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We investigate blended donor:acceptor (D:A) thin films of the two donors diindenoperylene (DIP) and
poly(3-hexylthiophene) (P3HT) mixed with the strong acceptor 1,3,4,5,7,8-hexafluorotetracyano-
naphthoquinodimethane (FeTCNNQ) using Polarization-Modulation Infrared Reflection-Absorption
Spectroscopy (PMIRRAS). For DIP:FsTCNNQ thin films we first carry out a comprehensive study of the
structure as a function of the D:A mixing ratio, which guides the analysis of the PMIRRAS spectra. In
particular, from the red-shift of the nitrile (C=N) stretching of FsTCNNQ in the different mixtures with
DIP, we quantify the average ground-state charge-transfer (GS-CT) to be pa,g = (0.84 + 0.04) e. The
PMIRRAS data for P3HT:FsTCNNQ blended films reveal nearly the same shift of the CT-affected C=N
stretching peak for this system. This points towards a very similar CT strength for the two systems. We
extend the analysis to the relative intensity of the C=N to the C=C stretching modes of FsgTCNNQ in
the mixtures with DIP and P3HT, respectively, and support it with DFT calculations for the isolated
FsTCNNQ. Such comparison allows to identify the vibrational signatures of the acceptor mono-anion in
P3HT:FsTCNNQ, thus indicating a much stronger, integer CT-type interactions for this system, in
agreement with available optical spectroscopy data. Our findings stress the importance of a simultaneous
analysis of C=N and C=C stretching vibrations in FeTCNNQ, or similar quinoid systems, for a reliable
picture of the nature of GS-CT interactions.
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1 Introduction

Organic semiconductors (OSCs) can be divided into two categories:
polymers and small molecules. For both material classes, mole-
cular doping has been realized, namely, admixture of small
percentages of a molecular material to the host matrix (typically
not more than 10% in molar ratio) in order to increase the
electrical conductivity." Knowledge of the details of intermolecular
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interactions allows therefore to design and choose suitable
material combinations in order to achieve the desired doping
efficiency.”

With molecular electrical doping, the molar ratio between
the host material and the dopant is relatively high, therefore
the theoretical number of donor:acceptor (D:A) complexes
possibly forming is correspondingly small. A possibility to
increase the number of D:A complexes in order to study, for
instance, weak spectroscopic effects, is to employ a so-called
bulk heterojunction architecture® blending two molecular
materials in a ratio close to equimolarity. In this case, the
number of D:A complexes that can possibly form is maximized.
Such an architecture usually has a strong effect on the optical
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properties of the film” and the impact on its crystalline structure
is much stronger than in molecular electrical doping.®’

In many cases, formation of a D:A complex involves some
degree of charge-transfer (CT) interactions between donor and
acceptor material already in the ground-state (GS). In ref. 10, it
was shown that for several TCNQ salts there is a linear relation-
ship between the position of the highest-frequency infrared-
active C=N-stretching mode of TCNQ and the degree of
fractional GS-CT of the salts, which had been estimated with
independent methods. This relationship is used to trace a
calibration curve for the quantification of the GS-CT degree
for several other TCNQ salts. Other vibrational modes of TCNQ-
derived compounds associated with hexo-cyclic C=C stretch-
ing have been shown to be sensitive to the degree of GS-CT
since they are also strongly involved in the quinoid-to-
benzenoid molecular deformation that accompanies the ioni-
zation process'™'”> which might result from the interaction
with a donor compound. This approach based on Fourier-
Transform Infrared (FTIR) spectroscopy has been used to
study several other CT salts in form of macroscopic single
crystals.”>° A prerequisite is the knowledge of the CT-affected
peak position in the zero-CT/neutral and the integer-CT/ionized
states, respectively.

