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ABSTRACT: In this work, two novel donor/acceptor (D/A)
complexes, namely, diindenoperylene (DIP)/1,3,4,5,7,8-hexa-
fluoro-tetracyanonaphthoquinodimethane (F6TCNNQ) and
alpha-sexithiophene (6T)/F6TCNNQ, are studied. The D/A
complexes segregate in form of 7— stacked D/A cocrystals and
can be observed by X-ray scattering. The different conforma-
tional degrees of freedom of the donor molecules, respectively,
seem to affect the thin-film crystalline texture and composition
of the D/A mixtures significantly. In equimolar mixtures, for
DIP/F6TCNNQ, the crystallites are mostly uniaxially oriented
and homogeneous, whereas for 6T/F6TCNNQ, a mostly 3D
(isotropic) orientation of the crystallites and coexistence of
domains of pristine compounds and D/A complex, respectively,
are observed. Using optical absorption spectroscopy, we observe
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for each of the two mixed systems a set of new, strong transitions located in the near-IR range below the gap of the pristine
compounds: such transitions are related to charge-transfer (CT) interactions between donor and acceptor. The optical
anisotropy of domains of the D/A complexes with associated new electronic states is studied by ellipsometry. We infer that the

CT-related transition dipole moment is perpendicular to the respective 77-conjugated planes in the D/A complex.

B INTRODUCTION

Organic molecular semiconductors (OSCs) represent an
interesting class of materials' for applications in several kinds
of optoelectronic devices such as organic field-eftect transistors,
organic light-emitting diodes, and organic solar cells.”” In
particular, vacuum-deposited thin films of OSCs offer a wide
range of possibilities for structural control.*"® Heterostructures
can be tailored to obtain the desired material properties.”*
One application of the heterostructure concept is the so-
called “molecular electrical doping”, namely, an organic
semiconducting matrix is doped with another OSC with the
aim of manipulating layer conductivity” by means of charge-
transfer (CT) between two types of OSCs. For example, it has
been observed that N,N,N’,N’-tetrakis(4-methoxyphenyl)-
benzidine (MeO-TPD) undergoes integer CT (ICT) when
p-doped with the widely investigated 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4TCNQ)."* ICT is also
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observed for 2,2/,7,7'-tetrakis(N,N-diphenylamino)-9,9-spiro-
bifluorene (Spiro-TAD) doped with 1,3,4,5,7,8-hexafluoro-
tetracyanonaphthoquinodimethane (F6TCNNQ),"" the latter
being less volatile and having higher electron affinity than
F4TCNQ. For some linear and planar molecules, the strong
coupling of the donor’s highest occupied molecular orbital
(HOMO) with the acceptor lowest unoccupied molecular
orbital (LUMO) can lead to the formation of a hybrid
molecular complex between donor and acceptor (D/A
complex) with partial CT character.'” In this case, the D/A
complex itself becomes the “dopant” of the surrounding
matrix."> Two recent works'*'® have reviewed the different
mechanisms in which molecular doping can occur. Despite the
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numerous studies already carried out, to date only a limited
number of systems has been studied; therefore, it is useful to
extend the spectrum of investigated material combinations to
shed more light on the microscopic mechanisms occurring
within molecular D/A systems.

Because of the planar and elongated shape of the molecular
semiconductors used in this work, they exhibit intrinsically
anisotropic electronic properties on the molecular scale. Such
anisotropy strongly impacts intermolecular coupling in the
solid state. Typically, charge carrier transport and optical
transitions in uniaxially oriented thin films of OSCs exhibit
peculiar features when decomposed in their in-plane and out-
of-plane component relative to the substrate surface. There-
fore, the study of anisotropic properties in thin films of OSCs
is highly relevant for devices. Examples of uniaxially anisotropic
optical properties in thin films of molecular semiconductors
have been reported in refs."®"*' In these studies, the focus has
been kept mainly on the optical anisotropy of one-component
films, for which transitions at energies equal or above the
fundamental gap (typically around 2 eV) were investigated. In
heterostructures with D/A character, intermolecular inter-
actions can give rise to several new optical transitions located
below the band gap of the pristine materials. For some systems,
an electronic transition from the hybrid HOMO to the hybrid
LUMO in a D/A complex seems to be the origin of at least the
lowest-energy transition.”” If segregation of extended crystal-
line domains containing the D/A complex occurs, one can
expect optical anisotropy of the new, sub-bandgap transitions
as a consequence of the textured alignment of the domains
containing the molecular complex in the film. In the framework
of D/A complex formation in thin films of OSCs, the
anisotropy of new, sub-bandgap optical transitions related to
intermolecular CT has been addressed in a very recent work
that contains a thorough study of the effects of CT interactions
in the binary mixtures of perylene core-based OSCs.>® There,
the materials employed exhibit very similar molecular size;
however, the intensity of the new transitions relative to those
above the optical gap of the pristine materials was rather low.

