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ABSTRACT: We present a comprehensive investigation of
cocrystal formation and charge transfer effects in weakly interacting
organic semiconductor mixtures. As a model system, we choose
diindenoperylene (DIP) as a donor molecule and several perylene
diimide derivatives (PDI) as acceptor molecules that differ in the n-
alkyl side chain in the imide position and in the cyano (CN) group
in the bay position. We identified the optimized side groups for the
acceptors in thin films with the donor DIP concerning the mixing
behavior and molecular charge transfer (CT) effects. The two
systems, which form a well-defined cocrystal and show excited-state
charge transfer effects, are DIP:PTCDI-C3 with an n-propyl side
chain and DIP:PTCDI-C8-CN2 with incorporated cyano groups.
Important for the mixing behavior and the charge transfer effects with DIP are the intermolecular interactions of the pure perylene
diimide derivatives and the orientation of these molecules on the substrate (SiO2). For the DIP:PTCDI-C3 system, a sharp CT peak
in absorption with a well-defined CT energy is observed. In contrast, the DIP:PTCDI-C8-CN2 mixed films show a broad CT band in
absorption and two different CT energies. The mixing behavior and charge transfer effects with DIP are strongly influenced by the
structure of the acceptors, which are easily chemically tunable in the desired way.

■ INTRODUCTION
Organic small molecules are an attractive alternative to inorganic
materials, which are widely used in organic optoelectronic
devices such as organic photovoltaic (OPV) cells and organic
light-emitting diodes (OLEDs). In such devices, one of the
fundamental processes relies onmolecular charge transfer (CT),
which takes place at the interface of donor and acceptor
molecules or in a molecular mixed system.1−3 The tuning of the
interactions and CT effects at these interfaces involves rather
rich physics and chemistry and comes with many subtleties.4,5

Depending on the strength of molecular interactions, molecular
charge transfer can be divided into several different categories.
For the limiting case of weakly bound organic small molecules, a
partial charge transfer on average from the donor to the acceptor
is expected.6−8 A great impact on charge transfer effects has in
this context the morphology and intermixing on the molecular
level in bulk heterojunction thin films.9−12

One group of organic small molecules, which are widely used
as electron donors and acceptors in organic electronic devices,
especially for organic field effect transistors (OFETs),13 are
perylene diimide derivatives.14−18 Due to their relatively strong
electron affinities, they are very promising n-type organic
materials. They show excellent chemical and thermal stabilities,
high light absorption capabilities, and high fluorescence
quantum yields.19,20 Through the incorporation of different

side groups, PDIs can easily be chemically modified to suit
solubility, photophysical, or electron-bearing demands and be
very suitable for organic electronic applications.20−22 They are
structurally well-defined, and due to the tailoring of the charge-
transport properties upon changing the substituents on the
imide or the bay position of the perylene backbone,14,21,23,24

they can serve as an acceptor model system. However, so far
there are only few publications on donor−acceptor thin film
systems of PDI derivatives with organic small donor
molecules.25−28

Despite intense research on CT effects in organic blends,
there is still no theory with predictive power for these rather
complex systems. Therefore, systematic experimental inves-
tigations of new material combinations are required. We present
a comprehensive study of structure-dependent mixing behavior
and charge transfer effects in different organic small molecule
donor−acceptor systems. As acceptor materials different
perylene diimide derivatives were chosen, which differ in the
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length of the n-alkyl side chain in the imide position (PTCDI-
C1, PTCDI-C3, PTCDI-C5, and PTCDI-C8) and in the cyano
group in the bay position (PTCDI-C8−CN2) (Figure 1). In
previous studies it was shown that alkyl, branched, and
fluorinated side chains and electron-withdrawing side groups
can alter the molecular packing and morphology of the
deposited thin films.19,21,24,29 By varying the n-alkyl side chain
and by incorporating cyano groups, the different mixing
behaviors and the influence on possible charge transfer effects
can be investigated in such systems. As donor molecule
diindenoperylene (DIP; Figure 1) was chosen, which is
known for its applications in organic electronics. DIP is used
as a donor molecule in OPV devices and as a p-type organic
semiconductor in OFETs.30,31 The growth behavior of DIP in
thin films is well established.32−35 DIP crystallizes in a
herringbone structure motif and is arranged in a standing-up
orientation if grown under suitable conditions (T > 300 K) on
SiO2 substrates.33,34,36 With its structure and size, the donor
molecule has a similar shape as the perylene diimide core and
does not contain any sterically hindering side groups. Therefore,
DIP is a perfect donor molecule for the different perylene
diimide derivatives. It was shown that DIP can form a well-
defined cocrystal with a partial charge transfer with the two
perylene diimide derivatives PDIR-CN2 and PDIF-CN2 (Figure
1).8,37

