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Shaken, not stirred—or rather phase-separated?
Photophysics of pentacene-based binary blends
and the relevance of local structure
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ABSTRACT

The electronic and optical properties of organic semiconductors are strongly determined by their structural properties. Combining two or
more semiconductor compounds in multicomponent blends is commonly exploited to tune the properties and meet the requirements for
high-performance applications such as organic solar cells, light-emitting diodes, and transistors. Here, we discuss the structural and optical
properties characteristic of binary systems containing the archetypal organic semiconductor pentacene. Typical examples are shown for the
formation of a solid solution, a co-crystal, and phase separation. They not only allow the elucidation of the mixing behavior in more compli-
cated binary systems but also broaden the understanding of binary blends in general. We highlight the importance of the local occupation
configuration geometry and environment beyond the global thermodynamic mean-field considerations of mixing vs demixing. A thorough
understanding of mixing in small organic molecule binary blends on the nanoscale is highly beneficial for capitalizing on the full power of
organic semiconductors.
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are required for efficient charge transport.” * Thus, phase separation
on the nanometer length scale, as realized, for example, in bulk heter-
ojunction device architectures, is one strategy for improving power
conversion efficiencies in organic solar cells.” ” In contrast, mixing on
the molecular level has been shown to facilitate continuous tuning of
optical, electronic, and viscoelastic properties.” '” This encompasses
modification of color tones and optimization of photophysical prop-
erties through the selection of an appropriate mixing ratio.'”""
Furthermore, the combination of two small organic molecule semi-
conductor compounds in a crystalline organic alloy has been shown
to protect the device from degradation while maintaining high con-
ductivity."” While in all of these cases, a continuous change of the
given properties has been reported, it is also possible that the interac-
tion between the different molecular compound entities results in dis-
tinct new properties. For example, new crystal structures may be
formed.'® In addition, the generation of charge-transfer states often
leads to the observation of low-energy optical transitions.'” Such a
transfer of charges can be exploited in doping molecular binary mix-
tures to increase electrical conductivity."*'” A profound understand-
ing of this classical doping mechanism in organic semiconductor
compounds also helps for the development and improvement in the
latest, sophisticated doping approaches.”’

These general examples demonstrate the importance of precise
knowledge of the mixing characteristics and associated structural and
optical properties to capitalize on the full potential of a given organic
semiconductor.”"*” Additionally, the multicomponent organic struc-
tures compose the internal active layer of a device, which can be fur-
ther optimized for its desired application using modern external
design strategies.”” Furthermore, it is important to note that not only
the overall, macroscopic characterization in terms of mixing and
demixing is sufficient, but also the meso- to nanoscopic structure and
the local environment, such as the question of occupation configura-
tion geometry, can be crucial since different functional properties
couple to different length scales.”* Thus, profound knowledge of the
mixing behavior and its implication on properties, including optical
absorption, is essential for an understanding of the structure-property
relationship in organic binary mixtures.

In this paper, we discuss the various mixing scenarios and associ-
ated structural and optical signatures for the organic semiconductor
pentacene [PEN, molecular structure shown in Fig. 1(b)] in combina-
tion with a variety of small organic molecule materials for the second
compound. PEN serves as a prototypical small organic molecule, with
the results presented here being transferable to other rod-like organic
semiconductors such as tetracene [TET, Fig. 1(c)] and diindenopery-
lene [DIP, Fig. 1(c)] with some level of generality.24 % The interest in
PEN and its role as a model compound for organic semiconductors
originates from its high hole mobility”” " and its ability to undergo
singlet exciton fission, the conversion of a singlet exciton into two
triplet excitons.””*” The former property has been exploited by using
PEN in thin-film transistors,””° while the latter has stimulated addi-
tional interest in the application of PEN in organic solar cells. This is
because the singlet exciton fission mechanism holds great promise for
increasing the power conversion efficiency of solar cells beyond the
Shockley-Queisser limit.”” *' In addition, this capability for exciton
multiplication can be exploited in PEN-based photodetectors.*

The PEN-based binary mixtures discussed in this paper serve as a
benchmark for the full range of mixing scenarios encountered in small
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molecule binary blends with crystalline order in general. These include
the formation of occupationally disordered solid solutions, phase separa-
tion, and the formation of ordered co-crystals (Fig. 1). We focus on small
organic molecule systems prone to crystalline order while amorphous
systems are not included. We note that amorphous structures, as found
in organic glasses, are of equal interest from both a fundamental and an
applied perspective, as they are widely used, for example, in organic
light-emitting diodes.”** The restriction to polycrystalline, thin-film
samples of similar thickness on flat, weakly interacting substrates further
excludes thickness dependence of the structural and optical properties,
epitaxy, azimuthal molecular alignment, and in-plane anisotropies from
the discussion presented here."” " Furthermore, while doping in organic
semiconductors is typically done at low mixing ratios below 10% dopant
concentration, here, focus is given to intermediate mixing ratios (see,
e.g., Refs. 50 and 51 for reviews on doping in organic semiconductors).
Nevertheless, it should be noted that doping at higher dopant concentra-
tions has recently attracted increasing interest for application in the most
efficient optoelectronic devices,”' thus bridging the gap to the here inves-
tigated intermediate mixing ratios. Additionally, the efficiency of doping
at both low and high mixing ratios is severely affected by the distribution
of the dopant and the ordering on mesoscopic and nanoscopic length
scales, highlighting the importance of the structure—property relationship
in binary blends.”” For example, aggregation of dopants instead of a
nanoscopic homogeneous intermixing can be detrimental for doping
efficiency.” Thus, a detailed understanding of the mixing scenarios
encountered in organic binary systems, as discussed here, will also con-
tribute to a better understanding of doping in organic semiconductors.
In addition to x-ray diffraction measurements, optical absorption prop-
erties provide complementary information on the ordering at different
length scales. The latter are further interesting for modern optoelectronic
devices such as organic light-emitting diodes and organic solar cells but
also can be of fundamental interest for the characterization of organic
field-effect transistors and organic thermoelectrics.”’ Therefore, this
investigation provides guidelines for the choice of the second molecular
compound to optimize the optoelectronic properties of the organic semi-
conductor of interest. While we focus here on the characterization of
small organic molecule binary blends using x-ray diffraction and optical
absorption spectroscopy for consistency, complementary techniques
exist, such as (photo-induced) atomic force microscopy, vibrational
spectroscopy, and electron energy-loss spectroscopy, which can probe
structural or optoelectronic properties across different length scales.” ™’
This paper is organized as follows. First, the different types of
mixing scenarios are introduced based on a mean-field approach.
These general considerations are complemented by highlighting the
importance of the mesoscopic structure. Next, the fundamental prop-
erties of neat PEN are summarized to understand the changes that
occur in the binary mixtures. In the following three parts, the struc-
tural and optical absorption properties characteristic of solid solu-
tions, phase separations, and systems forming co-crystals containing
PEN are demonstrated using model binary systems. These samples
were prepared by organic molecular beam deposition (OMBD),
which allows for precise control of the mixing ratio (for details on the
sample preparation see Refs. 13, 24, 25, and 58-68). We note that
thin-film growth by OMBD is a non-equilibrium process that enables
sample preparation with mixing ratios beyond the thermodynamic
solubility limit."”’" For the structural properties, x-ray diffraction
techniques were employed. Depending on the mixing behavior,
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FIG. 1. Classification of binary mixtures. (a) Free energy of mixing as derived from a general mean-field approach. (b) Molecular structure of PEN. (c) Top: lllustration of the
three types of mixing scenarios (ordered complex, solid solution, and phase separation). For the solid solution, zoom-ins are provided into the nanoscopic arrangement (con-
figuration geometry) of molecules of different types. Note that different length scales can result from the different configurations. Bottom: Molecular structures and assign-

ment to the mixing scenarios of the second molecular compounds that were mixed witl
(phase separation), and blue (complex mixing behavior with partial intermixing).

characteristic changes in structural and optical properties are
observed for varying mixing ratios. The knowledge gained from these
model systems is finally applied to two more challenging binary sys-
tems, namely, PEN mixed with [5]phenacene [picene, 5PH, Fig. 1(c)]
and with para-terphenyl [3P, Fig. 1(c)]. Their binary blends give rise
to mixing scenarios intermediate between the cases presented in the
first part. Thus, the entire range between the macroscopic extreme
cases of mixing and demixing is covered in this paper by taking into
account the mesoscopic order. In the last chapter, the general results

h PEN. The color coding is red (ordered complex), yellow (solid solution), purple

are summarized, and comments are made on the use of multicompo-
nent organic semiconductors in modern optoelectronic devices.

