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ABSTRACT: In organic electronics and optoelectronics several
crucial physical processes are related to charge transfer (CT)
effects. In this work, we investigate mixing behavior and
intermolecular coupling of donor and acceptor molecules in thin
films prepared by organic molecular beam deposition (OMBD).
Diindenoperylene (DIP) and pentacene (PEN) are used as the
donor materials, and perylene diimide derivatives PDIR-CN, and
PDIF-CN, as the acceptor materials.. The formation of charge
transfer complexes coupled in the electronic excited state vs.
noninteracting phase separating components is studied by
structural and optical techniques. The CT mechanism and
properties are considered in close connection with the thin film
microstructure of the D/A blends which can be controlled via a
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change of the molecule geometry and/or growth temperature. We discuss two key findings for our systems: (1) The CT intensity
correlates directly with the possibility of cocrystallization between acceptor and donor. (2) Side chain modification to tune the
ground state energy levels has nearly no effect on the energy of the excited state CT, whereas replacement of molecular core modifies

the CT energy correspondingly.

B INTRODUCTION

Charge transfer (CT) between a donor (D) and an acceptor
(A) is a crucial phenomenon for performance of organic
photovoltaic (OPV) devices.'™ Since this complex process
mediates creation of charge carriers at a D/A interface, and
their potential subsequent recombination, its mechanism needs
to be understood. Over the past years the most established
practical solutions in the field of OPVs were based on
polymer/fullerene (or derivatives) combinations.””"" How-
ever, despite reaching efficiencies of over 10%, fullerene-based
solar cells meet a number of limitations, which might be
overcome by small molecule semiconductors."”™"” Small
molecule semiconductors provide almost countless possibilities
for the tailoring of device properties."* > For example, by
choosing different organic compounds, the resulting energy
gap (Ep,) between a donor ionization energy (IE) and an
acceptor electron affinity (EA) can be tuned. Thus, (i) a larger
Epj results in a higher open circuit voltage (Voc)”' and smaller
nonradiative energy losses (in the absence of any influence of
the morphology).” (ii) In the case of a narrower Ep,, a direct
excitation of low-lying CT states leads to broadening of the
optical absorption wavelength range in the near-infrared region
most favorable for solar energy harvesting. However, the CT
states might also serve as efficient recombination channels for
excitons.”** This aspect is particularly important and has to
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be taken into consideration when designing an active layer in a
bulk heterojunction (BHJ) configuration. Compared with
planar heterojunctions, the BHJ configuration provides a larger
interface area between donor and acceptor and would
therefore be more advantageous in terms of photon to charge
carrier quantum yield.

Consequently, for BHJs the morphology of the mixed layer
plays a paramount role.”””™" First of all, charge transport
suffers from numerous in-gap trap states introduced by lattice
disorder.”” Another factor is the nucleation of one of the pure
phases, in particular an acceptor phase, along with the presence
of a mixed phase which is considered as a beneficial condition
for increasing charge separation rates.””>* A higher dielectric
constant of the acceptor phase is required to lower the
Coulomb exc1t0n binding energy and facilitate exciton
dissociation.” Furthermore, crystalline domains of pure phases
provide percolation pathways for delivering charge carriers to
the electrodes.*® The exciton diffusion length in polycrystalline
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Figure 1. Small molecule organic semiconductors employed in the study. Atom color code is the following: C, dark gray; H , light gray; O, red; N,
purple; F, green. Molecule dimensions and energy levels are relevant for the crystal packings. Yellow arrows depict the orientation and relative size
of the dipole moment u of the transition between the first highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively). Dark regions around the acceptors’ side chains illustrate their steric shielding effect. The IE and EA levels for thin films are taken from

refs 48 and 55—57.

organic semiconductor films can also be controlled by the grain
size through minimization of exciton trapping at grain
boundaries.””*® Thus, processes of intermixing, phase
separation, crystallization in binary molecular mixtures of
donor and acceptor species, as well as the correlation with
formation of CT comflexes require detailed investigation.

Previous studies’ "' carried out in this context considered
aspects of sterical compatibility in two-phase mixed systems,
where the dominating factors for phase separation are
differences in geometry and shape of the respective
components (e.g., fullerenes mixed with rod-like molecules
or planar shaped molecules). Even a deviation of the
conjugated core length or an alternating aromatic ring fusion
can induce nucleation of the pure phases, since the internal
molecular degrees of freedom are one of the molecular packing
guides.”” However, when donor and acceptor species are
mixed, an additional electrostatic attraction component can
play the role of a stabilizing force for the cocrystal.”>~*> The
competition of different kinds of intermolecular interactions is
therefore of great interest for the systematic understanding of
D/A blends.