In this study, we examine the optimization of the side groups
for perylene diimide acceptors with the donor DIP in thin films
prepared by organic molecular beam deposit ion
(OMBD)36,38−40 regarding structural morphology and charge
transfer effects. We discuss the different mixing behaviors for the
different PDI:DIP systems studied by grazing-incidence wide-
angle X-ray scattering (GIWAXS). We demonstrate the
maximization of intermixing and cocrystal formation regarding
different side chains of the acceptor molecules. Combining the
structural analysis with optical spectroscopy, we investigate the
different systems of excited-state charge transfer effects studied
by absorption and emission spectroscopy. Correlations between
structural morphology and charge transfer effects were
established depending on the chain length and their
configuration within the different perylene diimide:DIP mixed
systems.

■ METHODS
PTCDI-C1, PTCDI-C3, PTCDI-C5, and PTCDI-C8 were
bought from Sigma-Aldrich (purity of 98%). PTCDI-C8-CN2
was bought by Flexterra, DIP from Stephan Hirschmann,
University of Stuttgart, and used as received. The samples were
prepared by OMBD under ultrahigh vacuum (p = 2 × 10−10

mbar).36,38,39 Three different substrates were used for the
different structural and optical investigations: a silicon 111 wafer
with a native oxide layer of 2 nm, a transparent glass wafer, and a
glass wafer that was roughened at the backside. The substrates
were cleaned with acetone and isopropyl alcohol in an ultrasonic
bath each for 10 min and degassed overnight in the chamber
before film preparation. The substrates were kept at a constant
temperature of 293 or 423 K during film growth. Mixed thin
films were prepared by coevaporation of the donor DIP and the
different perylene diimide derivatives with a mixing ratio of 1:1.
The nominal thicknesses of about 20 nm and growth rates of
about 0.2 nm min−1 in total were controlled by a quartz crystal
microbalance (QCM) during film growth and calibrated by X-
ray reflectivity (XRR). For the mixed layer devices, we used
indium−tin oxide (ITO)-coated glass substrates. A polymeric
hole injection layer (HIL 1.3) was spin-coated from an aqueous
solution and annealed at 398 K for 30 min. As the active layer,
the organic molecules were evaporated under vacuum (20 nm
DIP/50 nm equimolar DIP:PDI/20 nm PDI). Onto an exciton
blocking layer of bathocuproine (BCP, 5 nm), aluminum (100
nm) was thermally deposited through a shadow mask.

For structural analysis, XRR was measured with a GE
Inspection Technologies XRD 3003 TT X-ray diffraction
system using Cu Kα1 radiation (λ = 1.5406 Å). XRR data fitting
was done with GenX41 by means of the Parratt formalism.42

GIWAXS measurements were performed at the beamlines P03
and P08 of the German Electron Synchrotron DESY (Hamburg,
Germany) using X-rays with a wavelength of 0.9686 and 0.6888
Å. UV/vis/NIR spectra were acquired using a Varian Cary 50
spectrometer in the wavelength range of 200−1100 nm at
normal incidence. Photoluminescence (PL) spectra were
collected using a Horiba Jobin Yvon Labram HR 800
spectrometer with a CCD 1024 × 256 detector. For PL
excitation a Nd:YAG laser with a wavelength of 532 nm was
used. Temperature-dependent PL spectra were determined with

Figure 1. Overview of the studied compounds: (a) donor DIP, different perylene diimide acceptors, (b) PTCDI-C1, (c) PTCDI-C3, (d) PTCDI-C5,
(e) PTCDI-C8, (f) PTCDI-C8-CN2, (g) PDIR-CN2, and (h) PDIF-CN2.
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a CryoVac cooling system with liquid helium in the range from
293 to 15 K.43 Electroluminescence (EL) measurements were
carried out by using a CCD camera (PyLoN:100BR eXcelon,
Princeton Instruments) coupled with a spectrometer (SP2300i,
Princeton Instruments) under a dc voltage driven by a Keithley
source meter (applied bias voltage of 3.5 V). Incident-photon-
to-current efficiency (IPCE) was performed using a halogen
lamp and a monochromator (Omni-λ300, Zolix Instruments
Co., Ltd.), which allows measurements in the range from 350 to
1100 nm in steps of 1 nm.