In the study presented here, thin films were grown via
vacuum deposition of two D/A couples with varying mixing
ratio in a bulk heterojunction architecture to maximize the
number of donor/acceptor interfaces. For both combinations,
we employed the recently studied FETCNNQ_(also known as
F6-TNAP)** as acceptor; the donor compounds are
diindenoperylene (DIP)*>*” and alpha-sexithiophene
(6T).**> The materials employed exhibit a planar and
elongated shape and differ significantly in length. The donor
molecules were chosen such that it is possible to expect for
them different conformational degrees of freedom (less for
DIP than for 6T). Additionally, because of the relative
alignment of the donor HOMO to the acceptor LUMO, an
energetically favored CT from the donors to the acceptor is
expected (Figure 1). We introduce the idea that a larger
number of conformational degrees of freedom of the molecular
donor leads to an enhancement of thin-film 3D (isotropic)
texturing as well as to partial phase-separation between donor
and acceptor. Remarkably, because of the strong D/A
interaction, we observe for both systems the formation of a
D/A complex with corresponding segregation of D/A
cocrystallites, although they lack long-range order. The
formation of D/A cocrystals is deduced by structural analysis
and confirmed by optical spectroscopy, the latter showing new
electronic transitions in the mixtures related to D/A CT
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Figure 1. Energy levels of frontier orbitals and molecular structure of
DIP, 6T, and F6TCNNQ. The HOMO and LUMO values were
obtained from different references as peak onsets: *ref 31, from UPS
and IPES measurements for standing-up molecules; **ref 11, from
UPS and IPES measurements; ***from ref 32, from UPS measure-
ments for standing-up molecules (the LUMO position of 6T was
calculaggd from its HOMO onset with an estimated transport gap of
2.5 eV>).

interactions within the cocrystals. These bands peak at energies
specific to the material combination. Finally, the correlation of
the optical anisotropy of the new CT transitions with the
orientation of the cocrystallites on the substrate allows one to
conclude that the transition dipole moment (TDM) associated
with the new optical transitions is oriented perpendicular to
the 7-conjugated planes of the face-to-face stacked donor and
acceptor molecules within the complex.

In presenting our results, we first compare X-ray scattering
data for DIP/F6TCNNQ and 6T/F6TCNNQ mixtures,
respectively, with focus on the mixtures in 1:1 M ratio. We
then compare optical absorption spectroscopy data for these
1:1 mixtures with data for the pristine compounds and finally
we focus on the optical anisotropy of the equimolar mixtures.

B EXPERIMENTAL SECTION

F6TCNNQ was purchased from Novaled. DIP was purchased
from Institut fiir PAH Forschung (Greifenberg, Germany). 6T
was purchased from Sigma-Aldrich. FETCNNQ and DIP were
used without further purification, whereas 6T was further
purified via vacuum sublimation. The lengths of the long and
short molecular axis (Figure 1), respectively, have been
extracted from the crystallographic structural data of DIP*
(long axis: distance between terminal hydrogens; short axis:
distance between central hydrogens) and 6T°* (long axis:
distance between terminal hydrogens; short axis: distance
between opposite hydrogens bonded to two adjacent
thiophene rings) using the software Mercury.”> For
F6TCNNQ, the length of the long and short molecular axis,
respectively, has been obtained from a density functional
theory (DFT) calculation (long axis: distance between
terminal nitrogens; short axis: distance between central
fluorines).