Il. THERMODYNAMIC CONSIDERATIONS FOR BINARY
MIXTURES
A. The regular solution model

A general understanding of the possible mixing scenarios in
binary molecular systems (solid solution, phase separation, and
ordered complex/co-crystal) can be obtained from thermodynamics,
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following the regular solution model in a mean-field approach.”"””
The derivation is based on a lattice model in which mixing of mole-
cules at the molecular level is only possible via substitutional defects
while interstitial mixing is not considered.”” We shall comment on
important deviations and limitations of this equilibrium approach
and on more sophisticated theories below. According to the regular
solution model, the gain in free energy from the unmixed to the
mixed state is given by

AFmix = kgT - (x4 - In x4 +xp-In xp+ pap - xax5), (1)

where kg is the Boltzmann constant, T is the temperature, and x4 (xg)
denotes the mole fraction of molecular species A(B). The first two
terms describe the entropic contribution, which always favors mixing
of the two molecular species, while the third term contains the dimen-
sionless enthalpic interaction balance given by

7
Yap = 7= (Waa + Wpp — 2Wag), (2)
kg T

with Z being the coordination number defined by the type of lattice.
The interaction energies between molecules of the same type are given
as Wy, and Wpp, while the interaction between molecules of different
types is denoted Wyp. In Fig. 1(a), the dependence of the free energy
on the mixing ratio (x4 = 1 — xp) is shown for different values of
«ap> Which will be discussed next. The full derivation of the mixing
free energy [Eq. (1)] using the mean-field approach of the regular
solution can be found, for example, in Ref. 72.

B. Mixing scenarios

Depending on the value of y,p in the expression of the free
energy of mixing [Eq. (1)], a categorization of binary systems into the
formation of a solid solution, phase separation, and the formation of
an ordered complex or co-crystal is obtained [see Fig. 1(c)].”"”* Note
that following its TUPAC definition, and to distinguish it from phase
separation and co-crystal formation, we consider solid solutions as a
statistical occupation of lattice sites by the two molecular compounds
for all mixing ratios. Thus, amorphously mixed systems are not
included. If x5 = 0, the enthalpic term vanishes, and the gain in free
energy upon mixing is determined solely by the mixing entropy. The
situation is identical to an ideal solution with the constraint that the
lattice sites are statistically occupied by the molecules. It has been
emphasized that similarity in size and shape of the two molecular spe-
cies are necessary conditions for the formation of a solid solu-
tion.”"”*”>’® Importantly, according to the statistical occupation of
the lattice sites, all kinds of local nanomolecular environments are
encountered for both molecules in a given binary system. This
includes isolation of a given molecule from neighboring molecules of
the same compound but also more mixed situations. Some illustrative
occupancy configurations are shown by the zoom-ins in Fig. 1(c). For
an ideal solid solution, their relative abundance is determined solely
by the mixing ratio.”

The situation changes when y,; becomes increasingly positive,
i.e., when the interaction between like molecules dominates the attrac-
tion. If 45 > 2, a local maximum is formed at the equimolar mixing
ratio [see the purple and dark blue curves in Fig. 1(a)]. To minimize
the total free energy, the system separates into two phases in which
one molecular species dominates over the other, as indicated by the

REVIEW pubs.aip.org/aip/cpr

arrows. In the limiting case, a separation into neat phases occurs. In
contrast to a solid solution, for which the local concentration (except
for statistical fluctuations) is identical to the global concentration, for
Zap > 2, two phases with constant local concentrations different from
the global concentration are obtained whose relative abundance is
determined by the global concentration, known as the lever rule.

Finally, if x4z < 0, the interaction energy between dissimilar
molecules becomes strongly attractive and outcompetes the interac-
tion between like molecules. Thus, an ordered complex is formed in
which the interfacial area between dissimilar molecules is maximized
[red curve in Fig. 1(a)]. This ordered complex is still realized when
the global concentration deviates from the equimolar mixing ratio,
with the molecular species in surplus forming an additional, predomi-
nantly pure phase. Note that it is also possible that the combination of
two molecular compounds in a stoichiometric ratio different from 1:1
leads to the formation of a stable co-crystal (see, e.g., Refs. 77 and 78).
However, such a situation is not captured by the regular solution
model.

C. Beyond regular solution theory

The above derivation of mixing scenarios for changing y,p is
based solely on general, fundamental thermodynamic ideas.
Nevertheless, it gives a good estimate of the mixing scenarios to be
expected in experiments. A priori knowledge of the mixing scenario
for a given binary system would be of great advantage, for example,
by evaluating the interaction parameter y,z, which depends critically
on intermolecular interactions. Unfortunately, the prediction of these
intermolecular interactions in organic systems goes beyond simple
pairwise atomic monopole interactions, as can already be seen from
efforts to derive the experimentally accessible polymorphs of a single
organic molecular compound.””””*' Note that polymorphism is
quite common for van der Waals bound organic crystals due to the
weak intermolecular interactions that render the potential energy sur-
face rather shallow.””""**"* In addition, at least multipole interac-
tions, complex formation by partial charge transfer via orbital
hybridization, and Coulombic interactions must be considered.”*"
Thus, a priori knowledge of the mixing behavior is not feasible, and
computational approaches that unambiguously predict it are yet to
come. Nevertheless, empirical guidelines for estimating the mixing
behavior have been established. As mentioned above, similarity in
size and shape is a necessary requirement to facilitate the formation of
a solid solution.”"”*”*”® However, also additional effects, such as sim-
ilarity in the crystal structures of the pristine compounds and similar-
ity in the growth mode during thin-film growth, have been
mentioned as possibly influencing the mixing behavior.””
Furthermore, the anisotropy inherent to most organic molecules also
induces anisotropic intermolecular interactions, as exemplified by
anisotropic exciton transport properties.”’ In turn, these directional
intermolecular interactions possibly lead to anisotropic mixing behav-
ior.”” Thus, the molecular environment in the direct vicinity of a given
molecule within a binary mixture can assume distinctly different
forms as already illustrated in Fig. 1(c). These various occupational
geometries on the nanoscopic length scale result in distinguishable
optical and photophysical properties despite the similarity of the mac-
roscopic free energy, as demonstrated in recent TD-DFT calculations
and discussed below.”*”*”
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Additional complexity to the mixing behavior comes from the
fact that preparation of mixed thin films, e.g.,, by OMBD, is a non-
equilibrium process.”* ”° For example, the intermolecular interactions
may be different in the early stages of crystallization when only a lim-
ited number of molecules are in contact.”” Therefore, adjusting the
growth rate can potentially manipulate the mixing behavior by induc-
ing a change in the growth kinetics, with a higher deposition rate gen-
erally facilitating better mixing. Furthermore, adjusting the substrate
temperature not only affects y,5, but also changes the diffusion
dynamics of adsorbed molecules, thus altering the kinetics. The rele-
vance of kinetic aspects might be further strengthened by using non-
classical strategies in thin-film preparation by OMBD, such as inter-
rupted growth or growth under glancing angle.”* '’ Additionally,
growth under illumination with polarized light might open further
possibilities to manipulate growth and mixing in single-component
and binary mixed thin films.'"’

To summarize this section, there are three different general mix-
ing scenarios for binary molecular mixtures, namely, the formation of
a solid solution, phase separation, and the formation of an ordered
complex. Although similarity in size and shape of the molecules
appears to be a necessary requirement for the formation of a solid
solution, the situation is more intricate. In addition to the anisotropy
in intermolecular interactions that is inevitable for anisotropic mole-
cules, it should further be kept in mind that the preparation of binary
mixtures by thin-film growth adds kinetic aspects to the thermody-
namic considerations.

I1l. PRISTINE PEN

Before discussing the structural and optical properties of PEN in
binary organic mixtures, we briefly summarize the respective proper-
ties of pristine PEN.

A. Structural properties

In accordance with its molecular structure [Fig. 1(b)], PEN is
classified as a rigid, rod-like organic molecule. Several polymorphs of
the PEN crystal structure are known to exist.”>'"*'"” Most relevant
to this paper is the thin-film polymorph obtained for growth on

Q
0 0.2r
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weakly interacting substrates such as silica and glass, due to the prepa-
ration technique and conditions used.'”* During sample preparation
by OMBD at room temperature, PEN molecules adopt an almost per-
fect upright-standing orientation on weakly interacting substrates [see
inset in Fig. 2(a)]. This can be deduced, for example, from the position
of the Bragg reflections in the XRR diffraction data [Fig. 2(a)]. Slight
differences in tilt angles for PEN molecules within the first monolayer
and subsequent layers, as well as for variations in substrate tempera-
ture during deposition, have been reported.''’ """ For larger film
thicknesses, a transition to the bulk phase polymorph of PEN
occurs. ! We note that the situation is not very different from
several other rod-like organic semiconductors, such as TET and DIP,
so that these considerations can be transferred with some level of gen-
erahty.7,7/|,83, 117-120

The primitive unit cell is triclinic and contains two translation-
ally inequivalent molecules. Additional crystal lattice parameters can
be derived from grazing incidence x-ray diffraction (GIXD) data, as
shown in Fig. 2(b). The vertical lines shown there correspond to the
lattice parameters reported for the thin-film crystal structure of
PEN.'"" Therein, it is assumed that the ab-plane is oriented parallel to
the substrate. From the peak intensities, information about the atomic
positions within the unit cell can be obtained. For PEN, all-atom
resolved literature data exist for both the thin-film and bulk crystal
structures.'*>'*'%*"*! PEN molecules adopt a herringbone packing
motif as illustrated in the inset of Fig. 2(b).