■ RESULTS AND DISCUSSION
Structural Characterization. First, we study the thin-film

structure of PDI:DIP mixtures and its dependence on side chain
length in the imide position as well as the incorporation of
cyano-groups in the bay positions of the acceptor. Such
modifications of the molecular structure have a significant
impact on the packing motif of both the pure and mixed film
structures. Specifically, we investigate if the respective thin films
exhibit phase-separation or form a solid solution. An overview of
the GIWAXS data of different pristine perylene diimide
derivatives and the mixtures with the donor DIP is shown in
Figures 2, S4, and S5.

Depending on the length of the n-alkyl chains in the imide
position, the various pristine perylene derivatives create different
thin film structures, as shown in the GIWAXS patterns (Figure
2a−e).16,44 For short alkyl chains (up to three C atoms), the
molecules lie down with their long molecular axes close to
parallel to the substrate surface (Figure 2a) and form the well-
known herringbone structure.45,46 With increasing length of the
n-alkyl side chain, the orientation changes to a more upright
conformation, and the molecules assume the offset-stacked
geometry, where neighboring molecules are shifted relative to
each other (Figure 2c−e).15,47−49 An exception to this behavior
is PTCDI-C3 (PDIC3). The compound grows in an
intermediate form between the aforementioned orientations
and geometries in thin films.50 With this alkyl chain length, the
perylene diimide molecules are oriented to a more standing-up
conformation on the silicon substrate, and a more offset-stacked
orientation is established (Figure 2b). An overview of the
growth behavior for the individual pure PDI derivatives at high
substrate temperature is shown in Figure 3. The different unit
cell parameters are given in Table S1.

Important for the comparison of these pristine films is the
increasing crystallinity with increased n-alkyl chain length in the
imide position, since the longer n-alkyl chain can be arranged in

Figure 2. GIWAXS data (150 °C deposition temperature): (a) PDIC1, (b) PDIC3, (c) PDIC5, (d) PDIC8, (e) PDIC8-CN2, (f) DIP 1:1 PDIC1, (g)
DIP 1:1 PDIC3, (h) DIP 1:1 PDIC5, (i) DIP 1:1 PDIC8, and (j) DIP 1:1 PDIC8-CN2 (the donor is marked in violet, the acceptor is marked with black
triangles or squares for the different phases and black crosses indicate the mixed phase).

Figure 3. Schematic overview of the growth behavior for the different pure PDI derivatives and the mixing behavior with the donor DIP at high
substrate temperature (the donor is colored in blue and the acceptors in the respective colors of their pure phases).
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an energetically favorable conformation to achieve a higher
packing density. We speculate that the additional van der Waals
forces between the longer n-alkyl side chains lead to more
favorable intermolecular π−π stacking between the perylene
diimide molecules, the so-called fastener effect.51−54 This
implies that the orientation of the perylene diimide derivative
molecules in the thin film structure depends on the n-alkyl chain
length and also influences the mixing behavior with the donor
molecule DIP.

The mixing behavior of the organic small molecules in this
study is considered in terms of a nearest-neighbor interaction
model (eq 1), which is similar to the Flory−Huggins solution
theory.9 The main driving force is the difference between the
intermolecular interaction of similar (WAA or WBB) and
dissimilar molecules (WAB).

