifts have been
reported for the absorption bands in PEN.101

Our comparison with other blended systems containing acene
molecules further generalizes our results. Qualitatively, the same
trends are observed, namely, a broader distribution of
absorption intensity in the lowest absorption band, a reduction
of the Davydov splitting of the lower energy-absorbing acene,
and a blurring of the Davydov splitting in the absorption region
of the higher energy-absorbing acene molecule. Major differ-
ences in the different blended systems occur in the strength of
the spectral shifts. The largest shifts in absorption bands for
varying mixing ratios are observed for the blends with
phenacenes, which have a large optical band gap. We attribute
this to a change in the polarizability of the molecular

environment but also additional perturbation in the crystalline
structure by the difference in molecular size along the shorter
axis of the molecular plane, which can be expected.
In summary, the fine-tuning of optical properties in solid

solutions is demonstrated. This includes spectral shifts, as well as
the occurrence of additional absorption features. Furthermore,
we demonstrate the successful modeling of a clearly intermixed
system of acene molecules by TD-DFT calculations on
molecular clusters. Performing calculations on multiple clusters
of varying occupational geometry mimics the formation of a
solid solution. Our computational approach aids in under-
standing the macroscopic absorption properties in organic
blends on a fundamental level by obtaining deeper insight into
the microscopic picture of statistical intermixing. Furthermore,
the absorption spectra obtained for the individual clusters can be
well understood with established and state-of-the-art quantum
mechanical theories of (acene) molecular crystals. Therefore,
our results on PEN/TET blends allow further testing of existing
theories that attempt to explain the puzzles associated with the
optical and photophysical properties in pristine acene crystals.
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Tübingen, 72076 Tübingen, Germany

Andreas F. Kandolf − Institute of Applied Physics, University of
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