Thin films were grown via thermal sublimation in a vacuum
chamber with a base pressure of 2—4 X 107° mbar. As
substrates Si with both a native and a thermal oxide layer (the
latter 121 nm thick) as well as borosilicate glass (Borofloat)
were used. Prior to growth of the organic films, the substrates
were cleaned first with acetone and then with isopropanol in an
ultrasonic bath and immediately dried under a gentle flow of
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N,; the substrates were subsequently heated up to 523 K for 2
h in vacuum before film deposition. During the growth, they
were kept at 300 K. Films of the pristine compounds as well as
DIP/F6TCNNQ_and 6T/F6TCNNQ mixtures in different
mixing ratios were grown. In the mixed films, the molar ratio of
one species with respect to the other was varied by adjusting
the relative growth rates, keeping the total growth rate between
0.15 and 0.3 nm/min. The growth rates were monitored with
two separate quartz crystal microbalances (for donor and
acceptor materials, respectively) calibrated by X-ray reflectivity
for DIP and 6T and by atomic force microscopy (AFM) for
F6TCNNQ. The error on the mixing ratios is estimated to be
+10%.

X-ray surface scattering measurements were carried out at
synchrotron facilities. The data presented were acquired ex situ
at the 107 beamline®® of the Diamond Light Source (DLS,
Oxford, United Kingdom) and at the ID03 beamline of the
European Synchrotron Research Facility (ESRF, Grenoble,
France). Reflectivity (XRR) and Grazing-Incidence (GIXD)
geometries were used to investigate the film structure in the
direction perpendicular (Q,) and parallel (Qy) to the substrate,
respectively. 2D detectors were used for X-ray scattering
measurements: a Pilatus 100K’ at the 107 beamline and a
Maxipix 2 X 2 at the ID03 beamline. The beam energy was 13
keV at 107 and 18 keV at IDO03.

UV—vis—NIR absorption data were collected using two
different instruments in transmission geometry: a Cary 50
UV—vis spectrophotometer (Varian) for spectra with photon
energy down to 125 eV and a Cary 5000 UV-vis—NIR
spectrophotometer (Varian) for the spectra with energy down
to 0.375 eV (because of absorption of the glass,”” information
about the organic films can be extracted only above ~0.5 eV).
Thin films with different D/A mixing ratios were measured
down to 1.25 eV, as shown in the Supporting Information,
Figure S4. Thin films in a mixing ratio of 1:1 as well as the
pristine compounds were measured down to 0.375 eV to show
also the lowest energy transitions.

A Woollam M-2000 spectroscopic ellipsometer with
extended range in the NIR (676 wavelengths in total for a
spectral range between S and 0.75 eV) was used to get
information about the optical anisotropy of the films. The
samples were measured in both transmission and reflection
geometry using the same nominal sample (i.e., same growth
process) grown on Si with both a native and a thermal oxide
layer and on borosilicate glass, allowing for a multisample
analysis.'"” Ellipsometric measurements in reflection were
performed with incidence angles of 45° to 80° in steps of 5°,
and in transmission between 0° and 70° in steps of 5° (angles
are with respect to the substrate normal). Simple transmittance
measurements with polarized light were also performed with
this instrument on the samples grown on borosilicate glass to
increase the robustness of the data fit. Data were analyzed
using the software WVASE.” To account for the top
roughness of the thin films in the ellipsometry fit, we applied
an effective medium approximation (EMA) in our model.

AFM scans were acquired in tapping mode with a
Nanowizard II (JPK Instruments) AFM. Scans are shown in
Figures S7 and S8 and discussed in the Supporting
Information.

B RESULTS AND DISCUSSION

X-ray Scattering. In Figures 2 and 3, X-ray scattering data
of DIP/F6TCNNQ and 6T/F6TCNNQ mixtures on native Si
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Figure 2. (a) XRR and (b) GIXD scans for D/A mixtures with DIP as
donor and F6TCNNQ_as acceptor mixed in different molar ratios.
Vertical dashed lines show the peak attribution: [red] DIP thin-film
polymorph, [blue] DIP low-T or other polymorph, [brown]
F6TCNNQ, and [green] DIP/F6TCNNQ D/A cocrystal. The Miller
indexes of the Bragg peaks for the DIP thin-film polymorph are
shown. The film thicknesses are 23 nm (pristine DIP), 30 nm (4:1),
30 nm (2:1), 14 nm (1:1), 22 nm (1:2), and 31 nm (pristine
F6TCNNQ).