In this work, we present a study of the mixing behavior and
structure-dependent CT in different small-molecule D/A
systems. As acceptor materials, two perylene diimide
derivatives (PDIs) were chosen: N,N’-bis(2-ethylhexyl)-
dicyanoperylene-3,4:9,10-bis(dicarboximide) (PDIR-CN, or
PDIR)*® and N,N’-1H,1H-perfluorobutyldicyanoperylene-
3,4:9,10-bis(dicarboximide) (PDIF-CN, or PDIF)*’ contain-
ing alkyl and fluoroalkyl chain substituents at an imide position
(Figure 1). It was shown that the side chains contribute to a
steric shielding effect of the intermolecular interaction between
the perylene diimide backbones, hindering crystallization
during thin film deposition.”® The effect is significantly
stronger in the case of the fluorinated chains, leading to very
limited crystal quality in PDIF-CN, films grown at room
substrate temperature (RT). Thus, by use of these compounds,
the influence of variable intermolecular coupling on a possible
mixing behavior can be probed in such systems. Because of the

partial fluorination the EA level of PDIF-CN, in thin films is
shifted down by ~0.5 eV compared with PDIR-CN, as
detected by ultraviolet photoelectron spectroscopy (UPS),*
the frontier molecular orbitals seem to be barely affected, since
they are distributed over the perylene backbone.*’

As donor materials, two archetypal p-type small-molecule
semiconductors were chosen: diindenoperylene (DIP, C;,H;)
and pentacene (PEN, C,,H,,) (Figure 1). Both compounds
are known for their applications in organic electronics, in
particular, as donors in OPV devices’’ > and p-type
semiconductors in organic field-effect transistors
(OFETs).>>** DIP has a molecular structure based on a
perylene core similar to the PDIs but does not contain bulky
side groups, which makes it a sterically favorable match for
both acceptors. In contrast, due to the smaller size of PEN, we
observe different interaction scenarios upon mixing with PDIs.
The energy gap in PEN thin films is smaller than in DIP, and
the IE is lower by ~0.5 eV (Figure 1).”>7>” Thereby, the
variation of both donors and acceptors covers four different
options for tuning the Ep,.

The results are organized as follows. First, a structural study
of intermixing and cocrystal formation vs phase-separation in
coevaporated D/A thin films performed by X-ray diffraction
(XRD) is given in the “Structure Analysis” subsection
complemented by a brief morphological description in “Surface
Morphology”. The second part of the results, “Optical
Spectroscopy”, is devoted to an analysis of intermolecular
coupling between D and A molecules in thin film blends by
Fourier Transform Infrared (FTIR) spectroscopy and optical
absorption and emission spectroscopy for the characterization
in the ground and excited electronic states, respectively. In
“Discussion” we correlate results from both structural and
optical parts based on the role of intermolecular binding
energies.

B EXPERIMENTAL METHODS

Thin films were produced by organic molecular beam
deposition (OMBD) in ultrahigh vacuum (UHV) chambers

https://dx.doi.org/10.1021/acs.jpcc.0c00230
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on silicon wafers covered by a native SiO, layer at a base
pressure of 1 X 10~ mbar (stationary chamber) and 1 X 107°
mbar (portable chamber) and a substrate temperature Ty, of
70 and 140 °C. Binary mixed films were prepared by
coevaporation with an average total rate of 0.2 nm/min. The
uncertainty for the mixing ratios is about +10%. Organic
semiconductor materials were purchased from Polyera, U.S.A.
(PDIR-CN, and PDIF-CN,), Prof. Pflaum, Germany (DIP),
and Sigma-Aldrich, Germany (PEN).

XRD real-time and postgrowth characterization was
performed at the European Synchrotron Radiation Facility
(France) and at the Soleil Synchrotron (France). A beam
energy of 14 keV was applied.

Optical absorption spectra were evaluated from data
acquired by variable angle spectroscopic ellipsometry
(VASE) using a Woollam M2000 ellipsometer (LOT-
QuantumDesign GmbH, Germany). 3539 Photoluminescence
spectra were recorded with a Labram HR 800 spectrometer
(Horiba Jobin Yvon, France) containing a CCD-1024X256-
OPEN-3S9 detector and a frequency-doubled Nd:YAG laser
(532 nm wavelength).®” Changes in optical absorption spectra
were monitored during film growth using a differential
reflectance spectroscopy (DRS) setup consisting of a fiber
coupled USB2000+ spectrometer and a DH-2000 lamp
(Ocean Optics, The Netherlands).®" Atomic force microscopy
(AFM) images were taken with a JPK Nanoleard II setup
(JPK Instruments AG, Germany) in tapping mode.”” Infrared
spectra were acquired using a Vertex 70 (Bruker, Germany)
spectrometer in transmission mode at 74° (Brewster’s angle of
silicon).

B RESULTS AND DISCUSSION

Structure Analysis. Organic small molecule semiconduc-
tor thin films prepared by vacuum deposition on polycrystal-
line substrates typically exhibit uniaxial polycrystallinity, i.e.,
can be considered as a “two-dimensional powder”, keeping a
preferentlal orientation along the surface normal (out-of-plane
direction).”> Reciprocal space maps of binary equimolar
(mixing ratio 1:1) mixed thin films of DIP:PDIR-CN, as
well as DIP:PDIF-CN, are shown in Figure 2a,b. Other mixing
ratios (3:1 and 1:2) are provided in the Supporting
Information, Figure S1. A growth temperature of 140 °C was
chosen as a temperature at which both acceptor compounds
display the highest crystalhmty PDIR-CN, exhibits coex-
istence of two polymorphs.*® In contrast, the DIP crystalline
structure does not undergo significant changes when going
from room temperature (30 °C) to the high substrate
temperature (HT).°* In both equimolar mixtures the
formation of mixed phases is clearly observed. The calculated
lattice parameters are given in Table 1. The mixed phase unit
cell volume is consistent with a sum of the donor and acceptor
unit cells. For nonequimolar mixtures, nucleation of a pure
phase of the excess component occurs (Supporting Informa-
tion, Figure S1) at HT. Indexing of the respective phases
reflections indicate that the ¢ axes, and therefore also the
molecular axes, are nearly parallel to the sample surface normal
for the cocrystal phases. The same unit cell orientation was
noticed for all cocrystals reported in this paper whenever
uniaxial texturing appeared. The observed tip-on molecular
orientation is typical for growth of rod-like molecules on SiOx
and weakly interacting substrates in general.