= · +Z
k T

W W W( 2 )AA BB AB
B (1)

Here, χ is the interaction parameter, Z is the coordination
number, kB is the Boltzmann constant, and T is the temperature.
In the total free energy, the direct interactions represented by the
interaction parameter compete with the entropy of the system,
so if the interaction energy WAA or WBB is similar to WAB, no
preferred interaction occurs (χ ≈ 0), and a statistical mixing is
observed. The system of A and B tends to mix (χ < 0) or phase-
separate into the pure components (χ > 2) if one of the
interaction energy terms dominates. We emphasize that this is of
course a simplified description. More complex scenarios involve
the consideration of orientational order55 and depth-dependent
structural order in thin films.56

An overview of the mixing behavior for the PDI derivatives
with DIP at high substrate temperature is shown in Figure 3.
Regarding the different mixed systems, the equimolar films of
PTCDI-C1 (PDIC1) and DIP do not form a cocrystal. Instead,
the compounds tend to phase-separate. In the reciprocal space
map in Figure 2f and the X-ray reflectivity scans (Figure S1) of
the equimolar thin films, all visible peaks can be assigned to
either pristine DIP or PDIC1 domains. No new phase is
observed even at a higher substrate temperature that should
favor the mixing behavior.9 Here, the energy term of the pure
compounds seems to dominate (WDIP/DIP + WPDICd1/PDICd1

> 2
WDIP/PDICd1

) because the lying-down conformation of the phase-
separated PDIC1

46 and the standing-up orientation of the phase-
separated DIP30,31,34 seem to be energetically more favorable
than a cocrystal. Interestingly, a small amount of DIP domains
with a lying-down conformation as well as a random orientation
is also observed. A possible explanation for a lying-down
conformation is that DIP domains which nucleate on top of
already present PDIC1 domains crystallize with their long
molecular axis parallel to lying-down molecules of PDIC1, while
DIP crystallizes in the standing-up conformation on the silicon
substrate.

A different picture arises for the mixing behavior of DIP and
PDIC3 deposited at a higher substrate temperature. The
GIWAXS pattern (Figure 2g) shows a number of phases;
however, none of them can be assigned to the pristine PDIC3
shown in Figure 2b, suggesting the formation of a PDIC3:DIP
cocrystal. Two distinct cocrystal phases with a slightly different
out-of-plane stacking can be distinguished based on the presence
of two sets of peaks in the Qz direction. Both phases of the
cocrystals show a high degree of ordering and a well-defined thin
film structure in both in-plane and out-of-plane directions as

evidenced by the presence of pronounced reflection spots. This
is in contrast to the thin film at room temperature, where DIP
and PDIC3 almost completely phase-separate (Figures S2 and
S5g). Finally, several Debye−Scherrer ring features observed in
the pattern can be attributed to a small amount of phase-
separated DIP domains with a random orientation.57−59 Here,
the cocrystal formed partially overcomes the energy term of the
pure compounds (2WDIP/PDICd3

>WDIP/DIP +WPDICd3/PDICd3
) which

seems to be an energetically favorable orientation for both
molecules.

The DIP:PTCDI-C5 (PDIC5) system is significantly more
complex, as PDIC5 is known to create numerous polymorphs
when deposited at high substrate temperatures.60 The reciprocal
space map of pristine PDIC5 (Figure 2c) shows reflections
arising from three different unit cell structures consistent with
previously observed polymorphs. This is in contrast to PDIC5
deposited at room temperature (Figure S5c), where only one
phase is observed. The reciprocal space map (Figure 2h) shows
that PDIC5 and DIP phase-separate. This observation is then
confirmed by X-ray reflectivity scans (Figure S3). Most of the
observed reflections arise from DIP domains with an excep-
tionally long-range ordering at both room and high substrate
temperatures. This supports the observation that longer side
chains promote higher crystallinity and therefore WDIP/DIP +
WPDICd5

/PDIC5 > 2 WDIP/PDICd5
. On the other hand, PDIC5

reflections are barely visible and generally lack any preferential
orientation. The only hint of a possible cocrystal formation is a
set of weak but well-defined peaks at Qxy = 0.8 and 1.28 Å−1, that
can not be attributed to any of the phases observed in the
pristine films. It can be generally concluded that the attraction
between similar molecules (PDIC5) is larger.