B. Optical properties

The structural properties and especially the orientation of the
molecules with respect to each other as described by the crystal struc-
ture have a strong impact on the optical properties. In essence for
PEN, the two translationally inequivalent molecules per unit cell give
rise to a splitting in the lowest optical electronic transition at 1.87 and
1.97 €V [Fig. 2(c)], referred to as Davydov splitting.'*” This splitting is
due to a coupling of the molecular transition dipole moments and
leads to J- and H-aggregate-like behavior in the two Davydov compo-
nents.””'**'** Importantly, in addition to the dipole-moment cou-
pling known as Coulomb coupling, contributions from charge-
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FIG. 2. Structural and optical properties of pristine PEN. (a) and (b) X-ray diffraction data obtained in XRR and GIXD geometry with diffraction peaks labeled by their Miller
indices. Vertical lines correspond to the reported thin-film crystal structure of PEN."* Insets illustrate the nearly upright-standing orientation of PEN molecules on weakly
interacting substrates and the in-plane herringbone packing motif. (c) UV/vis absorption spectrum of pristine PEN. Absorption bands corresponding to the lower (LD) and
upper (UD) Davydov components are labeled. Optical features above UD have been assigned to electronic transitions to charge-resonance states and to a vibronic progres-
sion of the Sy < Sy optical transition. The orientation of the transition dipole moment along the short axis of the molecular plane corresponding to this electronic transition

is indicated in the molecular structure of PEN.
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resonance interactions also contribute to Davydov splitting in solid
PEN.”*?>"*% 1% Note that while in the literature these states are fre-
quently referred to as charge-transfer states, we reserve this term for
strongly non-symmetric interactions as observed in donor-acceptor
pairs. Instead, the term “charge-resonance” used here, which has been
used, for example, in Refs. 131 and 132, highlights the coupled nature
of these states. These charge-resonance electronic transitions have
been reported slightly above the optical bandgap, starting at
2.12eV."” However, field-modulation spectroscopy experiments
have indicated that these reported experimental values could also be
the result of charge accumulation during the measurement, and
instead charge-resonance states may only exist above 2.7 eV."”" It is,
therefore, not surprising that the peak at 2.12 eV has instead also been
assigned to a vibronic progression.'”” It seems likely that both transi-
tions to charge-resonance states and electronic states containing
vibrational quanta contribute to that optical signal.”””

The above considerations apply to PEN in crystal structures.
They, therefore, are essential to understand the optical properties in
the ordered solid state. In addition, for thin-film growth, the substrate
frequently induces uniaxial orientational order that has further impli-
cations on the measured absorption spectrum, in essence, for the here
discussed illumination under normal incidence. This can be appreci-
ated most easily already from the orientation of the transition dipole
moment of the single molecule. Note, however, that in the solid state,
Coulomb and charge-resonance intermolecular coupling modify both
the strength and direction of these transition dipole moments, which
will be discussed below. The electronic and vibronic states of the sin-
gle molecule enter the description of the optical properties in the solid
state as diabatic Frenkel states. Thus, a general understanding of these
molecular electronic states and especially transitions between them
are essential to fully understand the optical absorption spectrum of
pristine PEN.

The orientation of the single-molecule transition dipole moment
depends on the symmetry of both the initial and final electronic state.
For example, the molecular transition dipole moment for the §; S,
electronic transition in isolated PEN is oriented along the short axis of
the molecular plane [see inset in Fig. 2(c)]."*”"**"*” Thus, for vertical
illumination of unpolarized light, the interaction between the electro-
magnetic wave and the upright-standing molecules is maximized,
resulting in strong absorption for this optical transition. Importantly,
this directionality with respect to the substrate is still preserved if
Coulomb coupling to neighboring PEN molecules is considered, as
the vector addition of the molecular transition dipole moments of the
two translationally inequivalent molecules per unit cell remains being
oriented perpendicular to the surface normal.””'”” However, if the
orientation of the molecules on the substrate is changed, the aniso-
tropic nature of the single-molecule properties also changes the bulk
optical and electronic properties.”* """’

In contrast to the §; « S, transition, the transition dipole
moment of the next higher optically allowed transition in PEN
(denoted S3 <SS, in Ref. 93) is oriented along the long molecular
axis.””"?*'** According to quantum chemical calculations, it has a
much higher oscillator strength compared to the transition from Sy to
S;.”17%1** However, these calculations predict this transition of being
located at energies most likely above 4 eV. Thus, transitions to S; are
not of relevance for this paper in which we focus on the impact of the
mixing behavior on the low-energy optical transitions that are also

REVIEW pubs.aip.org/aip/cpr

TABLE I. Molecular dimensions according to the reported crystal structures assum-
ing van der Waals radii for the edge atoms. The relative dimension, with PEN serv-
ing as the reference, is given in percent.

Long axis Short axis
Compound (A) (%) (A) (%)
PEN'"? 14.1 100 49 100
TET'” 11.6 82 49 100
HEX'"! 16.5 117 49 100
ADT'? 14.0 99 5.0 102
DNTT'"? 15.6 111 5.7 116
6PH* 16.0 113 5.6 114
5PH"™ 13.7 97 5.8 118
3p'*0 13.5 9 42 86

*Approximate value based on a comparison with its smaller homologs 4PH (crysen)
and 5PH.""">

most relevant for optoelectronic applications. Likewise, the optical
transition from S, to the optically dark S, state, which is symmetry
forbidden, is not further discussed, and the interested reader is
referred to the literature where the S, state has received considerable
attention due to its potential role as an intermediate state in the singlet
exciton fission process in PEN.'** ¢

C. Growth mode and molecular dimensions

During thin-film sample preparation by OMBD, PEN follows
the Stranski-Krastanov growth mode for deposition around room
temperature.'”” """’ Within the first few monolayers, the substrate is
completely covered by PEN molecules before island formation sets in
at subsequent layers. As mentioned in the introduction, differences in
growth mode could be responsible for the induction of phase separa-
tion in binary mixtures.”” The different mixing scenarios obtained for
different organic binary systems are the subject of the following sec-
tions. The molecular dimensions, derived from the atomic distances
in the crystal structures of the molecules used, are listed in Table 1.
With the exception of Buckminster fullerene (Cgp), the molecules
used have a rod-like shape. The dimensions within the molecular
plane defined by the 7-system are listed. Note that even 3P, the only
non-rigid molecule discussed in this paper, adopts a rather planar
structure in the crystalline state, thus allowing for direct comparison
with the molecular structure of PEN."” For [6]phenacene (fulminene,
6PH), no atomically resolved crystal structure has been reported in
the literature. However, approximate molecular dimensions for 6PH
can be deduced by comparison with the reported crystal structures of
its smaller homologs.

IV. SOLID SOLUTION

The formation of a solid solution containing PEN as one of the
two compounds has been reported for several binary systems. These
include TET, hexacene (HEX), DIP, anthradithiophene (ADT), 6PH,
and dinaphthothienothiophene (DNTT) as the second molecular spe-
cies.! 1778590560156 Their molecular structures are shown in
Fig. 1(c). In all of these systems, the requirement of similarity in size
and shape of the rod-like molecules, a prerequisite for the statistical
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occupation of lattice sites by substitutional disorder,”” is reasonably
well satisfied (see Table I). Furthermore, neither integer nor partial
charge transfer between PEN and the second molecular species seems
likely based on the respective energy of the frontier molecular orbitals
and the electron affinity and ionization potential.' """ 1>
Therefore, it can be expected that weak intermolecular interactions of
the van der Waals type dominate, both between like (W44 and Wpg)
and dissimilar (W4p) molecules. The second molecular compounds
used are, likePEN, hydrocarbon molecules. DNTT and ADT addi-
tionally contain two sulfur atoms, respectively, in their molecular
structure. Importantly, none of the molecules contain any electron-
donating (e.g., amino or hydroxyl groups) or electron-withdrawing
groups (e.g., fluorine atoms or cyano groups). Thus, a similar charge
distribution between the periphery and the bulk of the molecules can
be expected, resulting in comparable intermolecular interactions
between like and dissimilar molecules in the mixed crystal state.
Taken together, these rather crude energetic considerations support
the expectation of the formation of solid solutions in these binary
systems.

A. Structural properties

The typical structural features for solid solutions containing
PEN are demonstrated based on XRR data for PEN:TET blends of
20nm thickness (Fig. 3).”" First, pronounced Bragg peaks are
observed for all blend ratios. This clearly demonstrates that a crystal-
line structure is maintained in the blends and that there is no transfor-
mation to an amorphous structure. The similarity in the width of the
Bragg peaks further demonstrates that this crystalline order extends
throughout the film thickness.'*’

Most important for the deduction of the formation of a solid
solution from the data presented in Fig. 3 is the position of the Bragg
peaks, which gives information about the out-of-plane lattice spacing.
This spacing is quantified in Fig. 3(b). In solid solutions, a continuous
change in the lattice parameters is observed for the changing mixing
ratio.'®’ However, our data for PEN:TET blends also indicate that
deviations from the linear trend, as predicted by Vegard’s empirical
law,'* are possible. This is likely to be the result of the weak intermo-
lecular interactions typically present in organic crystals and the inher-
ent complexity due to the increased degrees of freedom for extended
molecules compared to single atoms. In particular, non-rigid mole-
cules can, to some extent, adapt their molecular structure in the solid
state to increase packing density and attractive intermolecular interac-
tions.'*” '*” Furthermore, the anharmonic potential in intermolecular
interactions renders it energetically more favorable to dissolve a
smaller molecule in the lattice of larger molecules than vice versa,
resulting in a deviation to larger lattice spacings compared to the lin-
ear trend.”'* Note that also the possibility for a deviation to smaller
lattice parameters has been reported in the literature for other organic
binary mixtures.'*” However, we speculate that this is only possible
for systems containing less rigid molecules or if the molecular geome-
try deviates from rod-like molecules, allowing for the formation of
cavities that can be filled by the second molecular compound.