The diffraction pattern of DIP:PDIF-CN, 1:2 (Supporting
Information, Figure S1d) does not correspond to the crystal
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Figure 2. Reciprocal space maps of equimolar (1:1) DIP:PDIR-CN,
(a) and DIP:PDIF-CN, (b) films deposited at 140 °C and
PEN:PDIR-CN, (c) and PEN:PDIF-CN, (d) films deposited at 70
°C. The z-axis is perpendicular to the substrate surface (xy plane).
The crosses in (a), (b), and (d) indicate the reflection pattern from
the crystalline 1:1 mixed phases (aligned with the peak intensity
maxima). Areas with peaks of the pure donor and acceptor phases are
highlighted with the dotted rectangles and labeled correspondingly.
No mixed phase is observed in PEN:PDIR-CN, (c). Note that both
bulk and thin film phases of PEN are present in (c).
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Table 1. Unit Cell Parameters and Volumes of Pure Compounds and of the Identified Cocrystal Phases

D/A system a, A b, A ¢ A
DIP (HT phase)® 7.17 8.55 16.80
PEN (tf*)%° 5.92 7.54 15.63
PEN (bulk)®’ 6.06 7.90 15.01
PDIR-CN, (RT phase)* 6.44 8.99 16.59
PDIR-CN, (HT phase)** 9.33 12.07 16.93
PDIF-CN, (at HT)*® 5.53 7.52 204
DIP:PDIR-CN, 1:1 8.45 10.07 17.41
DIP:PDIF-CN, 1:1 8.72 8.97 17.25
DIP:PDIF-CN, 1:2 8.49 11.01 18.08
PEN:PDIF-CN, 1:1 7.44 9.30 17.95

?Z: number of molecules per unit cell. “tf: thin film.

@, deg P, deg 7, deg v, A3 z°
90 92.42 90 1029 2
81.5 87.2 89.9 689 2
81.6 77.2 85.8 692 2
87.52 86.2 112.6 883 1

105.2 90 20 1839 2
87.12 101.5 106.3 798 1
86.09 103.9 103.6 1396 2
85.83 97.9 101.9 1307 2
86.72 97.9 109.9 1573 2
96.55 81.7 94.3 1218 2

structure of PDIF-CN, observed in the pristine films.
Interestingly, the calculated volume of the possible unit cell
is almost twice the original one (1573 A3 vs 798 A%). This
might be a hint for another polymorph similar to the HT-phase
of PDIR-CN, containing two molecules per unit cell. For a
detailed understanding of the influence of DIP on PDIF-CN,
growth, nonequimolar coevaporated blends and consecutively
deposited heterostructures have to be closely investigated.

In addition, we note that at RT, where both acceptor
materials exhibit a less ordered structure, only short-range
order is present in the mixed films as shown in the Supporting
Information in Figure S2. One can observe the presence of the
distorted pure phases in DIP:PDIR-CN, series which is not the
case for DIP:PDIF-CN,.

Diffraction images of mixtures with PEN deposited at 70 °C
are shown in Figure 2¢,d. The lower temperature is chosen due
to weak adsorption of PEN molecules on SiO,. At this
temperature neither PDIR-CN, nor PDIF-CN, undergoes a
phase transition and has structural properties similar to those
at RT.** PDIR-CN, thin films contain crystalline domains of
the RT-polymorph, and PDIF-CN, thin films exhibit a broad
scattering feature from the nearly amorphous structure. Both
components PEN and PDIR-CN, maintain their respective
diffraction patterns in the mixed film, and no further diffraction
peaks are observed. This indicates a strong phase separation
between the species with their unit cell remaining unperturbed.
In contrast, formation of a pronounced cocrystal is observed
for PEN:PDIF-CN, mixed films (Figure 2d and Supporting
Information, Figure S3), in which the excess of PEN molecules
nucleates separately (Supporting Information, Figure S3a) and
the excess of the amorphous PDIF-CN, phase leads to a
“dilution” of the mixed phase: the crystalline order decreases in
the amorphous matrix (Supporting Information, Figure S3c,d).

As a short summary of this subsection, we point out that
formation of the ordered mixed phases is clearly evidenced in
both DIP systems and in PEN blended with PDIF-CN,
whereas PEN:PDIR-CN, is the only system showing a
tendency toward phase separation. We also note that, for all
crystalline mixed phases, molecules are oriented “up-right”
with the long molecular axis almost parallel to the sample
surface normal (Table 1).