oxide are shown. We distinguish Bragg peaks from the pristine
compounds and Bragg peaks in the mixtures that stem
presumably from a D/A cocrystal. We first focus on the
results for the DIP/F6TCNNQ series. Then, we illustrate the
results for the 6T/F6TCNNQ_series. Bragg peaks found in
XRR and GIXD scans are summarized in Tables S1 and S2 of
the Supporting Information, where we also provide a more
detailed discussion of the X-ray scattering data. From the XRR
scans of the DIP/F6TCNNQ_series (Figure 2a), we see that
Bragg7 peaks characteristic of a standing-up (o) orientation of
DIP” are broadening and then disappearing as the relative
amount of the acceptor FETCNNQ increases in the films. At
the same time, new Bragg peaks arise which do not belong to
pristine DIP. Pristine FOTCNNQ does not exhibit any
significant out-of-plane order; therefore, it is unlikely that the
new peaks stem from segregated F6TCNNQ domains. The
new peaks are attributed to a DIP/F6TCNNQ D/A cocrystal.
In particular, the peak at Q, = 0.67 A™' for the 1:1 mixture
(corresponding to a distance of ~9.4 A in real space) could
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Figure 3. (a) XRR and (b) GIXD scans for D/A mixtures with 6T as
donor and F6TCNNQ as acceptor mixed in different molar ratios.
Vertical dashed lines show the peak attribution: [orange] 6T f
polymorph, [blue] 6T low-T polymorph, [brown] FETCNNQ, and
[green] 6T/F6TCNNQ D/A cocrystal. The Miller indexes of the
Bragg peaks for the 6T low-T polymorph are shown. The film
thicknesses are 24 nm (pristine 6T), 27 nm (3:1), 25 nm (2:1), 72
nm (1:1), 23 nm (1:2), 27 nm (1:5), and 31 nm (pristine
F6TCNNQ).

stem from a highly tilted edge-on orientation of the D/A stacks
within the new cocrystal unit cell, similar to what observed for
a naphtho[1,2-b:5,6-b’]dithiophene/F6TCNNQ_D/A cocrys-
tal introduced recently in ref 40. For the mixtures with excess
DIP, one clearly observes a smoothing effect (enhanced Kiessig
oscillations at low Q, values) compared with the pristine DIP,
as already observed for instance in DIP/Cy, mixtures.*"** As
the amount of F6TCNNQ increases, the films get rougher,
although some weak Kiessig oscillations are still visible. For
pristine F6TCNNQ, the Kiessig oscillations at low Q, are
absent, but the reflectivity curve exhibits a very broad hump,
which might indicate the presence of a wetting FETCNNQ
monolayer on the Si oxide surface.

From the GIXD profiles (Figure 2b), we observe marked
changes as the relative amount of F6TCNNQ_in the films
increases. The peaks stemming from (¢)-DIP tend to broaden
and then disappear in the mixtures with higher relative amount
of FETCNNQ. At the same time, new features appear in the
scans. The most pronounced changes consist of the broad

peaks arising between 1.80 and 1.95 A™' in Q. A new
pronounced peak appears also at 0.49 A™'. We attribute all
these new features to a D/A DIP/F6TCNNQ_cocrystal. The
peak at 0.49 A™!, for example, might stem from the distance
between adjacent inequivalent D/A stacks.”” A number of
additional peaks appear in the region 0.6—1 A™" for the mixed
films. Although an obvious attribution could not be found, an
assignment was attempted based on considerations reported in
the Supporting Information.

We consider now the XRR (Figure 3a) and GIXD (Figure
3b) scans for the 6T/F6TCNNQ series. Similar to the XRR of
the DIP/F6TCNNQ series, the Bragg peaks of standing-up 6T
(present in both low-temperature (LT) and S phase*>**)
broaden and then disappear with increasing relative amount of
F6TCNNQ. The tendency to randomization of the orientation
of the crystalline domains in the mixtures with excess
F6TCNNQ is therefore a common feature of both D/A
systems. In the films with excess 6T, though, we do not
observe any smoothing. The GIXD profiles of the mixtures
from 3:1 to 1:1 show that the (41—1) Bragg peak gets stronger.
Also, in the GIXD of the 1:1 mixture, the (400) peak of the 6T
LT phase appears. The presence of these features in the in-
plane scans indicates that even in the equimolar blend, 6T
tends to segregate in crystalline domains that have a more
random orientation compared with pristine 6T films as the
content of F6TCNNQ_ increases, an effect which was not
observed in the DIP/F6TCNNQ series. In the 6T/F6TCNNQ_
series it is also possible to observe the development of new
peaks in the region Q; = 1.80—1.95 A™', together with a new
peak at 0.67 A™". Therefore, for 6T/F6TCNNQ, one can also
deduce the formation of D/A cocrystals.