Measurement of the GS-CT degree by means of FTIR spectro-
scopy, often with the aid of Density Functional Theory (DFT)
calculations, has been extended to thin films of organic semi-
conductors. Both polymers®* ™ as well as molecular semi-
conductors®®° have been blended with other small-molecular
components. Here, we investigate thin films of thickness
between ~10 and 20 nm containing DIP or P3HT blended with
FsTCNNQ as D:A systems for which a driving force for GS-CT
from donor to acceptor is expected according to the relative
energy level alignment (Fig. 1). We use an approach which is not
limited to the common analysis of the red-shift of the C=N
stretching, but extends to consider other types of vibrations,
particularly C=C stretching, and their relative intensity with
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Fig. 1 Molecular structure and energy levels of the compounds used in
this work. The HOMO and LUMO values were obtained from different
references: HOMO of DIP from ref. 3; LUMO of FgTCNNQ from ref. 4;
HOMO of P3HT from ref. 5.
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respect to the C=N stretching. Interpretation of the experimental
data is guided by DFT calculations on isolated FsTCNNQ.

We start by characterizing the structure of DIP:Fs,TCNNQ
blends in different mixing ratios as a guide for the unambig-
uous interpretation of the FTIR-PMIRRAS spectra for this
system. Next, we address effects of GS-CT interactions on the
spectral shape and position of several types of vibrations for
F¢TCNNQ, and we measure the amount of GS-CT in the DIP:
FsTCNNQ complex. Finally, we show a comparison between the
PMIRRAS spectra for DIP:FeTCNNQ and P3HT:F,;TCNNQ,
respectively. The experimental data serve as an example to
stress the importance of analyzing several types of vibrations
with the support of DFT calculations in order to obtain a
reliable picture of the actual strength of GS-CT interactions in
these and similar D:A systems.

2 Experimental

FsTCNNQ was purchased from Novaled. DIP was purchased
from the Institut fiir PAH Forschung (Greifenberg, Germany).
P3HT was purchased from Sigma. Si wafers covered by a
~200 nm thick Au layer were used, on which an additional Si
oxide (SiO,) layer of ~12 nm thickness has been deposited via
Plasma-Enhanced Chemical Vapor Deposition (PECVD), similarly to
ref. 31 and 32. We coated the Au substrates with SiO, in order to
prevent interaction of the molecular components with the Au
surface, which might induce a change in molecular orientation®
as well as perturb the electronic structure at the metal-organic
interface.®* Additional details on the substrate preparation and
characterization are reported in the ESL}

Thin films were grown on the Au/SiO, substrates via Organic
Molecular Beam Deposition (OMBD) in a vacuum chamber with
a base pressure of 3 x 10~® mbar. Prior to growth of the organic
films, the substrates were cleaned first with acetone and iso-
propanol in an ultrasonic bath and dried under N,. The
substrates were heated up to ~500 K for 2 hours in vacuum
in order to remove possible residuals of solvent.

Films of the pristine compounds as well as DIP: Fs,TCNNQ
mixtures in different mixing ratios were grown by co-evaporation
up to a thickness around 20 nm at a substrate temperature of
300 K. The total growth rate was kept between 0.1 nm min " and
0.3 nm min " for all samples. The growth rates were monitored
with two separate quartz crystal microbalances for donor and
acceptor material, respectively, calibrated by X-ray reflectivity for
DIP and by Atomic Force Microscopy for F;,TCNNQ both on native Si
oxide, with an error on the mixing ratios of £10%.

A pristine P3HT film as well as P3HT:FsTCNNQ blends were
prepared via spin coating on the Au/SiO, substrates. Both
compounds were dissolved in chloroform, where 10.4 mg P3HT
and 2.3 mg of FyTCNNQ, respectively, were added to 3.5 ml of
solvent. The FsTCNNQ solution was stirred at 55-60 °C for at least
24 hours. Two solutions in 5: 1 P3HT: F;,TCNNQ molar ratio were
prepared. The first solution was mixed 30 minutes before the
spin-coating process, whereas the second was mixed 72 hours.
Another solution in molar ratio 2:1 was prepared and mixed
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30 minutes prior to spin-coating. Note that the molar ratios are
defined as [moles of thiophene monomers]: [moles of FsTCNNQ
molecules]. For the thin film deposition, 50 ul of the desired
solution were spin-coated at 800 rpm for 40 s, which resulted in
less than 10 nm thickness of the organic films.

X-ray scattering experiments in grazing-incidence were per-
formed at the ID10 beamline of the European Synchrotron
Research Facility (ESRF, Grenoble, France).