The mixing of multiple molecular compounds most frequently
increases disorder in the system. This is especially important for elec-
tronic and optoelectronic devices, as disorder has an impact on the
conductivity.'””'*® As such, both the short-range occupational geom-
etry and the mesoscopic crystalline ordering and crystal grain
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FIG. 3. Structural properties in solid solutions containing PEN and TET. (a)
Normalized XRR diffractograms displayed with offset for clarity. The presence of dif-
fraction peaks indicates the presence of a crystalline structure. (b) Corresponding
out-of-plane lattice spacing. The continuous trend of the lattice spacing with fogy is
characteristic for the formation of a solid solution. For pristine TET, both the thin-film
(TF) and bulk (B) crystal structures are present. See text for details, including the
observed deviation from the linear change in lattice spacing predicted by Vegard's
law. Reprinted with permission from Unger et al., J. Phys. Chem. A 128(4), 747-760
(2024). Copyright 2024 American Chemical Society.”*

boundaries are critical parameters. While the former should follow
statistical arguments in solid solutions, the latter can be investigated
by probing the coherent scattering size that further serves as a mea-
sure of the defect density.”” An imposing example for this is shown in
Fig. 4 for blends of PEN with DIP.”® The coherent scattering size has
been determined from the analysis of the Bragg peak widths in
GIWAXS data using the Scherrer equation.'®” Note that this probes
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FIG. 4. In-plane coherent scattering size for PEN:DIP blends. Reprinted with per-
mission from Aufderheide et al., Phys. Rev. Lett. 109, 156102 (2012). Copyright
2012 American Physical Society.”®

the disorder in the in-plane direction. For thin-film blends of small
thickness, the out-of-plane coherent scattering size is frequently lim-
ited by the film thickness, as can be concluded from the identical
widths of Bragg peaks in XRR experiments as, for example, seen in
Fig. 3. Also for PEN:DIP blends, the coherent scattering size along the
out-of-plane direction remains robust, independent of the mixing
ratio.”® In contrast, a strong reduction in the in-plane coherent scat-
tering size at intermediate mixing ratios has been observed.”® Thus, it
has been concluded that the system behaves analogously to a liquid
crystal adopting a smectic phase. Furthermore, it illustrates that the
inherent anisotropy in non-spherical molecules induces anisotropic
ordering in the mixed thin films. We note that while a reduction in
ordering is frequently encountered in binary mixed systems, it is also
possible that the mixing increases the ordering and thus can be
exploited to improve conductivity and ultimately device performance
(see Ref. 1 and references therein).

B. Optical properties

A central focus of this paper is to relate the mixing behavior
derived from a structural analysis to the optical properties. For solid sol-
utions this is demonstrated using PEN:6PH blends (Fig. 5)."” The PEN
absorption bands below 2.7 eV have been labeled (P,-P,) for an easier
discussion of the observed trends. They can be related to the absorption
bands in neat PEN as discussed above, but changes occur in the blends.
First, a change in the relative intensities of the first two peaks [P, and
P,, being analogous to the lower and upper Davydov components in
neat PEN, respectively, see Fig. 2(c)] is observed. As demonstrated in
Ref. 24, this is mainly due to a broadening of the absorption band P;.
The occupational disorder in the solid solution perturbs the lowest opti-
cal transition in PEN due to the nature of the electronic state describing
the lower Davydov component, which is delocalized over many mole-
cules and contains large contributions from charge-resonance interac-
tions.”*'*” Thus, this state is strongly susceptible to the static disorder
introduced by the presence of the second molecular compound.” In
contrast, in the binary blends, P, contains spectral contributions from
predominantly Frenkel H-type-like electronically coupled PEN
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molecules, consistent with the upper Davydov component, plus signa-
tures from electronically mostly decoupled PEN molecules.
Importantly, the charge-resonance character of Py, the absorption band
corresponding to the lower Davydov component in neat PEN, is
expected to be greatly reduced, as deduced from the comparison of
experimental and computational data.”*”* Since the charge-resonance
character is responsible for the Davydov splitting (the energetic differ-
ence between P, and P,),'*" P, shifts closer in energy to P,.

In the region of the higher energy absorption bands P; and Py, a
multitude of electronic transitions has been predicted to exist by
quantum chemical calculations on PEN:TET blends.”" The corre-
sponding excitonic states have been shown to differ greatly in their
diabatic charge-resonance character. However, these calculations have
also indicated that electronic transitions by themselves are insufficient
to describe the experimentally observed absorption bands. Therefore,
additional contributions from vibronic satellites can be expected to
play a non-negligible role in this energy region. This is further sup-
ported by their congruent hypsochromic shift observed in the blends
in Fig. 5 for decreasing PEN concentration. Taken together, a com-
plex mixture of electronic and vibronic states that can be composed of
both Frenkel and charge-resonance character is required to explain
the absorption bands P3 and P,. This is in agreement with experimen-
tal electron energy loss and computational results for neat PEN,'*"'"
thus demonstrating the ability of using binary mixtures for a better
understanding of the properties of the neat compounds.

Interestingly, all of the solid solutions discussed in this paper
show similar trends in the absorption features originating from PEN
molecules. These include (i) the changes in the relative peak intensi-
ties of the absorption bands P; and P,, (ii) the reduction of Davydov
splitting, and (iii) the hypsochromic shift to higher energies."”****
Thus, due to the latter, a tuning of optical properties in PEN becomes
accessible through the use of solid solutions. The similar trends in the
binary mixtures indicate that the observed changes are the result of a
statistical substitutional disorder, and most of the changes that occur
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can be understood qualitatively independent of the nature of the sec-
ond molecular compound. Instead, the nanoscale short-range order
in the sense of occupational configuration geometries possibly
explains the optical response in binary blends containing PEN in great
parts. This has been demonstrated in Ref. 24 by TD-DFT calculations
on molecular clusters containing eight molecular sites occupied by
PEN and TET molecules. Depending on the occupational geometry
by the two molecular species, optical transitions to electronic states at
different energies can occur. Importantly, it became possible to greatly
reproduce the experimentally observed absorption spectrum for an
intermediate mixing ratio by a linear combination of these absorption
spectra. Thus, the optical properties in solid solutions are affected by
the occupational geometry of lattice sites by the two molecular spe-
cies. While the trend in absorption band intensities and reduction in
Davydov splitting seems general for PEN-based solid solutions, there
are also subtle differences between the statistically mixing binary sys-
tems. Especially the magnitude of the hypsochromic shift strongly
depends on the choice of the second molecular compound.'” As dem-
onstrated in Ref. 13, the main cause of the strength of this shift is a
change in polarizability in the direct vicinity of PEN molecules by
occupation of lattice sites by molecules of the second molecular com-
pound. Empirically, a relation between optical bandgap and polariz-
ability has been found, which has been confirmed by theoretical
calculations on 2D materials."”"'"* It seems likely that PEN is excep-
tionally suitable for tuning its optical properties by a change in the
polarizability of the molecular environment due to the pronounced
delocalization and separation of the electron-hole pair in the lowest
electronically excited states, exemplified by large contributions from
charge-resonance states. "> 1717

C. Conclusion

Taken together, the solid solutions discussed in this paper can be
characterized by the following criteria: (i) The molecules are mixed by
statistical occupation of lattice sites, with the proportions of constitu-
ents being able to be varied over the entire range of mixing ratios.
Based on the energy level alignment of frontier molecular orbitals and
charge distribution in the molecules, no chemical reaction between
the molecular compounds is expected. A nice proof of the chemical
stability has been demonstrated for a comparable binary organic mix-
ture containing PEN by dissolution of the deposited thin film in a
suitable solvent.'”” In the solution, the intact molecules were recov-
ered, while no indication for any new molecular species was obtained.
(ii) Continuous changes in structural and optical properties with
respect to the mixing ratio occur that cannot be described as a super-
position of the properties inherent to the constituents. This includes
the position and relative intensities in the Davydov components. (iii)
As has been demonstrated theoretically in Ref. 24, wave functions
describing the lowest electronic states accessible in optical absorption
experiments of PEN:TET solid solutions are located on PEN and TET
molecules simultaneously, both with Frenkel and charge-resonance
character. Thus, electronic coupling between molecules of different
compounds seems likely. Importantly, these criteria recently have
been postulated as a necessary requirement for the classification of a
binary mixture as an “organic alloy.”'”* While we do not intend to
engage in a debate on semantics, our results suggest that binary solid
solutions containing PEN are the first examples of organic alloys so
far meeting these criteria. In contrast to the mixtures containing
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spherical fullerene molecules discussed in Ref. 174, the rod-like, com-
pact shape of PEN molecules facilitates stronger electronic coupling
to neighboring molecules, manifesting in charge-resonance contribu-
tions in the lowest electronically excited states of pristine
PEN.”*7»1#7 1019 1y the binary blends, this electronic coupling is
distorted by the second compound molecules. While electronic cou-
pling between PEN and TET molecules has been calculated to exist in
the respective solid solutions, even the case of vanishing electronic
coupling to molecules of dissimilar types can be considered a limiting
case of intermolecular electronic coupling.