The new features in the GIXD scans appearing at similar
values of Q between 1.80 and 1.95 A™" for both series of
mixtures likely stem from crystallographic directions vicinal to
or coincident with the 7—n donor—acceptor stacking direction,
as illustrated in the Supporting Information by comparison of
some GIXD scans with the powder diffraction patterns of
known D/A compounds (Figures S2 and S3). We therefore
suggest that both DIP/F6TCNNQ and 6T/F6TCNNQ_pairs
form D/A stacks, which usually results in some degree of CT
interaction as observed for other D/A pairs.45_48

In Figure 4, we show the reciprocal space maps (i.e., full
diffraction patterns) measured for DIP/F6TCNNQ (100 nm)
and 6T/F6TCNNQ (72 nm) 1:1 mixtures. Overall, the
diffracted intensity from the D/A cocrystal features appears in
the Q-space as either elongated spots with some angular
distribution or as Debye—Scherrer rings. The elongated spots
for DIP/F6TCNNQ_(Figure 4a) indicate a mostly uniaxial
arrangement of the molecular D/A crystalline domains (i.e., in
the fashion of a 2D textured powder) although with some
mosaicity on the order of ~40° (see angular distribution of the
integrated intensity of the diffraction features ascribed to the
respective cocrystals in the Supporting Information, Figure.
S1). The intensity of the diffraction features with Q = 1.80—
1.95 A" (corresponding in real space to a z—x stacking
distance of 3.5—3.2 A) is mostly concentrated in the region of
low Q, near the total reflection edge of the samples. This
indicates that the direction of the 7—x stacking of the D/A
molecular components is roughly parallel to the substrate
plane. For 6T/F6TCNNQ _(Figure 4b), the diffraction features
with Q = 1.80-1.95 A™' appear as diffraction rings of
uniformly distributed intensity; therefore, it is not possible to
deduce a preferred orientation of the z-stacking direction with
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Figure 4. Reciprocal space maps of (a) DIP/F6TCNNQ_(thickness:
100 nm) and (b) 6T/F6TCNNQ_(thickness: 72 nm) 1:1 mixtures
grown on native Si oxide. Color bars in logarithmic scale. Dashed lines
indicate Debye—Scherrer rings whose total Q corresponds to the
GIXD peaks in Figures 2b and 3b respecting the same color code. For
the 6T/F6TCNNQ_1:1 mixture, the diffraction feature exhibiting a
maximum at Q ~ 0.73 A1 Q, ~ 0.62 A" and marked “CC” is also
assigned to the cocrystal, but its component along the Q, = 0 A™
direction is too weak and therefore it is not marked in the
corresponding GIXD scan of Figure 3b.

respect to the substrate plane for this system. However, the
elongated spot at Q ~ 0.73 A™!, Q, ~ 0.62 A™" assigned to the
cocrystal (marked with “CC”) indicates some preferred
orientation. Because of the lack of knowledge about the crystal
structure of the two D/A complexes, indexing of the Bragg
peaks is prohibitive. Overall, we conclude that DIP/
F6TCNNQ_ cocrystallites have a tendency for 2D powder-
like texture with large mosaicity, whereas 6T/F6TCNNQ
cocrystallites have a tendency for 3D powder arrangement. We
explain this effect invoking additional degrees of freedom of
the longer 6T molecule (e.g,, flexibility as in the case simulated
for para-sexiphenyl”” or interannular torsion angles”)
compared with the shorter and stiffer DIP: this might involve
a high concentration of defects incorporated in a growing 6T/
F6TCNNQ molecular layer, rendering the growth of the
subsequent layers more disordered and isotropic. Note that
this mechanism can explain also the absence of film smoothing
for the 6T/F6TCNNQ_ mixtures with nominal excess of 6T
compared with the DIP/F6TCNNQ mixtures with nominal
excess of DIP, where smoothing is observed (Figures 2a and

3a). However, such explanation is still on the level of
hypothesis, which is intrinsically hard to prove.