PMIRRAS experiments were performed on a Vertex 70 infra-
red spectrometer equipped with a PMA 50 unit (Bruker)
that allows measurements in reflection geometry. A half-wave
retardation of 2200 cm ™" was set and the angle of incidence
was 80°. Spectra were acquired with 4 cm™" resolution averaging
10° scans, allowing the measuring chamber to be purged with
dry air for 15 min prior to starting the measurement. The
infrared beam is initially p-polarized by a grid polarizer (Specac)
and the polarization is periodically changed between p and s
with a frequency of 50 kHz by a ZnSe photoelastic modulator
(Hinds Instruments). The difference between the reflectivity of
the s- and p-polarized incident beam, respectively, is measured
using a SR830 DSP lock-in amplifier (Stanford Instruments) and
normalized by the average reflectivity.

We observe that, for our system constituted by an organic
film on Au/SiO,, the reflectance is still high and the surface
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selection rules for IR spectroscopy on conductive substrates
maintain their general validity.®* According to the surface
selection rules, only vibrational modes that have a component
of their transition dipole moment perpendicular to the metal
surface can be observed.*®

3 X-ray scattering

It is important to first analyze the structure of the thin films as
a function of the DIP:F,TCNNQ mixing ratio in order to
investigate the formation of a D:A complex and possible
changes in molecular orientation in the mixtures with respect
to the pristine films.®

In Fig. 2 we show reciprocal space maps of the different
DIP:F,TCNNQ mixtures and of the pristine compounds. From
Fig. 2a (pristine DIP) diffraction features stemming from the
DIP thin-film phase in an upright-standing (o) orientation can
be seen, as marked by the small white circles. These features
fade away and gradually disappear as the relative amount of
FsTCNNQ in the blends increases. The uniaxial alignment of
the DIP crystallites in the pristine film is less pronounced than
for films grown on native Si oxide,®” an effect that can be
attributed to the substrate roughness*® (see ESIY).

E6TCNNQ

1.4

Q, (A" Q, (A"

Fig. 2 Reciprocal space maps of DIP: FeTCNNQ blends in varying mixing ratios grown on Au/SiO, substrates. The diffraction features, that are expected
to be most intense for the thin film phase of DIP in g-orientation, are indicated as white circles with a diameter proportional to the intensity. For pristine
DIP, Miller indexes of the corresponding truncation rods according to ref. 35 are shown. The dashed curved lines indicate specific diffraction features as
follows: white, (001) Bragg peak for the DIP thin film polymorph; brown, pristine FeTCNNQ; green, DIP:FsTCNNQ co-crystal. The uniform diffraction ring

with a total Q value of 0.71 A~ comes from a Kapton window in the setup.
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Going from Fig. 2b (4:1 mixture) to Fig. 2e (1:2 mixture)
several observations can be made. First, it is possible to
recognize a ring-like diffraction feature (white dashed circle)
with Qor ~ 0.38 A™* corresponding to the (001) Bragg peak of
randomly oriented DIP crystallites, in which a significant por-
tion of the molecules exhibit their long molecular axis roughly
parallel to the substrate surface, i.e. they tend to a lying-down
(%) orientation. Additionally, new diffraction features arise in
the maps that we assign to the DIP:FsTCNNQ co-crystal*® (green
dashed circles). The degree of long-range order of the co-crystal
varies considerably depending on the D:A mixing ratio. In
particular, the features indicating a crystalline phase become
clearer only starting from the 1:1 film towards increasing
F¢TCNNQ content.

For the 1:4 mixture in Fig. 2f, the diffraction features from
the co-crystal are strongest. This seems to point towards a
complex phase-nucleation scenario in which exceeding FsTCNNQ
is necessary to thermodynamically favor co-crystal nucleation, as
it has been already observed for mixtures of organic conjugated
molecules in solution.*® The position and relative intensity of the
co-crystal features correspond to our findings for this D:A system
on native Si oxide,* in particular with the diffraction features
with Q; ~ 1.80-1.95 A~ that stem from a n—r stacking distance
of 3.5-3.2 A between the conjugated cores of D and A. Therefore,
a tilted edge-on orientation for the DIP:FsTCNNQ supramolecular
complex on the substrate is deduced. The DIP:FsTCNNQ
co-crystallites are overall uniaxially oriented, although with a
pronounced mosaicity of ~+15° estimated from the intensity
being spread along the Debye-Scherrer ring of the strongest
co-crystal diffraction feature with Q. ~ 0.86 A1, Note that the
(001) diffraction ring of DIP in A-orientation disappears due to
the large molar excess of Fs,TCNNQ, which hinders nucleation
of a sizable amount of DIP crystallites.