Two different PDI derivatives with an n-octyl side chain are
examined in this study, which differ in the cyano-groups in the
imide position. Through the incorporation of this side group, the
electron density of the aromatic backbone is reduced and the
π−π stacking is weaker due to steric hindrance of these side
groups.19,20,24,61 This leads to a lower crystallinity of the pure
compound (Figure 2e) compared to the respective counterpart
(Figure 2d). The mixing behavior of DIP and PTCDI-C8
(PDIC8) shows a complete phase-separation. Only peaks from
both pure compounds are visible in the reciprocal space map of
the equimolar thin film (Figure 2i), which are showing long-
range ordering in the xy-direction and indicating a high
crystallinity of the phase-separated pure compounds (WDIP/DIP
+ WPDICd8/PDICd8

> 2 WDIP/PDICd8
). In comparison, the reciprocal

space map of the equimolar mixed thin film of DIP and PTCDI-
C8-CN2 (PDIC8-CN2) shows only reflections from a formed
cocrystal (Figure 2j). No peaks from pristine DIP or PDIC8-CN2
are visible. This highlights a significant influence of the cyano-
groups on packing and mixing behavior within these systems.
Through the incorporated groups, the energy term 2
WDIP/PDICd8

CN2 becomes dominant compared to WDIP/DIP +
WPDICd8

CN2/PDIC8CN2, so that a cocrystal can be formed.
When comparing the different perylene diimide acceptors, the

mixing behavior with DIP is strongly influenced by the structure
of these molecules and therefore easily chemically tunable in the
desired way. The different mixing behavior can also have an
influence on the CT effects for the various thin film systems and
will therefore be investigated by optical characterization
methods.
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Optical Characterization. Emission Data. The various
mixing scenarios observed for the DIP:PDI mixed films indicate
that the alkyl chain variation should have a strong impact on

charge transfer effects. To probe the influence of the structure
andmixing scenario on the CT effects, we investigated themixed

Figure 4. Photoluminescence spectra (measured at 15 K) of equimolar mixed films deposited at 25 and 150 °C: (a) DIP and PDIC1, (b) DIP and
PDIC3, (c) DIP and PDIC5, (d) DIP and PDIC8, and (e) DIP and PDIC8-CN2 (CT peaks are marked in black). The spectra are scaled for clarity based
on the respective equimolar mixed film grown at 25 °C and the signals at about 2.1 and 2.2 eV are background PL signals of the SiO2 substrate.

62 Note
that the apparent sharp peaks at 2.1 eV originate from the cutoff filter of the laser.
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thin films by emission and absorption spectroscopy. Figure 4
shows the emission spectra for the different DIP:PDI systems.

The emission features of the pure PDI derivatives vary only
slightly. The temperature-dependent PL data for the pure PDI
derivatives are shown in Figure S6. In Figure 4, the pure PDI
emission spectra at a measurement temperature of 15 K are
shown. For PDIC1, PDIC5, and PDIC8 three dominant peaks are
visible, which are sharper at low measuring temperatures. For
PDIC3 and PDIC8-CN2 only a broad emission feature is
observed for all measurement temperatures. It is possible that for
the PDIs with strong intermolecular interactions (high values of
WPDI/PDI) defined emission features are visible, whereas for the
other compounds only one broad peak is observed.63

Regarding mixed films of DIP and PDIC1, the photo-
luminescence spectra (Figure 4a) show for both equimolar
films a broad peak at 1.6 eV which can be assigned to the pure
acceptor molecule. The emission features of the equimolar films
are superpositions of the two pure components DIP and PDIC1.
Donor−acceptor thin films of DIP and perylene diimide with an
n-methyl alkyl chain cannot mix, forming no cocrystal and
showing no CT effects.

Perylene diimide acceptor molecules with n-propyl chain
favor the intermixing with the donor molecule DIP. In the
emission spectra (Figure 4b), a peak at 1.70 eV originating from
the pure PDIC3 molecule and a peak at 1.55 eV assigned to the
mixed cocrystal are visible for the equimolar thin films. This
indicates that for DIP:PDIC3 mixed films ES-CT effects occur in
emission.

In the emission spectra (Figure 4c) of the PDIC5:DIP system,
peaks of the pure donor are well resolved for the equimolar thin
films and there is only a small peak at 1.62 eV from the pure
acceptor molecule. PDIC5 and DIP show only limited
intermixing with no degree of charge transfer presumably due
to the higher attraction forces between similar PDIC5 molecules.
The system PDIC8:DIP shows similar mixing behavior as
PDIC5:DIP and in the emission spectra (Figure 4d) also only
peaks of the pure compounds are visible.

In contrast toDIP:PDIC8, PDIC8-CN2, andDIP form amixed
cocrystal. In the emission spectra, there is a charge transfer peak
for both DIP:PDIC8-CN2 equimolar thin films (Figure 4e).
Here, we can see a peak maximum of the CT band at 1.33 eV for
the film grown at room temperature and at 1.37 eV for the film

prepared at higher substrate temperature. DIP and PDIC8-CN2
form an ordered mixed cocrystal with possibly two CT states.