Diffraction features belonging to crystallites of the pristine
donor DIP are virtually absent in the reciprocal space map of
the DIP/F6TCNNQ 1:1 mixture, whereas for the 6T/
F6TCNNQ 1:1 mixture, one can clearly recognize the features
of pristine 6T crystallites (FeTCNNQ_in pristine films is only
weakly crystalline and we do not observe diffraction stemming
from segregated FETCNNQ domains in the mixed films closer
to a 1:1 mixing ratio). We speculate that for 6T/F6TCNNQ
the difference in free energy between D/A cocrystallites and
phase-separated domains of the pristine compounds is rather
small because of the conformational degrees of freedom of 6T
as highlighted above. Therefore, kinetic effects*? and
inhomogeneities in the surface potential landscape, for
example, defects, might play a dominant role in determining
which phase nucleates locally. The deduced structure and
mixing behavior in the D/A mixtures of the compounds
studied here is sketched in Figure S.

B LT

c) 61 .4

/ i, Wy
e N, V7

g S 7

| AIAIAANTIAL
AN

b) Fe6TCNNQ #

TN
DIP: FETCNNQ 1:1

6T: FETCNNQ 1:1

Figure S. Sketches of the structure of the pristine compounds and D/
A mixtures in thin films on native and thermal Si oxide. (a) DIP,
standing-up. (b) FETCNNQ, no long-range crystalline order. (c) 6T,
standing up, with f phase and low-T phase exhibiting different tilt
angle of the long molecular axis with respect to the substrate plane.
(d) DIP/F6TCNNQ 1:1, homogeneous distribution of D/A
cocrystals. (e) 6T/F6TCNNQ_1:1, more pronounced 3D powder-
like texture (gray box); partial phase separation of pristine 6T and
F6TCNNQ_ (orange and blue boxes) and randomly oriented 6T
domains (blue box).

UV—Vis—NIR Absorption Spectroscopy. In Figure 6, we
present the in-plane extinction coefficient k,, obtained from
transmission measurements in the UV—vis—NIR region for the
pristine compounds as well as for 1:1 mixtures grown on
borosilicate glass. Note that because of the normal incidence of
the beam, only the in-plane component of k is probed.

The optical spectra of both equimolar mixtures exhibit
highly convoluted profiles in the region above ~2 eV, which
cannot be trivially reproduced by a linear combination of the
spectra of the pristine compounds. For DIP/F6TCNNQ _1:1,
the maximum is located around 2.4 eV, whereas for 6T/
F6TCNNQ 1:1, it is located approximately at 2.8 eV. Both
types of mixtures exhibit new absorption bands that lie
energetically below the optical gaps (here considered as the
first absorption maximum) of the pristine materials. The
position and integrated intensity of all new absorption bands
for both material combinations are summarized in Table 1. It is
possible to fit three new peaks for the DIP/F6TCNNQ 1:1
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Figure 6. In-plane extinction coefficient of (a) DIP (25 nm),
F6TCNNQ (13 nm), and DIP/F6TCNNQ 1:1 (103 nm) and (b) 6T
(24 nm), F6TCNNQ (13 nm), and 6T/F6TCNNQ 1:1 (23 nm), all
samples grown on borosilicate glass. The insets show Lorentzian fits
to the new CT transitions in the 1:1 mixtures: sub-bandgap
transitions (green), transitions above the gap of the pristine materials
(blue), global fit (magenta). The spectral portions measured with two
different instruments are reported with some overlap around 1.5 eV.
The downward bending of the spectral profiles of the pristine donor
compounds around 1.5 eV is an artifact due to the grating and
detector changeover in the spectrometer. Note that the magnitude of
k,, for DIP*"** and for 6T>"** compares very well with the literature.

mixture and four for the 6T/F6TCNNQ_1:1 mixture arising
below the band gap of the pristine compounds (Figure SS).
The shape, position, and relative cross sections of the new
sub-bandgap absorption features are specific to the respective
D/A system. We assume that all these new transitions are
related to excited-state CT interactions. There is usually a close
relationship between CT interactions in the excited state, as
probed by UV—vis—NIR absorption, and ground-state CT
interactions. To quantify the degree of CT in the ground-state
in D/A cocrystals, vibrational spectroscopies like Raman
scattering can be used:**™*° results from Raman scattering
for the two systems studied here are reported in the
Supporting Information. However, a detailed explanation of
the mechanisms that govern D/A interactions as well as a
quantitative determination of the degree of CT go beyond the
scope of this work. Some general considerations may
nevertheless help understanding qualitatively the observed