In pristine FsTCNNQ (Fig. 2g) only one weak diffraction
feature with Qi & 0.88 A™' (brown dashed circle) is visible,
pointing towards the coexistence of only few crystallites with
amorphous domains. This feature does not match with any
feature of the recently published single-crystal structure of
F¢TCNNQ,*" therefore it must stem from its thin-film phase
(see ESIt). Note that this weak diffraction ring might largely
overlap with the broadened spot of the co-crystal at Qi = 0.86 At
in the mixtures with excess F;,TCNNQ. Therefore, the presence
of phase-separated F,TCNNQ domains in both crystalline and
amorphous state in such mixtures seems likely.

We produced also a “planar” D:A heterointerface by depos-
iting DIP directly on top of the FsTCNNQ islands (this sample is
denominated “DIP on F¢TCNNQ”). In contrast to blended
films, this architecture allows to “artificially” obtain segregated
DIP and FsTCNNQ domains, minimizing the number of inter-
faces between the two materials. For this sample (Fig. 2h), DIP
exhibits a more random orientation compared to the pristine
film, as evidenced by the several diffraction features with nearly
ring-like shape. Correspondingly, the (001) diffraction ring with
Qe ~ 0.38 A 1is strong, and the intensity of the diffraction
ring with Q¢ ~ 1.5 A™* corresponding to the (0 2 0) reflection
of DIP becomes higher near Q; ~ 0.2 A™". This indicates the
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presence of DIP domains exhibiting a nearly Z-orientation.*?
Only weak diffraction features of the co-crystal are recogniz-
able, mainly the rings with Q. ~ 0.48 A™ and Qo ~ 0.86 A7,
the latter being probably overlapped with the stronger diffraction
ring from pristine F;TCNNQ at Qy; &~ 0.88 A~". We conclude that
for DIP on FsTCNNQ there are some D:A co-crystallites forming at
the D:A interface but, due to the planar architecture, their
relative amount is largely outweighed by the domains of the
pristine compounds.

4 Infrared spectroscopy

Here we analyze FTIR-PMIRRAS spectra measured for the
DIP:FsTCNNQ blends presented above. We focus on D : A mixing
ratio-dependent relative intensity changes of resonance peaks
and their shifts. We discuss such observations in terms of three
distinct factors. First, we point out the effect of molecular
orientation. Second, we consider the effect of GS-CT interactions
between DIP and F¢TCNNQ. Third, we take into account solvent-
shifts. We divide the discussion between two spectral ranges.
First we analyze the range ~1350-1700 cm " where the strongest
vibrations are found that include C=C stretching for both mole-
cules, and also in-plane C-H bending for DIP. Secondly, we analyze
the range ~2180-2240 cm™ " where the C=N stretching modes for
F¢TCNNQ are found.

Subsequently, we analyze the C=N stretching region for
FesTCNNQ in mixtures with P3HT and, finally, we give an
overview of the spectra for P3BHT:FsTCNNQ mixtures in the full

range from ~1350 cm™ " to ~2250 cm ™.

4.1 C=C stretching region in DIP:FTCNNQ

The PMIRRAS spectra are shown in Fig. 3 for the region
1300-1750 cm™!, where vibrational modes are located that
include C=C stretching and C-H in-plane bending for DIP
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Fig. 3 PMIRRAS spectra of DIP:FgTCNNQ mixed films and pristine
compounds in the region of the skeletal C=C stretching and in-plane
C—-H bending modes. The brown (red) vertical lines mark the strongest
modes of pristine FsTCNNQ (DIP) at 1396.5, 1553 and 1640 (1449.5) cm™.
The red squares mark two modes stemming from DIP in a more lying-
down configuration.
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and endo- and hexo-skeletal C—=C stretching for FsTCNNQ.
Starting from pristine DIP, the spectra gradually change into the
spectrum of pristine F,TCNNQ, which qualitatively confirms the
nominal mixing ratios.