V. PHASE-SEPARATING SYSTEMS

As structural similarity is a precondition for the formation of
solid solutions,”” it is a natural choice to use a molecule structurally
dissimilar to PEN to investigate PEN in phase-separating systems.
Therefore, it is no surprise that blending rod-like, flat PEN with
spherical, bulky Cg, Buckminsterfullerene [molecular structure shown
in Fig. 1(c)] results in phase separation.””*”**'”* The combination of
these materials has attracted considerable interest as a donor-acceptor
system for application in organic solar cells.”*'”*

A. Structural properties

In Fig. 6, out-of-plane x-ray diffraction curves are shown for
30 nm thick PEN:Cg blends of varying mixing ratio.”” Their observa-
tion of a Bragg peak doublet for the neat PEN sample with the diffrac-
tion peaks corresponding to the thin film and bulk phase indexed by
(00L) and (00L), respectively, is somehow surprising. While signa-
tures from the bulk phase are typically observed only at slightly larger
film thicknesses, this might be due to some differences in preparation
conditions, here in particular, a pretreatment of the silicon substrates
to remove the native oxide layer.''™''* Interestingly, only the thin-
film phase of PEN is present in the blends with Ce.

Typical for a phase-separating system is the robustness of the
Bragg peak positions in the diffractograms, independent of the mixing

Intensity (a.u.)

4 6 8 10 12 14 16 18 20
20 (degree)

FIG. 6. Structural properties in phase-separating PEN:Cg blends. The position of
the Bragg peaks remains unchanged. A larger structural disorder, induced by
increasing Cgo concentration, results in the disappearance of Bragg reflections.
See text for details. Reprinted with permission from Zheng et al., J. Vac. Sci.
Technol. B 27(1), 169-179 (2009). Copyright 2009 American Vacuum Society.*®
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ratio. Especially for a binary system containing such structurally dis-
similar molecules as PEN and Cg, a separation into the (almost) pure
phases seems likely. Within these phases, the pristine crystal struc-
tures are obtained.

Under the conditions used in Ref. 68, Cgy was said to grow
amorphous, not giving rise to any Bragg peak in its diffractogram. We
note, however, that this could also be the result of a non-uniaxial ori-
entation of Cg crystallites, distributing the x-ray scattering intensity
over the entire range of azimuth angles and thus strongly decreasing
the Bragg reflection intensity in an XRR experiment. In the PEN:C¢,
blends, the intensity of the PEN diffraction peaks becomes smaller for
increasing Cg, concentration, which is the result of an increased struc-
tural disorder. This can be both the induction of an amorphous PEN
phase or a change in crystal orientation away from the uniaxial direc-
tionality induced by the substrate due to amorphous or isotropic poly-
crystalline Cgo. PEN, on the contrary, can also act as a templating
layer for on-top deposition of Cg, in which case a known polymorph
of Cgy is obtained, therefore increasing the crystalline order in Cqp.'
An additional explanation for the reduced structural order in the sam-
ples reported in Ref. 68 could be a possible Diels-Alder reaction
between the two molecular compounds as demonstrated in Ref. 179.
The chemical reaction, which predominantly occurs at the interfacial
region, gives rise to a new molecular species with a distinct molecular
structure. This induces an additional disorder in the blended struc-
ture, lowering the intensity of Bragg peaks.

B. Optical properties

Similar to the robustness of the Bragg peaks in the x-ray diffrac-
tograms, the absorption bands in phase-separating PEN:Cg, blends
also remain at similar energies (see Fig. 7). The two Davydov com-
ponents of PEN can be clearly resolved, also in the blend, with a
higher intensity of the energetically lower Davydov component at
670nm (1.85eV). In combination with identical Davydov splitting in
the pristine PEN film and the PEN:Cg blend, this is in stark contrast
to the situation in solid solutions as discussed above, for which
Davydov splitting becomes smaller for a decreasing amount of PEN
and the energetically lower Davydov component loses in intensity.
Focusing on the absorption features attributable to PEN, the minor
peak shifts observed in Fig. 7 are likely to be explained by the instru-
mental resolution, and differences in the absorption spectra for the
PEN thin-film and bulk phase polymorphs (compare with Refs. 180
and 181). As shown above in the discussion of the structural proper-
ties, the abundance of these two polymorphs is altered in the pristine
and blended film. Other possible explanations include polarization
effects from the phase-separated Cqy phase and differences in strain
for the two samples.

The lower intensity of PEN absorption bands in the blend com-
pared to the pristine film is likely to be caused by the reduced orienta-
tional order caused by the presence of the amorphous Cg, phases. In
neat PEN samples, the close to upright-standing orientation of PEN
molecules with respect to the substrate maximizes the absorption
intensity at the optical bandgap for illumination under normal inci-
dence. An increased orientational disorder of PEN molecules away
from the substrate-normal, induced by the amorphous Cg, phase,
inevitably also lowers the absorption intensity. Nevertheless, clear and
pronounced Davydov splitting is indicative of a crystalline short-
range ordering in the PEN phase.'*” The formation of an amorphous
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FIG. 7. Optical properties in phase-separating PEN:Cgq blends. In contrast to the
optical absorption spectra for solid solutions, shifts in absorption bands attributable
to PEN are minimal and can be attributed to the instrumental resolution and the
different abundance of the PEN thin film and bulk polymorph in the pristine and
blended film (compare with Refs. 180 and 181). Additionally, polarization effects
from phase-separated Cq and differences in stress in the organic layer possibly
contribute to these differences. The lower absorbance in the blended film might be
attributable to the lower orientational order of PEN crystallites induced by the
amorphous structure of Cgo. See text for details. Reprinted with permission from
Iwasawa and Furukawa, Chem. Phys. Lett. 636, 58-61 (2015). Copyright 2015
Elsevier.”’

PEN phase would cause the breakdown of the Davydov splitting,
much as has been observed for TIPS-PEN nanoparticles for which the
structural ordering has been increased via thermal and solvent anneal-
ing.'"” Therefore, the optical absorption data indicate that despite the
absence of strong Bragg reflections in the XRR diffractograms of the
equimolar PEN:Cg, blend, a regularly ordered, separated PEN phase
is formed. However, these PEN-rich crystallites might be oriented iso-
tropically within the organic thin film in contrast to the uniaxial ori-
entation of PEN molecules in the pristine thin film. Thus, the
information deduced from UV/vis absorption experiments can serve
to complement structural information obtained from x-ray diffraction
experiments. While UV/vis absorption for organic solids is mainly
sensitive to the single-molecule properties in combination with the
intermolecular interaction with neighboring molecules in direct vicin-
ity,” x-ray diffraction around the Bragg peak typically probes the
long-range ordering and scales with the number of scatterers squared.

As already mentioned above, blending PEN with the structurally
highly dissimilar Cgy molecule is an obvious choice for realizing a
phase-separated system. Likewise, co-deposition of rod-like organic
molecules that strongly differ in their molecular dimension(s) results
in phase separation.,””'*” thus highlighting the importance of struc-
tural similarity on the mixing behavior. However, we would like to
point out that phase separation is also possible for geometrically
rather similar molecules. For example, PEN phase-separates from
6,13-pentacenequinone as concluded from x-ray diffraction and
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atomic force microscopy.”’ There, the preference for phase separa-
tion, despite high structural similarity of the molecules, has been
attributed to differences in the crystal structure and the growth mode
of the two molecules, both being the result of a change in intermolec-
ular interaction. Furthermore, the tendency for phase separation in a
system can be reduced by increasing the intermolecular interaction
between the two molecular species,”” which ultimately can result in
the formation of a co-crystal as discussed next.

VI. CO-CRYSTAL FORMATION

The formation of a co-crystal in organic binary systems has been
investigated thoroughly by combining PEN with its perfluorinated
analog, PFP [molecular structure shown in Fig. 1(c)].°"%" %120
Both are structurally highly similar, facilitating intermixing on the
molecular level. In addition, the fluorination of the PEN molecular
backbone results in an inversion in its quadrupole moment,'”" caus-
ing an attractive interaction between the two molecules. This has been
demonstrated experimentally, using thermal desorption spectros-
copy.'®* The increase in thermal stability is particularly detected for
the equimolar blend, indicating the formation of an ordered co-
crystal with alternating PEN and PFP molecules. Therefore, we first
discuss the structural and optical properties of the equimolar
PEN:PFP blend before turning to mixing ratios deviating from it.

A. Structural properties of equimolar blends

In Fig. 8, GIXD scans of PEN:PFP blends from Ref. 62 are
shown. In the equimolar blend, new Bragg reflections occur that can-
not be explained by either of the two compounds.””'*" Furthermore,
in contrast to systems forming solid solutions as discussed above,
these new diffraction peaks cannot be assigned to continuous changes
in the lattice parameters.' This will become clearer still when discus-
sing the non-equimolar mixing ratios below. The crystal structure
formed in the equimolar PEN:PFP blend attracts considerable interest
as it forms the basis for discussions of the photophysical properties in
that blend as well as the process of charge separation at the interface
between PEN and PFP in planar-heterojunction devices. Even though
a full characterization of all atomic positions within the unit cell has
not been reported so far, comparison between experimental GIXD
data and computational force-field calculations has indicated that the
co-crystal unit cell contains two cofacial molecules.'®” This cofacial
orientation is in agreement with the expectations from the inverted
quadrupole moment upon fluorination of PEN'”' and also explains
the optical absorption properties in the equimolar blend as detailed
next.