In the next section, the absorption data for the various
PDI:DIP thin film systems are investigated to achieve more
insights into the different CT effects.

Absorption Data. Figure 5 shows the absorption spectra of
the two perylene diimide systems mixed with the donor DIP
which show charge transfer effects in the emission spectra
(DIP:PDIC3 andDIP:PDIC8-CN2). In the absorption spectra of
the equimolar DIP:PDIC3 thin films a sharp peak at 1.75 eV
indicates a charge transfer effect between the donor and the
acceptor molecule (Figure 5a). This CT peak is related to the PL
peak at 1.55 eV. A shift in absorption to higher energy of ∼0.2 eV
is common for related mixed systems.43 A very broad CT band
with an onset at 1.55 eV is visible for the equimolar thin films of
DIP and PDIC8-CN2 (Figure 5c). For the mixed films of
DIP:PDIC3, a defined CT state is detectable, whereas for the
PDIC8-CN2 andDIP, several CT states are observed as shown in
the emission and in a broad band is visible in the absorption
spectra.

Electroluminescence and Photocurrent Spectra. To com-
plete the optical characterization regarding CT effects, we also
measured electroluminescence (EL) and photocurrent spectra
(expressed here as incident-photon-to-current efficiency
(IPCE)) with the solar cell devices of DIP:PDIC3 and
DIP:PDIC8-CN2 mixture layers. For EL spectroscopy, the
solar cell acts as LED by applying a forward voltage. Figure 6
shows the reduced EL and IPCE spectra for the two DIP:PDIC3
and DIP:PDIC8-CN2 mixed layer devices on a logarithmic scale.
The IPCE spectra correlate well with the absorption spectra for
both equimolar thin films. The CT emission bands observed in
the PL spectra for both systems are also visible in the two EL
spectra, but, in contrast to the PL spectra, only a weak signal of
the pristine materials (peak at 1.85 eV) can be observed in the
DIP:PDIC3 EL spectra, which indicates that nearly all injected
electron−hole pairs recombine. We use the methodology
introduced by Vandewal et al.64 on adjustment for the crossing
regime between reduced EL as well as the reduced IPCE spectra
originating from CT states, following Marcus theory to estimate
the CT energy ECT in organic photovoltaic materials. For
evaluation of the EL and IPCE spectra, the normalized reduced
emission IẼL(E) and absorption η̃IPCE(E) spectra, as defined in
eqs 2 and 3, are fitted by Gaussian functions.64,65We note that in

Figure 5. Absorption spectra of equimolar mixed films deposited at 25 and 150 °C: (a) DIP and PDIC3 (CT peaks are marked in black), (b) DIP and
PDIC8-CN2, and (c) enlarged section of the CT peak (black marked area of (b)). The spectra are scaled for clarity based on the respective equimolar
mixed film grown at 25 °C.
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a recent theoretical work a different approach to the prefactors
was presented,66 but since most of the experimental work so far
has used the expressions introduced by Vandewal et al., we
prefer to stay with the latter in order to ensure comparability.

· [ ]i
k
jjjjj

y
{
zzzzzI E

I E
E k T

E E
k T

( )
( ) 1

4
exp

( )
4EL

EL

DA B

CT DA
2

DA B (2)

· · [ + ]i
k
jjjjj

y
{
zzzzzE E E

k T
E E

k T
( ) ( )

1
4

exp
( )
4IPCE IPCE

DA B

CT DA
2

DA B

(3)

Here, λDA represents the reorganization energy related to the
Stokes shift in the CT manifold. The adiabatic CT energy is the
crossing point of the fitted reduced EL and IPCE curves.64−66

We obtain for the DIP:PDIC3 system a CT energy of ECT = 1.71
eV, in contrast to DIP:PDIC8-CN2, where we get two CT
energies: ECT,1 = 1.51 eV and ECT,2 = 1.61 eV. When subtracting
the λ parameters from the CT energies (crossing points), we
receive the maxima of the EL curves. This yields an EL peak of
1.53 eV for DIP:PDIC3, as well as 1.41 and 1.33 eV for the two
EL peak energies of DIP:PDIC8-CN2, respectively. These values
are in good agreement with the PL results where we also
obtained one sharp CT state for DIP:PDIC3 and two different
CT peaks for the other DIP:PDI system. The performance of
DIP:PDI mixed crystalline layers for photovoltaic device

applications is generally limited by the upright standing
orientation of the molecules. This leads to comparatively low
light absorption under normal incidence. This is shown for
DIP:PDIC3 as well as DIP:PIDC8-CN2 in the Supporting
Information (Figure S7). Furthermore, DIP:PIDC8-CN2 has the
additional problem of a so-called S-shaped JV characteristics,
which indicates a significant injection barrier for at least one
carrier species.