Table 1. Energy Position and Integrated Intensity of the
New Sub-bandgap Absorption Peaks in DIP/F6TCNNQ
and 6T/F6TCNNQ 1:1 Mixtures”

mixture energy (eV) integr. intensity (107%)
DIP/F6TCNNQ 0.97 1.5
1.33 2.7
1.76 0.5
6T/F6TCNNQ 0.61 1.5
0.78 2.0
1.49 0.5
2.15 1.2

“The data were fitted using a sum of Lorentzian curves (Figures 6a,b
and S5).

spectral features. In general, upon the formation of a D/A
complex, the molecular orbitals of the isolated donor and
acceptor are coupled to each other to some extent and
therefore experience a perturbation in their shape and energy.
Signatures of this coupling in optical spectra are (a) changes of
the spectral profile above the optical gap of the pristine
materials which cannot be reproduced by combination of the
optical functions of pristine donor and acceptor according to
effective medium models;”” (b) appearance of new transitions
located below the optical band gap of the pristine
materials.">'**”® For the two D/A systems studied in this
work, case (b) is evident. Keeping the acceptor material fixed
(F6TCNNQ_ in our case), the characteristics of the new
transitions depend on the energy and shape of the donor
orbitals and on the details of the D/A coupling. These features
differ significantly in DIP/F6TCNNQ_ compared with 6T/
F6TCNNQ. Indeed, as seen from Figure 1, the long molecular
axis of DIP is ~30% longer than that of FETCNNQ, whereas
6T is rou(%hly twice the length of FETCNNQ. Some DFT
studies®”®” of the free energy of isolated CT complexes as a
function of the adsorption geometry (e.g., relative shifts along
the molecular backbone) showed that there is only one
absolute conformational minimum, although several local
minima are calculated. In our study, the 6T/F6TCNNQ
complex might be present in more than one conformation
because of nonequilibrium kinetic effects. Additionally, in
ref 59, it is reported that the coupling of the 6T HOMO with
the FATCNQ LUMO determines the HOMO—-LUMO gap for
the minimum-energy conformation of the 6T/F4ATCNQ CT
complex. The isotropic texture of the 6T/F6TCNNQ
crystallites and the substructure of the strong lowest-energy
optical transition in the 1:1 mixture seem to agree with the
presence of several conformations of the D/A complex.

Despite the intrinsic complexity of D/A coupling in
molecular materials, in the framework of molecular doping,
we conclude that the origin of the lowest energy absorption
feature observed for the DIP/F6TCNNQ (0.97 eV) and the
6T/F6TCNNQ_ (0.61 eV) 1:1 mixtures resides in the
transition of one electron from a strongly hybridized HOMO
to a strongly hybridized LUMO of the new D/A supra-
molecular complex.'”"* We assume that the new transitions
observed for these two D/A couples do not stem from fully
ionized donor and acceptor species because there are no clear
spectral signatures of the DIP cation (Figure S6) or 6T
cation®! together with the FETCNNQ anion.'' Therefore, the
two material combinations studied here seem to belong to the
category of D/A pairs of molecular semiconductors exhibiting
partial CT in the ground state.
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Ellipsometry. From X-ray scattering data, an overall 2D-
texturing of the D/A cocrystallites in the 1:1 mixtures of both
systems was deduced, with a more pronounced tendency to
3D-texturing for 6T/F6TCNNQ_than for DIP/F6TCNNQ.
Now, we investigate the uniaxial anisotropy of the new CT
transitions using spectroscopic ellipsometry. In Figure 7, the
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Figure 7. In-plane (k,,) and out-of-plane (k,) component of the
extinction coefficient obtained from ellipsometry for (a) DIP/
F6TCNNQ 1:1 (103 nm) and (b) 6T/F6STCNNQ 1:1 (23 nm)

mixtures grown on Si oxide.

results for the in-plane and out-of-plane component of the
extinction coefficient for DIP/F6TCNNQ and 6T/
F6TCNNQ_ 1:1 mixtures are shown. The results for the
refractive index are reported in Figure S9. Because of the
experimental setup, the spectral range of ellipsometric
measurements is more restricted than for optical absorption
measurements.