B. Optical properties of equimolar blends

Optical absorption spectra of PEN:PFP blends obtained from
spectroscopic ellipsometry are shown in Fig. 9, reproduced from Ref.
61. In the equimolar blend (black curve), a new optical feature arises
below the optical bandgap of pristine PEN and pristine PFP, just
below 1.6eV.°""*” Thus, it belongs to a new electronic transition,
which has been assigned to the formation of a charge-transfer exci-
ton.”" 719815 Thig charge-transfer electronic state is expected to be
the result of molecular orbital hybridization based on the similarity of
the molecules as detailed in Ref. 50. The molecular orbital interaction
is believed to be maximal for a cofacial orientation of the two rod-like
molecules for which orbital overlap is maximized. Support for that
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FIG. 8. Structural properties in PEN:PFP blends forming co-crystals. Additional dif-
fraction peaks (labeled A-F) occur in the GIXD data of the blends that cannot be
explained by the neat compounds’ crystal structures. These diffraction peaks are
characteristic for the formation of a PEN:PFP co-crystal and, for non-equimolar
mixing ratios, coexist together with diffraction peaks characteristic for the neat
phases. See text for details. Reprinted from Hinderhofer et al., J. Chem. Phys.
134(10), 104702 (2011) with the permission of AIP Publishing LLC."

has further been obtained experimentally from a comparison of the
strength in the low-energy, optical charge-transfer transition for dif-
ferent orientations of the molecules in a layered thin-film architec-
ture.'*'” This has been achieved by comparing samples obtained
from on-top deposition with blended thin films'”* and by switching
between standing-up and lying-down orientation of the deposited
molecules in planar-heterojunction devices.'*

While there is conclusive evidence that the low-energy absorp-
tion feature at 1.6 eV is the result of charge-transfer complex forma-
tion between the HOMO of the donor-PEN and the LUMO of the
acceptor-PFP molecule, a clear assignment of the absorption features
above that energy is challenging. This is due to the overlapping
absorption spectra of PEN and PFP.'”” Attempts to separate the fea-
tures and attribute them to electronic transitions predominantly
located on either PEN or PFP made use of slight differences in molec-
ular tilt angle for different deposition temperatures as confirmed by
NEXAFS."'? However, it should be noted that such an assignment to
one of the two molecular compounds might be impossible if the
strong electronic intermolecular interaction between the two com-
pounds is not only present in the lowest optical transition but also in
optical transitions that involve other molecular orbitals of different

symmetry.

C. Conclusion for equimolar blends

Taken together, the structural and optical properties of the equi-
molar PEN:PFP blend show clear formation of a co-crystal with one
PEN and one PFP molecule per unit cell in a cofacial orientation.
Further support is obtained from the evolution in roughness for the
changing mixing ratio in the system, which shows a spike of higher
roughness for the equimolar mixing ratio.”” The HOMO of PEN and
LUMO of PFP hybridize to form two new intermolecular orbitals
composing the charge-transfer state. The formation of a co-crystal
suggests a strong intermolecular interaction between PEN and PFP
molecules, resulting in thermal stabilization of the equimolar mixing
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FIG. 9. Optical properties in PEN:PFP blends, forming co-crystals. An additional
absorption band occurs below the optical bandgap of the neat compounds at
1.6 eV that can be attributed to the formation of an ordered complex. See text for
details. Reprinted with permission from Broch et al., Phys. Rev. B 83, 245307
(2011). Copyright 2011 American Physical Society.”’

ratio.'®® This stabilized ordered structure is thus also expected to be
realized in PEN:PFP blends deviating from the equimolar mixing
ratio.

D. Phase separation in co-crystal blends

Figure 8 further contains GIXD scans for PEN:PFP blends with
an excess of one molecular compound. Compared to the equimolar
blend, the same diffraction peaks are visible (A-F), but in addition,
Bragg peaks corresponding to the excess pristine phase are observed
(indicated by their Miller indices).” Therefore, the co-crystal phase
separates from the pure phase of the excess compound, resulting in a
superposition of the two in the x-ray diffractograms. It should be
noted that the two phases can interfere with each other, giving rise to
minor shifts in Bragg peak positions.””

Optical absorption spectra for non-equimolar PEN:PFP blends
are shown in Fig. 9. Especially from the more extreme mixing ratios
presented in Fig. 9(b), it becomes obvious that their absorption spec-
tra cannot be explained by a superposition of the absorption spectra
of the neat compounds and the equimolar blend. Thus, either surface
effects at grain boundaries or differences in molecular composition
(mixing ratio) in the neat and the equimolar, co-crystalline phases
might possibly cause changes to the optical response.

For PEN:PFP blends, the formation of a co-crystal mainly has
been motivated above by their similarity in molecular geometry and
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the inverted quadrupole moment upon perfluorination. The molecu-
lar orbital alignment between the two molecules results in molecular
orbital hybridization by formation of a charge-transfer complex. In
general, charge-transfer complex formation seems to be a strong driv-
ing force for the formation of an ordered co-crystal.”” The formation
of charge-transfer complexes also has been reported for other binary
systems containing PEN.*""*'”> There, F4-TCNQ and F6-TCNNQ
have been used as strong molecular acceptor molecules. These two
molecules are commonly used as p-type molecular dopants.”’ Note,
however, that sophisticated alternative approaches for the efficient
doping of organic semiconductors are developed, for example, by
making use of organic salts and photocatalysts.”’ Especially for F6-
TCNNQ, its energetically favorable electron affinity results in the for-
mation of ion pairs if mixed with PEN, while for F4-TCNQ, both ion
pair formation and hybridization in a charge-transfer complex with
PEN are observed.”” The Coulombic energy between the obtained
PEN cation and acceptor anion is highly attractive. However, in stark
contrast to the PEN:PFP system, for which the molecular dimensions
agree, PEN and F6-TCNNQ are geometrically non-compatible.
Therefore, no long-range crystalline ordering, but instead an amor-
phous mixed phase with solely short-range order, is obtained.'” In
blends containing an excess of PEN, this amorphous phase separates
from the pristine PEN phase. The latter is polycrystalline and ran-
domly oriented, induced by the amorphous and, therefore, isotropic,
mixed phase.

Vil. COMPLEX OR INTERMEDIATE MIXING REGIMES

The binary mixtures discussed above are excellent examples to
illustrate the three general mixing scenarios, namely, formation of a
solid solution, phase separation, and co-crystal formation. However,
as can be concluded from the idealized potential energy surfaces
shown in Fig. 1, intermediate scenarios can also be envisaged. For
example, phase separation only within a limited range of mixing sce-
narios is possible. Furthermore, the separated phases might still con-
tain both molecular species but with different concentrations, thus
representing a system with two partially mixed phases. These scenar-
ios will be illustrated next using binary blends of PEN with 5PH and
PEN with 3P. The former illustrates that mixing can change with
thin-film thickness as concluded from XRD data, while in the latter,
focus is given to the optical properties for a system that phase sepa-
rates into two partially mixed phases. It is important to realize that
these more intricate scenarios will naturally depend more sensitively
on changes of the preparation parameters, such as substrate tempera-
ture, deposition rate, and nature of the substrate.

A. Thickness-dependent mixing

PEN mixed with 5PH has been shown to be an organic binary
system for which the mixing behavior depends on the film thick-
ness.”" Furthermore, it is said to undergo limited intermixing,”"*
This term describes the observation that a single mixed phase forms
for mixing ratios with an excess of PEN molecules down to approxi-
mately the equimolar mixing ratio, but an additional pure 5PH phase
separates for an excess of 5PH in the blends. Thus, Bragg reflections
at g-values identical to pure 5PH and diffraction peaks at g-values
intermediate to neat PEN and 5PH are observed in these 5PH-rich
mixtures, as illustrated in Fig. 10. This can be concluded, for example,
from the (002) Bragg peak (red circle) in the XRR diffractogram for
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the PEN:5PH 1:4 mixture (blue curve), for which an additional peak
in the shoulder at higher g-values is discernible that coincides with
the (002) Bragg peak for neat 5PH. A similar doublet is also observ-
able for the (21L) peak in the GIXD data [Fig. 10(b)]. Note, however,
that in contrast to the XRR data, the larger in-plane dimension of
5PH compared to PEN (Table I) lets the Bragg peak of phase-
separated neat 5PH appear at lower g-values to the Bragg peak that
corresponds to the mixed phase.

The observation of limited intermixing only for an excess of
5PH has been attributed to the minor differences in molecular size.”’
It is easier to dissolve the shorter 5SPH molecule in a lattice of longer
PEN than vice versa. Therefore, the formation of a phase of higher
PEN concentration by phase separation of a neat 5PH phase might be
beneficial for reducing the free energy by releasing stress.””"*
However, this argument only holds for the changes in molecular
dimension along the long molecular axis, but the largest differences
between the two molecular compounds are observed for the short
axis of the molecular planes (see Table T). Along the short molecular
axis, 5PH acts as the larger of the two molecules. Thus, despite the
fact that PEN and 5PH exhibit the most pronounced disparities in
molecular dimensions among the rod-like molecules addressed in this
paper, the aforementioned argument is unable to provide a definitive
explanation for the observation of limited intermixing in this system.
In addition, no indication for phase separation has been observed for
PEN co-deposited with TET, despite the even larger absolute differ-
ences along the long molecular dimension.”* Only for alternate depo-
sition of the two materials, clear signatures of phase separation have
been observed."”® Therefore, while structural compatibility is a signifi-
cant factor in understanding mixing behavior, it is not the sole deter-
minant. Additional considerations must be taken into account to gain
a comprehensive understanding of this phenomenon.