Surface Morphology. The shape of the D/A cocrystals
can be considered in more detail now in terms of surface
morphology. AFM images of the pure films and equimolar
blends are provided in Figure 3. Both pure DIP and PDIR-CN,
at HT follow the layer-plus-island growth (Stranski—
Krastanov) mode forming flat terraces on top of the previous
layer. As can be seen from the round shape of the terraces,

11642

there is no favored growth direction within the surface plane.
PDIF-CN, at HT reveals growth along all three axes. Thus,
roundish islands dominate on the surface. Yet upon
intermixing of PDIs with DIP at HT, pronounced needle-like
features emerge. The islands are longer in DIP:PDIR-CN,,
0.5-0.8 pym as opposed to 0.2—0.5 ym in DIP:PDIF-CN,.
This indicates a preferred one-dimensional (1D) packing that
most probably occurs along the direction of the 7—x stacking
between the D and A moieties.”**” PEN molecules are
arranged into so-called “wedding-cake” islands, a morphology
typical of rod-like organic molecules. The equimolar blend
with PDIR-CN, features a surface consisting of round domains
with a diameter of 0.1—0.5 gm. The mixture with PDIF-CN,
exhibits small elongated grains with a lateral size of 0.05—0.3
pum which might be related to the 1:1 cocrystal.

Optical Spectroscopy. FTIR Measurements. In order to
test a possible ground-state CT, FTIR measurements were
performed. The recorded transmission spectra are presented in
Figure 4. The characteristic shift of the —CN vibrational
stretching mode can be used to estimate the degree of partial
CT. By assuming a linear shift between the neutral and the
ionized molecule, we find in DIP:PDIF-CN, and PEN:PDIF-
CN, a shift similar to that in DIP:PDIR-CN,, which was
previously assigned to a partial CT of about 0.2 € in the ground
state.”””®”" Noteworthy, all three systems exhibit roughly the
same shift of 4—5 cm™!. At the same time, no distinct shift in
the PEN:PDIR-CN, spectrum is observed. This matches
exactly the mixing behavior observed by means of XRD as
discussed in the previous section. A similar correlation between
vibrational-mode shifts and D/A mixing/demixing has been
observed for polymer:fullerene systems.”” This observation
confirms that the formation of a mixed cocrystal coincides with
a partial CT in the ground state, whereas phase separating
material combinations do not exhibit any detectable ground
state CT.

Absorption Spectroscopy. In general, a modification of the
environment is reflected in the molecular electronic structure
through new features (e.g., energy shifts, band shape
modification, appearance/disappearance of new transitions)
in the optical absorption and emission spectra. Thus, the first
fundamental transitions around 2.2 eV in optical absorption
spectra in Figure Sa,b of pristine PDIR-CN, and PDIF-CN,
grown at HT originate from J-like coupling due to a
longitudinal displacement between molecules in the crystal
phases.*® The absorption spectrum of DIP also undergoes
changes in comparison with the solution spectrum due to the
long-range intermolecular interactions upon crystallization in
thin films.’"”* It is worth mentioning that in solution both DIP

https://dx.doi.org/10.1021/acs.jpcc.0c00230
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Figure 3. AFM images, 3 ym X 3 pum, of pristine and 1:1 films: left
column, DIP systems (grown at 140°C); right column, PEN systems
(grown at 70 °C).

and PDI exhibit a similar absorption spectrum with the first
transition of around 2.35 eV. For PEN, the optical energy gap
in solution is smaller (2.1 eV).”* Upon formation of a D/A
cocrystal the resulting absorption spectrum of thin films with a

PEN |

“DIP:PDIR-CN,, MW
PEN:PDIR-CN, '

Transmission [a.u.]

2100 2150 2200 2250 2300
Wavenumbers [cm™"]

Figure 4. FTIR transmission spectra of pristine DIP, PEN, PDIR-
CN,, PDIF-CN,, and mixed films (1:1). A shift of the characteristic
—CN, stretching mode at 2222.3 cm™" for PDIR-CN, (light green)
and 2224.1 cm™' for PDIF-CN, (blue) serves as an indication of a
partial CT in the ground state.’” The data are offset for clarity.

mixing ratio close to equimolar resembles neither spectra of
the individual molecules nor spectra of the pristine thin films,
as it is the case for DIP:PDIR-CN,, DIP:PDIF-CN,, and
PEN:PDIF-CN, (Figure S5a,b,d). Intermolecular coupling
favored by the closely packed D/A molecules in the mixed
phases causes changes in the band shape and appearance of
new absorption bands in the subgap energy regions (see insets
in Figure 5). Such subgap absorption bands are generally
attributed to a direct CT transition from the HOMO of a
donor molecule (HOMOp,) to the LUMO of an acceptor
molecule (LUMO,) upon excitation.””””>’® The spectra of
the equimolar blends in both DIP systems look similar to a
relatively strong complex CT band between 1.4 and 2.1 eV,
and the intensity center of mass shifted toward higher energy
(2.5 eV). The similarity can be explained by DIP molecules
interacting directly with the perylene diimide backbones, which
are identical for both PDIR-CN, and PDIF-CN,, whereas the
acceptors’ optical properties in thin films are affected by the
environment via the different side chains.*® If the mixing ratio
deviates from 1:1, optical traits inherent to the pure donor or
acceptor crystalline phases become more pronounced, making
the resulting spectrum a superposition of the pure materials
and the mixed phase. This observation supports the
conclusions on the structure made in the previous subsection.