We modeled the ellipsometric data using a multisample
analysis."” For the DIP/F6TCNNQ 1:1 sample, we used the
films deposited on native and thermal Si oxide; for the 6T/
F6TCNNQ 1:1 sample, we used the films deposited on native
Si oxide and borosilicate glass. The roughness of the organic
film is accounted for by including an EMA layer. The choice of
the model was guided by AFM scans of the film surface, as
detailed in the Supporting Information. From Figure 7, the
anisotropy of the optical transitions becomes apparent. In the
region above ~2 eV, the relative magnitude between k,, and k,

is different for the two D/A systems, respectively. For the DIP/
F6TCNNQ 1:1 film, the in-plane component is stronger across
almost the whole spectrum. For the 6T/F6TCNNQ _1:1 film,
in the same spectral region there is barely any difference
between the two components. In the region where the new CT
transitions are more clearly visible (i.e., E < 2 eV) the in-plane
component is larger than the out-of-plane component for both
mixtures, an exception being the weak band of DIP/
F6TCNNQ at 1.76 eV. However, in the 6T/F6TCNNQ 1:1
mixture, the spectral shapes of the two components are very
similar down to the partially visible lowest-energy transition.
Conversely, k,, in the DIP/F6TCNNQ_1:1 mixture exhibits
pronounced maxima, whereas k, is nearly flat. Overall, the
optical anisotropy in the DIP/F6TCNNQ 1:1 mixture is more
pronounced than in the 6T/F6TCNNQ 1:1 mixture, which is
in agreement with the conclusions from X-ray scattering. The
results for DIP/F6TCNNQ 1:1 on glass are in general
agreement with the UV—vis—NIR absorption measurements
(Figure S10).

For the more uniaxially anisotropic DIP/F6TCNNQ_ 1:1
mixture, we concluded from X-ray scattering that the direction
of the D/A m-stacking within the cocrystallites is roughly
parallel to the substrate plane. In the present section, we saw
that the in-plane component of the new CT transitions is
stronger than the out-of-plane component. Therefore, we
conclude that the CT-associated TDM must be along the 7-
stacking direction, as already suggested for the weakly
interacting D/A couple DIP/PDIR-CN2.23 This can be
qualitatively explained by the strong CT between donor and
acceptor molecules that allows strong dipoles in both the
ground state and the excited state along the n-stacking
direction (Figure 8). Although the 6T/F6TCNNQ 1:1 mixture
does not exhibit a degree of structural anisotropy that allows
one to make conclusions about the direction of the D/A z-
stacking with respect to the substrate plane, an analogous
picture for the orientation of the TDM seems likely.

'
|

|

| |
|

|
|

substrate ’

Figure 8. Sketch of the donor (D)/acceptor (A) z-stacking direction
and CT TDM oriented mostly parallel to the substrate for edge-on
orientation. Leading to a stronger in-plane component of the CT-
related optical transitions. The “5*/~ depict the partial CT of an
electron from the donor to the acceptor in the ground state. The
dashed ellipsoids drawn inside the molecules represent the -
conjugation. The vertical dashed lines indicate the long molecular
axis. The yellow arrow indicates both the z-stacking direction and the
CT TDM.
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B CONCLUSIONS

In conclusion, we studied two novel D/A systems of small-
molecular OSCs, namely, DIP/F6TCNNQ and 6T/
F6TCNNQ. We speculate that the differences in the crystalline
texture and phase-composition between DIP/F6TCNNQ and
6T/F6TCNNQ equimolar mixtures, respectively, can be
ascribed to the different conformational degrees of freedom
of the donors. Formation of a D/A cocrystal is observed for
both systems: one main driving force for cocrystal formation is
the strong CT interaction between the donor and acceptor
because of the energy difference between HOMO and LUMO
levels. The strength of the CT interaction for these systems is
further evidenced by optical absorption measurements that
reveal pronounced, low-energy absorption features in the D/A
1:1 mixtures which are absent in the pristine compounds. For
the more uniaxially ordered DIP/F6TCNNQ_ 1:1 mixture,
study of the optical anisotropy reveals that the in-plane
component of the extinction coefficient of the new CT
absorptions is stronger than the out-of-plane component. For
the 6T/F6TCNNQ 1:1 mixture exhibiting a mostly 3D
powder-like texture, the optical anisotropy is less pronounced.
This supports a picture in which the CT TDM is oriented
along the D/A 7-stacking direction. We suggest such a scenario
to be rather general for D/A pairs of planar molecular
semiconductors forming supramolecular complexes. In addi-
tion, the two D/A pairs studied here constitute an example of
strong CT complexes that by virtue of their low-energy
transitions might be employed as technologically relevant
materials such as light-harvesters for NIR detectors.
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