Depth-dependent GIXD measurements through variation in the
grazing incident angle for PEN:5PH blends with an excess of 5PH
have demonstrated that the mixing behavior in the system depends
on the sample thickness.”* The variation in the incident angle alters
the penetration depth of the evanescent wave into the organic film,
thus allowing for sensitivity to surface and bulk structures within the
organic layer. This thickness-dependent mixing behavior has been
further confirmed by real-time GIXD experiments that showed that
phase separation in this system starts from the second monolayer.”*
From these and related observations in other binary systems, it can be
concluded that differences in the thin-film growth modes of the two
molecular compounds are important in determining the mixing sce-
nario.”” While PEN grows in a Stranski-Krastanov mode with closed
layers at the initial stage of thin-film growth,""” for 5PH, an immedi-
ate island formation corresponding to the Volmer-Weber growth
mode has been reported."””'”® This indicates that newly arriving 5PH
molecules that encounter clusters of 5PH molecules during thin-film
growth show a tendency for interlayer diffusion to upper layers, sepa-
rating from the PEN:5PH mixed phase in molecular layers closer to
the substrate surface. PEN, on the other hand, tends to wet the sur-
face, thus preferably accumulating in layers closer to the substrate. It
might be interesting to perform deposition experiments under a
glancing angle to elaborate on this hypothesis.'”’

Importantly, the tendency for island formation might change in
the blends compared to the neat compounds, as can be concluded
from changes in the morphology for blended films (see, e.g., Ref. 63).
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FIG. 10. XRD for PEN:5PH mixtures of various mixing ratios in (a) XRR and (b)
GIXD geometry. Phase separation into a pure 5PH and a mixed phase can be
concluded from the doublet in Bragg peaks in the 1:4 (PEN:5PH) blend (blue
curves). Bragg peak positions for pure 5PH are indicated by vertical yellow lines.
Vertical purple lines correspond to Bragg peak positions for pure PEN. Adapted
with permission from Dieterle et a/., J. Phys. Chem. C 119(47), 26339-26347
(2015). Copyright 2015 American Chemical Society.**

This can be rationalized by the fact that the growth mode depends,
inter alia, on the interplay of molecule-molecule and molecule-sub-
strate interaction.'”'”” With the presence of the secondary molecular
compound in the binary blends, additional heteromolecular interac-
tion occurs. Furthermore, the slight changes in molecular size of the
two compounds also cause changes in the orientation of the molecules
at the grain boundaries, thus altering the distribution of Ehrlich-
Schwobel barriers that has an impact on the growth mode.””’

The observation of phase separation and, in particular, limited
intermixing by XRD techniques requires the presence of significant
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amounts of the two or more phases in the sample with pronounced
scattering intensity. Especially for blends of structurally similar mole-
cules, differences in Bragg peak positions are rather small, and thus
the formation of a solid solution, phase separation, and limited inter-
mixing might be challenging to discern. Thus, complementary
approaches are required that allow for a closer inspection of the mix-
ing behavior. An example is optical absorption spectroscopy, which
probes the mixing behavior on a smaller length scale compared to
XRD by being sensitive to the intermolecular interaction. For
PEN:5PH blends, this has been done by probing the absorption spec-
trum for 5PH:PEN-host:guest blends in the doping regime.””’
Interestingly, spectral differences between electronically coupled and
decoupled PEN molecules have been observed. Thus, even in what
has been proposed as the phase-separated neat 5PH phase in Refs. 63
and 64, there might be small amounts of PEN molecules dissolved.
This would be consistent with the thermodynamic interpretation pre-
sented in Eq. (1) and Fig. 1 that showed that entropy is a strong driv-
ing force that ensures mixing at doping concentrations. We elaborate
on the investigation of the mixing behavior for intermediate mixing
scenarios using optical spectroscopy techniques by taking a closer
look at the UV/vis absorption spectra in binary blends of PEN with
3P.

At this point, we would like to stress that additional techniques
for probing the mixing behavior by measuring the intermolecular
interaction exist. For example, in Ref. 202, statistical intermixing in
binary blends has been concluded from the breakdown of a splitting
in infrared active vibrations whose origin in the solid state has been
proposed as being attributable to Davydov splitting between transla-
tionally inequivalent molecules. However, the energy of vibrational
bands is even more strongly defined by the single-molecule properties
compared to UV/vis absorption spectroscopy; thus, this alternative
technique might only be suitable for some specific systems.

B. Partial phase separation

The intricacies of phase separation into partially mixed phases
and the strength of optical spectroscopy techniques for their observa-
tion and investigation are demonstrated by binary blends of PEN and
3P. This material combination has received great interest in the past
for studying the single-molecule properties of PEN as a guest mole-
cule in a host lattice of 3P molecules.””” *** This is in part motivated
by the large optical bandgap of 3P that allows for clear and unambigu-
ous assignment of the low-energy absorption properties to originate
from PEN. In contrast to the numerous reports of 3P:PEN mixtures
in host:guest systems, only a limited number of reports exist that
focused on the mixing behavior of PEN and 3P at intermediate mix-
ing ratios.””"”**"” The latter experiments were mainly motivated by
investigations of singlet exciton fission in PEN using electron para-
magnetic resonance spectroscopy.”’ In the literature, the formation of
a solid solution with no evidence of phase separation has been
inferred from x-ray diffraction analysis.””'”* However, distinct differ-
ences compared to the optical properties of solid solutions as detailed
above are observed. This will be discussed in the following.

In Fig. 11(a), room-temperature optical absorption spectra for
PEN:3P blends are shown that qualitatively match literature reports.”’
Namely, in addition to two low-energy absorption bands that have
been attributed to the Davydov components, a rather sharp absorp-
tion band at 2.1eV (590nm, dashed line in Fig. 11) is visible,
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especially for smaller PEN concentrations (< 25%). Based on a com-
parison with optical absorption spectra for highly diluted PEN, the
latter band can be safely assigned to the optical bandgap of isolated,
electronically decoupled PEN embedded in a 3P host matrix.”” Such
an additional sharp absorption band has not been observed at inter-
mediate mixing ratios differing from the doping regime for any of the
solid solutions discussed above. Furthermore, apart from an obvious
decrease in overall absorbance for decreasing PEN concentration, nei-
ther the spectral shape nor the energetic position of the Davydov
components (at 1.92 and 2.03eV) changes with mixing ratio. To
unravel this divergent behavior in optical properties from the solid
solutions discussed above, we performed temperature-dependent
UV/vis measurements in the temperature range from 300K down to
80K in increments of 20 K (Fig. 11). Lowering the temperature serves
to reduce thermal broadening in the optical absorption spectra, thus
enabling discrimination of closely separated absorption bands.

As can be seen in the absorption spectra of the mixed thin films
recorded at 80 K in Fig. 11(b), Davydov splitting in PEN:3P manifests
in at least three absorption bands (see the solid vertical bars), all of
which are distinctly different from the optical properties of electroni-
cally decoupled PEN (dashed vertical bar). Thus, they must be the
result of some form of electronic coupling to neighboring molecules.
Note that our experimental data do not allow discrimination of elec-
tronic coupling between PEN molecules only, or between PEN and
3P. Importantly, an assignment to the lower and upper Davydov com-
ponents in PEN becomes no longer feasible. However, based on the
robustness of the energetic position of the optical absorption bands
with mixing ratio, which is likewise the case for PEN in phase-
separating mixtures as discussed above, we propose that PEN and 3P
separate into partially mixed phases. Future experiments at lower
deposition rates or with interrupted growth may allow elaboration of
this hypothesis by modifying the interplay between thermodynamic
and kinetic aspects of thin-film growth.”*”” Both approaches would
lower the impact of kinetics on the mixing behavior, thus potentially
facilitating the observation of phase separation also by the XRD tech-
nique. Therefore, binary blends of PEN and 3P have the potential to
provide new insights into the interplay between thermodynamic and
kinetic aspects in the mixing of organic binary thin films prepared by
OMBD.

Alternatively, the higher number of low-energy absorption bands
in PEN:3P blends compared to PEN in solid solutions could be the
result of a possible phase transition upon cooling down the samples. In
particular, 3P is known to undergo a phase transition at about 191 K
from a monoclinic unit cell containing two conformationally disor-
dered molecules at higher temperatures to a triclinic unit cell contain-
ing eight conformationally ordered molecules.””'”"'** However, no
indication of a phase transition is visible in the temperature-dependent
UV/vis absorption spectra of the 50% PEN:50% 3P blend shown in
Fig. 11(c). Instead, changes in absorption bands build up continuously.
Nevertheless, this does not rule out the existence of a phase transition
also in the binary mixtures, but UV/vis spectroscopy is not capable of
resolving it, thus demanding alternative detection techniques.'®” For
example, for 3P:TET host-guest systems, the phase transition has been
observed using Raman spectroscopy, a technique that is highly sensi-
tive to the single molecule.”