In the PEN:PDIR-CN, system, where strong phase
separation is observed, the optical behavior is different (Figure
Sc). Spectra of the mixed films resemble a simple superposition
of both original components with the contributions propor-
tional to the ¢, ,, of the pristine films and gradually changing
according to the mixing ratio. In this, the optical features
attributed to the pristine crystal phases, such as a Davydov
splitting of the red-shifted 0—O0 transition between 1.8 and 2.0
eV in PEN and the red-shifted 0—0 transition in PDIR-CN, at
around 2.2 eV, persist in the blends. Note that the oscillator
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Figure S. (a—d) Optical absorption spectra in the in-plane direction evaluated from ellipsometry data and (e—h) photoluminescence spectra
recorded at 20 °C: (a, ¢) DIP:PDIR-CN, at 140 °C; (b, f) DIP:PDIF-CN, at 140 °C; (c, g) PEN:PDIR-CN, at 70 °C; (d, h) PEN:PDIF-CN, at
70 °C. PL intensities are normalized to the donors’ intensities. The insets show zoomed-in subgap regions containing the CT absorption bands.
The dotted lines show the Gaussian fit of the lowest CT states. The PL CT bands in (e) and (f) are fitted with one Gaussian for simplicity. The

spectra in (e)—(h) are offset for clarity.

strength of the excitations in PDIR-CN, along the in-plane
direction (as well as in the out-of-plane direction as shown in
the Supporting Information, Figure S4) is higher than that in
PEN, and therefore a contribution of PDIR-CN, dominates
the resulting spectra of the blends. In contrast, when mixing
with PDIF-CN, (Figure 5d), modification of the optical
response is observed again. Excitons generated in PEN:PDIF-
CN, seem to be more broadened compared to those in DIP
systems because single transitions are not distinguishable
between 2.0 and 2.4 eV (energy range corresponds to the first
transitions of PEN and PDIF-CN, in solution) in 1:1 and 1:3
mixtures. The spectrum broadening may stem from vibronic
coupling which can induce hybrid states between the lowest
local-excitation and CT states.”” Another reason might be
variations of structural conformations leading to multiple
transitions with slightly different energies. Emergence of a
subgap absorption band, although weaker in comparison with
DIP mixtures, is also found. The band starts at around 1.0 eV;
ie, the difference with the DIP systems of ~0.5 eV is
consistent with the lower-lying HOMO level of DIP (Figure
1). A detailed interpretation of the energies of the CT states
E¢r in all four systems is provided in the “Discussion” section.

Photoluminescence Spectroscopy. PL spectra measured at
RT are shown in Figure Se—h. The changes upon cooling
down to liquid nitrogen temperature are included in the
Supporting Information, Figures SS and S6. DIP mixtures
(Figure Sef) reveal strong quenching of the singlet exciton
emission and an appearance of a typical CT peak around 1.4
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eV. Interestingly, when the molecules are evenly distributed
within a film without pure phases, which is the case for
equimolar blends in both systems and 3:1 and 1:3 DIP:PDIF-
CN, films at RT (Supporting Information, Figures S2b and
S5b), only the CT emission is maintained. In other cases, when
segregation of a pure phase is observed, the emission between
1.6 and 2.2 eV indicates crystallites of the excess component.
An emission quenching often is characteristic of face-to-face
arrangement and beneficial for solar cell applications because
of reduced recombination rates.”®”? However, the ultrafast
relaxation within the CT band competes with the dissociation
process into charge carriers®” contributing to the energy loss
enhancement unless the lowest CT state is weakly bound.” The
latter is rarely the case with face-to-face orientation. In
contrast, highly emissive PDIR-CN, fully dominates a
spectrum when mixed with PEN (Figure Sg). PEN features
are distinguishable only in the 3:1 film, since the photo-
luminescence intensity from PEN is originally a few orders of
magnitude weaker. In agreement with the results described
above, no evidence for intermolecular coupling can be found in
PEN:PDIR-CN,. Although PDIF-CN,, similar to PDIR-CN,,
exhibits strong emission, upon intermixing with PEN a
decrease of the intensity by 2 orders of magnitude is seen in
Figure Sh. We note that in the mixtures a band shape of the
residual emission resembles the PDIF-CN, monomer spec-
trum and not that of the thin film. Due to the limits of the
instrument, the energy range below 1.2 eV cannot be explored,
i.e. the region where, judging from the absorption data, a
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Figure 6. Sketches illustrating mixing behaviors and molecular orientations with respect to the growth direction (vertical in the picture) in DIP
(two upper rows) and PEN (bottom row) mixtures in association with the interaction parameter y.

possible CT emission would be expected. However, the
available data along with the FTIR measurements (Figure 4)
provide sufficient evidence of CT in PEN:PDIF-CN, mixed
films.

A precise evaluation of the Ecy has been performed in our
previous study for DIP:PDIR-CN,.*” Here, we use DIP:PDIR-
CN, as a reference and estimate the Eqp for the rest of the
systems from the spectral shift of the lowest CT. The
approximate corresponding Ecr can be estimated using a
simplified approach: Eqp = %(Eél-); + Eé)%) For this, the CT
absorption bands were fitted by a sum of Gaussians assuming
multiple transitions for each CT band (insets in Figure Sa,b,d;
note that only the lowest peak is shown). The PL bands in
Figure Se,f were fitted with a single Gaussian for the sake of

simplicity; however, a more complex structure is possible. This

DIP:PDIR

results in Ecp = 1.50 eV (consistent with the previous

study on RT-deposited films)>” and Egj{P:PDIF = 145 eV. For

PEN:PDIE-CN,, EGZNPP™ = 0.95 eV is estimated from a shift

of the CT absorption band with respect to DIP systems.