In Figure 7 an overview of the excited-state CT effects for the
different PDI derivatives is shown. Here, the CT energies are

calculated based on EL and IPCEmeasurements for the different
PDI derivatives and are presented with the resulting features in
the absorption data. For the DIP:PDIC3 system, the cocrystal
formation leads to a sharp CT peak in absorption and a defined
CT energy. In contrast, the DIP:PDIC8-CN2 mixed films show a
broad CT band in absorption and two different CT energies.
The 3-fold broadening of the Bragg peaks in the GIWAXS
pattern of the DIP:PDIC8-CN2 equimolar films compared to the
DIP:PDIC3 system (see Figure 2g,j) might suggest more crystal
defects in the equimolar thin films. Due to the higher disorder in
the thin films, it is possible that more conformations from one
molecule to nearest-neighbors can occur.67 This could explain
the various CT energies for the cocrystal phase of DIP and
PDIC8-CN2.

The question arises, why DIP can only form a cocrystal with
PDIC3 and not with molecules with other chain lengths.
Different factors play a role and influence the mixing behavior
and charge transfer effects. What we can already qualitatively say
is that a variation of the chain length of the side chains has two
effects. First, the binding energy of the pure and the cocrystals
probably increases, because the longer flexible side chains allow
for various geometric conformations tomaximize both the dense
packing and a favorable quadrupole interaction with nearest
neighbors. On the other hand, with increasing chain length, the
size difference between donor (DIP) and acceptor (PDICn)
increases, which is a hindrance for dense packing and therefore
decreases the binding energy for a longer chain length. With this
combination of the two effects, we find that only for PDIC3 the
binding energy of the cocrystal exceeds that of the two pure
crystals.

Figure 6. Reduced EL and IPCE spectra of DIP:PDIC3 and
DIP:PDIC8-CN2 mixed layer devices with the architecture ITO/HIL
1.3/organic mixed thin film (50 nm)/BCP (5 nm)/Al, with the
respective Gaussian fits, the CT energies (marked by the red lines) as
well as the λ parameters.

Figure 7. Schematic representation of the results for the ES-CT effects.
The calculated CT energies by EL and IPCE data are presented for the
different PDI derivatives with the respective CT peak features in the
absorption data and the molecular packing motifs of the various
DIP:PDI thin film systems.8
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■ CONCLUSIONS
In summary, we have performed a comprehensive study on
mixing behavior and charge transfer effects of different donor−
acceptor (DIP:PDI) molecular systems prepared by OMBD.
The acceptor molecules differ in the n-alkyl side chain of the
imide position and in the cyano groups of the bay position.

We found the optimized n-alkyl side chain length of the
perylene diimide acceptors for the mixing behavior with DIP.
With increasing chain length in the imide position of the
acceptors, we found a strong CT effect as well as a strong mixing
for the systemDIP:PDIC3 but not for molecules with longer side
chains. PDIC3 forms a well-defined cocrystal with DIP and
shows a sharp ES-CT state.

Strong charge transfer and intermixing are also shown for
systems of DIP and perylene diimide derivatives with cyano
groups in the bay position. PDIC8-CN2:DIP forms also a well-
ordered cocrystal, but with two ES-CT states. The incorporated
cyano groups have an influence on the aromatic backbone of the
perylene diimide derivatives and enable the formation of a
cocrystal by reducing the binding energy of the pure (PDIC8-
CN2) crystal.

Through the influence of the different side chains of the
acceptor molecules on the mixing behavior and CT effects with
DIP, it is possible to control mixing behavior and charge transfer
effects using suitable perylene diimide molecules. A key to this is
the structure of these acceptor molecules, which can bemodified
easily in the desired way.
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