In Fig. 11(d), difference absorption spectra [absorbance(T,
A) — absorbance(T = 280K, 4)] for the 50% PEN:50% 3P sample are
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FIG. 11. Temperature-dependent optical properties in binary mixtures containing PEN. (a) and (b) Absorption spectra for PEN:3P blends at 300 and 80K, respectively. (c)
and (e) Temperature-dependent absorption spectra for 50% PEN:50% 3P and 50% PEN:50% TET, respectively. (d) and (f) Absorption difference spectra for the data shown
in (c) and (e). As a reference, the spectrum at 280K (red baseline) has been used. The dashed vertical line corresponds to the reported absorption band of isolated PEN in

3P at 590 nm.”® Solid vertical lines for orientation.

shown. Interestingly, in addition to the three low-energy absorption
bands, these spectra further allow for the discrimination of an addi-
tional evolving signature at 2.1eV that matches in energy with the
optical properties of isolated PEN in a matrix of 3P.”’ This indicates
that a significant amount of electronically decoupled PEN is present
even in the 50% PEN:50% 3P mixture. Furthermore, it confirms the
electronically coupled origin of all lower-energy absorption bands, a
requirement for a classification as an organic molecular alloy.'””

For comparison, we further investigated temperature-dependent
absorption spectra for PEN:TET solid solutions [Figs. 11(e) and
11(f)]. In contrast to the 50% PEN:50% 3P sample, Davydov splitting
in PEN:TET blends is always composed of two components only,
with no observation of additional absorption bands upon lowering
the temperature. Apart from a minor shift in the energetic position,
especially for the lower Davydov component and in agreement with
literature,”””*'"*"" lowering the temperature in the 50% PEN:50%
TET sample narrows the width of absorption bands. Thus, the two
Davydov components, which partially overlap at room temperature,
become distinguishable more easily at cryogenic temperatures.

Interestingly, from the difference absorption spectra shown in
Fig. 11(f), a weak absorption band can be speculated to exist at an
energy of 2.1eV. The electronic nature of this weak absorption band,
which is hidden behind the absorption band at 2.15eV that has been
shown to be the result of a combination of optical transitions to
charge-transfer electronic and vibronic states,”’ is unclear so far.

While it could be of a charge-transfer nature, it is also possible that it
is the result of electronically decoupled PEN. Furthermore, it is possi-
ble that it actually corresponds to Davydov splitting in the first
vibronic progression. In agreement with the literature, this splitting in
the first vibronic progression would be smaller compared to Davydov
splitting without vibrational quanta, both in the classical picture with
Coulomb-type coupling only and by inclusion of coupling to charge-
transfer states.”*'**' >

Vill. SUMMARY AND FUTURE DIRECTIONS

The purpose of the paper was to highlight the differences in the
structural and optical properties of binary blends containing PEN but
differing in their mixing behavior due to the choice of the second
molecular compound. Three general mixing scenarios exist, namely,
the formation of a solid solution, phase separation, and co-crystal
formation.

The formation of a solid solution, with a statistical occupation of
lattice sites, requires structural similarity of the molecules as a neces-
sary prerequisite. Furthermore, the intermolecular interactions
between like and dissimilar molecules should be comparable.
Additionally, isomorphism and identical thin-film growth modes sup-
port the formation of a solid solution. In solid solutions, the crystal
lattice parameters change continuously between the ones obtained for
the pure compounds. Deviations from a strictly linear trend in the lat-
tice parameters are the result of weak van der Waals intermolecular
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interactions typically present in organic semiconductor crystals.
Therefore, the shallow minima in the potential energy surface™ facili-
tate slight adaptions in molecular orientation to minimize the total
free energy. A continuous change is also observed for the optical
absorption properties of PEN in solid solutions. For decreasing PEN
concentration, a decrease in Davydov splitting is observed, which can
be understood as a decrease in charge-transfer admixture to the
Davydov components due to the induced structural disorder.”***'**
Depending on the choice of the second molecular species, differently
pronounced shifts in the energetic position of the optical transitions
can be induced. Empirically, stronger shifts are observed for mole-
cules of larger optical bandgap.

Phase separation takes place in particular for organic binary
blends containing structurally dissimilar molecules. The positions of
the Bragg peaks remain robust, independent of the molar fraction,
although minor changes are possible via interference effects.””
Likewise, no clear shifts in PEN optical absorption bands are
observed, and also the relative peak intensities are mainly preserved.
However, mixing of structurally dissimilar molecules leads to a break-
down of the long-range structural order. Therefore, the uniaxial ori-
entation of PEN molecules is lifted in PEN:Cgy blends, strongly
reducing the intensity of Bragg reflections in specular geometry, cor-
responding to the out-of-plane lattice spacing. Furthermore, the
induced random orientation of crystallites in this system reduces the
absorption intensity of PEN for illumination under normal incidence.
Such a loss in crystalline order might be responsible for the reported
reduction in solar cell performance, although chemical bonding
between PEN and Cgy molecules likely plays a role as well.

Ordered co-crystals are obtained for strongly attractive intermo-
lecular interactions between structurally congruent molecules. New
diffraction peaks are observed that cannot be explained by the crystal
structures of the neat compounds. As these molecules compose an
ordered alternating superstructure, phase separation is observed for
mixing ratios differing from the equimolar one. Therein, the co-
crystal separates from the pristine phase of the excess molecular com-
pound. The strong intermolecular interaction of the two molecules
frequently leads to the observation of new bands in their optical
absorption spectra. These can be either due to electronic transitions
from intermolecular hybrid orbitals in the case of charge-transfer
complex formation or from electronic transitions of ionized mole-
cules in the case of ion pair formation. However, the absence of any
new absorption features is no proof of a lack of formation of an
ordered crystal.

Thus, while not being the primary focus of this work, computa-
tional approaches are essential for a comprehensive understanding of
the optical properties of such systems. In particular, they can help dis-
entangle the contributions of different electronic states and vibronic
couplings underlying the observed absorption features. However,
these approaches remain challenging due to their high computational
cost and the need for approximations. The complexity arises from the
simultaneous relevance of multiple electronic states (Frenkel, charge
resonance, and charge transfer) and low- and high-frequency vibra-
tional modes, as well as static and dynamic disorder,”"*>124211
Nevertheless, several promising computational strategies have been
recently developed that successfully address multicomponent organic
systems, paving the way for a more complete understanding of their
complex optical behavior (see, e.g., Refs. 24, 142, 215, and 216).
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It should be kept in mind that the three general mixing scenarios
in binary blends are extreme cases. Intermixture caused by entropy
dominates, especially for limiting mixing concentrations close to the
pure compounds. Therefore, doping is almost always possible, while
for mixing ratios closer to the equimolar one, separation into two par-
tially mixed phases becomes more likely. Thin-film growth by OMBD
is a non-equilibrium process, thus facilitating shifting the boundary
between mixing and demixing through kinetic control. Unraveling
the intricacies of the interplay between thermodynamically and kineti-
cally controlled mixing behavior on a fundamental level is of particu-
lar interest for the application of organic binary mixtures in
optoelectronic devices.

A suitable candidate to investigate that is the PEN:3P system, for
which we observe the separation into two partially mixed phases
upon preparation of thin films via OMBD. Adjusting the deposition
rate and substrate temperature possibly allows for switching between
different mixing behaviors. A thorough experimental investigation in
combination with computational simulations would deepen our
understanding of the mixing behavior in organic binary systems on a
nanoscopic, molecular level. In the same context, long-term stability
of kinetically trapped binary mixtures is of interest, especially for
applications.

Although limited to blends containing PEN as one of the two
molecular compounds, this paper illustrates the relationship between
structural and optical properties in mixed binary systems. By appro-
priate combination of the molecular compounds, optimization of
optical, electronic, and optoelectronic devices based on small organic
molecules becomes accessible. Thin-film growth as a non-equilibrium
process possible allows for altering the mixing behavior and/or mor-
phology within limits through kinetically controlled growth.” %"

So far, research has mainly focused on binary organic mixed
blends, with only rare cases extending the complexity by the inclusion
of additional compounds."””*""*"* Profound fundamental knowledge
on binary systems is key to understand and fully exploit the potential
of these higher systems. Thus, this paper lays the foundations for a
better understanding of ternary blends and paves the road for organic
high-entropy alloys.
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APPENDIX: EXPERIMENTAL METHODS

While experimental data for most of the systems discussed in
the manuscript have already been published,'™****** ° here, the
experimental methods for the additionally prepared thin film
blends of PEN (Sigma-Aldrich, 99.99%, triple sublimed) and 3P
(Sigma-Aldrich, > 99.5%) using OMBD at a base pressure of
5 x 1078 mbar are presented. The substrate temperature was set to
—15°C (258 K) to account for the low sticking coefficient and chal-
lenges associated with the growth of 3P.'”® Note, however, that at
such lower substrate temperatures, 3P molecules, present in the
chamber due to its high vapor pressure, begin to adsorb on the sub-
strate. The thin films with a nominal thickness of 20 nm were
grown at a growth rate of 0.6nm/min on fused silica glass sub-
strates (JGS1, Microchemicals). The growth rates of the two molec-
ular compounds were monitored individually by two quartz crystal
microbalances (QCMs).

Optical UV/vis absorption spectra were measured using a
Perkin Elmer Lambda 950 spectrophotometer. For temperature-
dependent UV/vis absorption measurements, the samples were
mounted on a cryostat (OptistatCF-V, Oxford Instruments). The
cryostat was constantly cooled by liquid nitrogen, and the tempera-
ture was controlled by resistive heating. Samples were measured in
the temperature range from room temperature down to 80K in
steps of 20 K. A minimum of 10 min was allowed for the tempera-
ture of the substrate to stabilize before measurement at a given
temperature.
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