B DISCUSSION

In this paper, we compare interactions and formation of CT
complexes for combinations of donor—acceptor molecules
with different sterical properties and electronic structure. We
split the discussion into two key issues: (1) the correlation
between structure and CT state observation and (2) side chain
modification for tuning the ground state energy levels.
Essentially, two main parameters are examined: the
structural compatibility due to the molecular geometry and
the energy gap Ep,. In three D/A systems the observation of a
CT complex correlates with intermixing of the molecular
components accompanied by a mixed phase formation during
film deposition, whereas the strongly segregating system
preserves the structural and optical characteristics of both
moieties. However, the mixing vs. demixing scenario is
apparently determined by the molecular tendency to
intermolecular coupling. The intermolecular interactions
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between D and A are not necessarily based on CT in the
ground electronic state, although it is apparently present to
some extent in the systems studied, as evidenced by FTIR
(Figure 4).

Here, we suggest considering the mixing scenarios between
the small molecule materials studied in terms of a nearest-
neighbor interaction model, where the main driving force of
nucleation is the difference between host—host (W,,), guest—
guest (Wgg), and host—guest (W,5) intermolecular inter-
actions:

v/
7= —(Wyy + Wy — 2W,p)
kBT AA BB AB (1)

where y is the interaction parameter, Z is the coordination
number, ky is the Boltzmann constant, and T is the
temperature.

The balance of y coupled with the entropy contribution
governs the possible mixing scenarios: in the case of all
energies W being similar (y & 0), there is no preferred
interaction in the system, which leads to formation of a solid
solution or statistical mixing; when any of the W terms
dominates, the corresponding phase tends to separate whether
it is a pure phase A or B (¥ > 2) or an AB cocrystal (y < 0).

Equation 1 defines the equilibrium state of the system. We
emphasize that this is a simplified model aimed at rationalizing
the data but not the full picture. Inter alia, anisotropies and
nonequilibrium effects are not considered, despite their
obvious importance.*” The thin film deposition process
introduces kinetic effects that often “freeze” the system in a
disordered nonequilibrium state. A higher T, increases the
molecular diffusion length, which brings the system closer to
the equilibrium state. We note that the entropy increase, which
would favor intermixing, due to an increase of temperature, is
not relevant in our parameter range.

On the basis of the above data, the proposed microstructures
are visually summarized in Figure 6. The top row shows the
mixing behavior in DIP systems at RT. For PDIF-CN,, the
films are nearly amorphous for T, below ~110—120 °C. The
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PDIR-CN, films are weakly crystalline due to the shielding
effect of the side chains, as opposed to DIP and PEN. Thus,
Wopie—ppir is most likely smaller than Wepr_ppi, Woip-pips
and Wpgn_ppn- This allows PDIF-CN, molecules to easily
intermix with sterically compatible DIP molecules. The
disruptive influence of PDIF-CN, molecules leads to a
decrease in the long-range order in blends with an excess of
DIP at RT (Supporting Information, Figure S2b). This leads to
the formation of a solid solution (and an absence of the
preferred crystal packing) with the properties of the CT
complex even for nonequimolar films (Supporting Informa-
tion, Figure SSb). Nucleation of the PDIF-CN, crystalline
phase occurs at HT when the higher kinetic energies enable
the formation of a stabilizing 7—7 interaction between the
perylene diimide backbones. In the mixed film the higher
temperature results in the coexistence of the pristine and mixed
crystal phases. The strength of the CT-complex-related optical
teatures such as the absorption and emission bands correlates
directly with the cocrystal grain size which increases with T
(Supporting Information, Figures $7—S10).

Among the material combinations studied, the intermolec-
ular interactions between DIP and PDIR-CN, seem to be the
strongest. We find pronounced crystallinity at RT, since the
alkyl side chains have a weaker hindering effect on PDIR-CN,
intermolecular coupling in comparison to the fluorinated
chains. Consequently, phase separation in DIP:PDIR-CN, is
observed at RT in contrast to DIP:PDIF-CN,. HT assists in
formation of the highly crystalline extended 1D D/A packing.
Typically, for small aromatic molecules, in particular for rod-
like molecules, a face-centered parallel stacking is disfavored, in
contrast to T-shaped or offset-stacked geometries (herringbone
structure as a compromise) due to electrostatic repulsion.83”84
This is the case unless electrostatic interaction of donor
(electron-donating) and acceptor (electron-withdrawing)
species contributes to the balance of the interactions, making
a face-centered stacking the most-observed D/A cocrystal
geometry. 597

‘While the mixing scenario can be rationalized using eq 1, the
phase evolution is a result of a complex interplay of kinetic
parameters such as diffusion, mobility, deposition rate, and
temperature.”®” It has been observed that elevated
processing temperatures facilitate demixing of chemically or
sterically incompatible molecules.*® At HT even a slight
deviation from the 1:1 stoichiometry induces nucleation of the
pure phase of the respective excess species. The results provide
an option to maintain both mixed and pristine phases when the
increased crystallinity is achieved, while at RT all mixed phases
studied are weakly ordered and resemble a statistic mixture,
which seems to strongly limit the charge carrier mobility.*>>”*’

PEN is apparently sterically less compatible with the larger
PDI, and the area of the aromatic system constituting the
backbone is too small.*’ As a consequence, the phase-
separating PEN:PDIR-CN, is the only system where neither
GS-CT nor ES-CT is observed. Intermixing of PEN with
PDIF-CN, is possible owing to the weak Wppp_ppir coupling
which is partly suppressed by the shielding effect of the
fluorinated side chains. However, the pure PEN phase persists
in 3:1 and likely even in 1:1 mixtures. With the further increase
of PDIF-CN, content the mixed phase experiences dilution
within the amorphous matrix.

The free energies of the mixed films vs mixing ratio are
sketched in a simplified schematic energy diagram in Figure 7.
The donor—acceptor component is favored for highly

a) b)

Free energy

cocrystal *
.- DIP
cocrystal
0.0 0.5 1.0 0.0 0.5 1.0
Mixing ratio Mixing ratio

Figure 7. Simplified sketch of the energetically beneficial cocrystal
formation in the cases of DIP:PDIR-CN, and DIP:PDIF-CN, (a) and
PEN:PDIF-CN, (b). Solid black lines correspond to the free energy
for complete phase separation of the two compounds. Dashed lines
correspond to the free energy of a 1:1 cocrystal with phase separated
pure compound. For mixtures with DIP (a), we find that the
formation of the cocrystal is energetically favored for both systems.
For mixtures with PEN, we find that the cocrystal formation is
energetically less stable due to steric hindrances; therefore we find
cocrystal formation only for the PEN:PDIF-CN, system. Note that we
assume that the energies for mixing (cocrystal) for each donor with
the two PDI derivatives are similar because the intermolecular
interaction is located mostly on the identical PDI core.

compatible DIP:PDIs and less compatible PEN:PDIF-CN,.
Therefore, for these three systems, the cocrystal in the diagram
refers to an energetically more stable structure in comparison
with the complete phase separation. Wpgy.pprr is sufficient to
overcompensate the weak Wppppps, and therefore a free
energy gain is achieved by formation of the cocrystal. An
increase in the binding energy in mixed binary films was also
measured earlier for a different but related system (PEN:PFP)
by thermal desorption spectroscopy.”’ However, the PDIR-
CN, phase is energetically more stable than the PDIF-CN,
phase and does not follow this scenario (Figure 7b).

As a second key question, we discuss whether a tuning of the
energy levels by different side chains also allows the tuning of
the CT energy. In this work, by “CT energy” we refer to an
energy of the lowest (“relaxed”) levels in a CT state manifold,
which can participate in the CT exciton generation and
recombination via a direct electronic transition.' "' The
energy levels measured in the pristine films are summarized in
Figure 8 (left). Note that all values refer to films grown at
RT.**5757 The largest Ep, seems to be between DIP and
PDIR-CN,, followed by DIP and PDIF-CN,, and the smallest
one is supposed to be between PEN and PDIF-CN,. However,
as discussed in ref 48, the energy shift between PDIR-CN, and
PDIF-CN, thin films originates from the polarization effect of
the fluorinated side chains exhibiting higher electron density in
comparison with the perylene diimide backbone, whereas the
electronic structure of the monomers in the absence of this
environmental effects stays similar. The sketch in the
Supporting Information, Figure S11 illustrates how the
photoelectron kinetic energy measured by UPS is affected by
the surface dipole moment created by the difference in the
electrgngdensity of the fluorinated side chains and the aromatic
core.
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Figure 8. Energy level diagrams for the pristine films (left) and the D/A blends (right). The yellow arrows are guides for the eye for the energy shift
between PDIR-CN, and PDIF-CN,. The CT energies (except for DIP:PDIR-CN,) are based on the optical data.

This can be an explanation why, despite the fact that the
different side substituents affect the thin film structural and
optical properties (Figure Sa,b), the resulting D/A complexes
exhibit almost identical energy landscapes in DIP:PDIR-CN,
and DIP:PDIF-CN,. The energy levels in the DIP:PDIR-CN,
mixture defined in ref 57 are taken here as a reference for the
other systems where the corresponding shifts are estimated
using the CT-energies from Figure 5. Thus, the CT state
energies differ by about 0.05 eV for DIP:PDIF-CN, as shown
in Figure 8 (right), which is significantly smaller than the
measured difference in the EA for the pristine acceptor thin
films. Furthermore, the oscillator strength of the CT optical
features seems to correlate with the quality of the cocrystal
(Supporting Information, Figures S7—S10), which is best in
the case of DIP:PDIR-CN, grown at 140 °C. Thus, the main
idea is that the CT complex seems to be localized mostly on
DIP and on the PDI backbone, and since the CT transition is
anisotropic and oriented parallel to the m—n stacking, the
perfluorination of side chains therefore shifts the energy levels
of the thin film, though the face-to-face interaction of both
compounds seems to be mostly unaffected by the substitution.

The replacement of DIP by PEN, a molecule with a different
backbone structure, causes alterations in the intermolecular
coupling, which is present in PEN:PDIF-CN,, including
formation of a CT complex, but it is absent in phase-separating
PEN:PDIR-CN,. The CT features in PEN:PDIF-CN, are less
prominent compared to the DIP systems. The higher PEN
HOMO level results in the corresponding red-shift of the CT
states (Ecr & 0.95 eV in Figure 8, right). However, this does
not ensure formation of a “stronger” CT complex with
predominantly hybridized molecular orbitals as evidenced by
both UV/vis and FTIR data, at least as long as the structure
influence is excluded.

Along with the steric compatibility and the energy
variability, we find another aspect worth mentioning, namely,
the relative orientation of the dipole moment of the first
HOMO-LUMO transition p (depicted by yellow arrows in
Figure 1) which shows the direction of the highest excitation
probability. Here, we briefly discuss whether the relative
orientation of the intramolecular g may influence the

intermolecular CT transition. The orientation of y corresponds
to the asymmetry of the product of the frontier orbital wave
functions.”>”® As was shown recently, a CT transition can be
anisotropic and tends to occur in a direction perpendicular to
the orientation of the donor and acceptor 7-conjugated core
plane (at least for relatively flat and rod-like compounds with
the ordering motif as found for the compounds under
investigation here).”””” Thus, under excitation an electron of
a donor might be transferred by one of the two competing
electronic transitions: either within the molecular plane into
one of the excited states, or perpendicular to that into the CT
state. In the cocrystals studied, D/A molecules have their long
axis predominantly aligned parallel to the substrate normal,
therefore the considerable oscillator strength of the CT
transitions is observed in the in-plane direction (parallel to
the substrate) in Figure 5. Among the chosen compounds, DIP
and PDIR-CN, represent a D/A couple with parallel transition
dipole moments oriented along the long molecular axis. In a
PEN molecule y is oriented along the short molecular axis,”®
which one might consider as one of the possible reasons for the
lower oscillator strength of the CT transition in PEN:PDIF-
CN, system (Figure S).

A number of theoretical models were developed in the past
in order to describe a possible interference between Frenkel
and CT states.””” "% These excitations are considered to be
coupled via electron and hole transfer in case of ordered
molecular stacks. On the basis of these models, one could
consider that there might be small admixtures of HOMO, in
HOMOp, and CT transition dipole moments based on
HOMOp and LUMO, would contain the respective amounts
of intramolecular transition dipoles. However, quantitatively,
the effect of borrowing of oscillator strength is difficult to
observe since the area below the CT transitions in Figure
Sa)b,d is of the order of 1% of the total area of ¢, ,,. Thereby, a
possible contamination between the frontier orbitals of donor
and acceptor seems to have little impact on a changed visibility
of the CT transition, allowing us to claim that this
contamination remains small and that we observe a nearly
pure CT state. In addition, judging from the out-of-plane
absorption data obtained from ellipsometry (Supporting
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Information, Figure S4), we do not find any oscillator strength
of the CT transitions in the out-of-plane direction for all
studied mixed systems. From this observation, we conclude
that the orientation of the CT transition is in all our cases in-
plane and independent of the orientation of y in the pure
compounds.

B CONCLUSION

To conclude, the results show a direct correlation between
small molecule compatibility for mixing and the CT properties
of the corresponding D/A complex. The sterical, structural,
and energetic factors are analyzed and summarized in a
simplified scheme. The morphology of a small molecule D/A
mixture can be controlled by tailoring the intermolecular
interactions via change of molecular geometry and/or Ty,
PDI acceptors reveal better structural compatibility with
perylene-based DIP than with PEN. In our schematic
representation, intermolecular interactions are an essential
parameter determining the possible mixing scenarios. The
electrostatic component between D and A molecules plays an
important role in the energy balance. Therefore, the 1D D/A
face-centered stacking is preferred which is hardly achievable
between like molecules.

At the same time, the formation of a CT complex is a
function of the film structure and the energy gap Ep,, but
apparently is not essentially influenced by the intramolecular
excitations. In the phase-separating system (PEN:PDIR-CN,)
no evidence of intermolecular coupling between D and A
species are observed. This contrasts with all three intermixing
systems, for which clear indications of the CT in both ground
and excited electronic states were found. The typical
indications are a similar shift of the characteristic vibration
mode in the FTIR spectra, appearance of the CT subgap
absorption band along with the hybrid spectrum of the first
“main” optical absorption band, and the strong luminescence
quenching. The oscillator strength of the optical CT features
(both for absorption and emission) strongly correlates with the
quality of the cocrystal, which can be controlled by the
deposition temperature and the strength of the intermolecular
attractive interaction. We have shown that fluorination of the
side chains in the PDIs leads to a shift of the measured IE and
EA due to molecule polarization, however, their frontier
orbitals are not necessarily strongly affected. Since the CT
transition is anisotropic, its energy does not change
significantly when replacing the acceptor. The aromatic core
stays the same and the side chains do not take part in the CT
complex formation. However, replacement of the DIP donor
with PEN leads to the corresponding change in the CT energy.
The results underline the importance of correlations between
structural/sterical issues and CT and contribute to develop-
ment of the cocrystal engineering.*
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