The strongest resonance of DIP is located at 1449.5 cm™
and is marked in Fig. 3 by a vertical dashed red line. According
to our DFT calculations (see ESIf), this breathing mode has By,
parity and consists only marginally of C—C stretching vibrations of
the DIP skeleton; indeed it features mostly in-plane C-H bending of
the hydrogen atoms located on the indeno-groups, and has a
transition dipole moment (TDM) parallel to the long molecular
axis. The weak low-energy shoulder of this peak at 1442.0 cm ™" in
pristine DIP is not expected from DFT calculations and is
therefore attributed to a Davydov splitting of the strongest DIP
mode at 1449.5 cm ™ *. For the 1:2, 1:4 and DIP on FgTCNNQ
samples, this shoulder substantially gains oscillator strength
relative to the component at 1449.5 cm™'. Also, in these
mixtures an additional peak at 1474.0 cm™ ' appears with its
shoulder at 1482.5 cm™'. Both features are predicted by DFT
and mostly involve in-plane C-H bending of the bonds located
on the indeno-groups as well as on the perylene core.

The low-energy Davydov component of the strongest DIP
mode at 1449.5 cm™ " and the additional peak at 1474.0 cm™"
are marked by a red square in Fig. 3. These features become
stronger relative to the others in the mixtures with FsTCNNQ
due to a change in the average orientation of the DIP molecules
(see ESIt). In the blended films, DIP is embedded either in
pristine crystallites or in D:A co-crystallites with FsTCNNQ.
From the X-ray scattering data in Fig. 2 we have seen that the
pristine DIP crystallites undergo an orientational transition,
with a sizable portion of DIP molecules exhibiting a nearly
J-orientation. For the DIP molecules embedded in the co-crystal
unit cell, a possible edge-on configuration with a pronounced
tilting towards the substrate®® together with the mosaicity of
the co-crystallites (Fig. 2f) imply that a high portion of DIP is
oriented roughly parallel to the substrate surface. These scenarios,
together with the surface selection rules for IR spectroscopy in
reflection geometry on conductive substrates, can fully explain the
changes in relative intensities of the DIP vibrational modes
discussed above.

An important observation from Fig. 3 is the red-shift of the
strongest FsTCNNQ modes when going from pristine FsTCNNQ
(or DIP on FsTCNNQ) to the bulk heterojunctions. The weaker
peaks at 1424 cm™ " and 1461 cm ™' in pristine F,TCNNQ do not
shift significantly in the bulk mixtures, with the former peak
almost overlapping with a resonance of DIP. This red-shift of the
strongest F,TCNNQ resonances is attributed to GS-CT interactions
in the DIP:F6TCNNQ co-crystal. The position of these peaks
(Table 1) varies only slightly in the mixtures because some amount
of co-crystal is always present, but the environment surrounding
each crystallite changes slightly depending on the mixing ratio. We
recall that, for the mixed films, the presence of D:A co-crystallites is
evidenced by X-ray diffraction (Fig. 2b-f).

In F,TCNQ single crystals, the hexo-skeletal C—C stretching
is heavily affected by GS-CT interactions.'> For FsTCNNQ,
our DFT calculations suggest a different scenario. The three

1
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Table 1 Position of FsTCNNQ FTIR peaks in the pristine film and in the

mixtures, the latter expressed as DIP:FsTCNNQ molar ratio. All peak
positions given in cm™*

F¢TCNNQ 1:4 1:2 1:1 2:1 4:1

1553.0 1544.0 1544.0 1543.5 1544.0 1545.5
1640.0 1633.5 1633.5 1632.5 1629.0 1628.0
1396.5 1389.5 1390.0 1391.0 1391.0 1392.0

1 1

strongest modes indicated above at 1396.5 ecm™ ", 1553 cm
and 1640 cm " are mostly constituted by endo-skeletal C—=C
stretching vibrations (see ESIT). The biggest contribution of the
hexo-skeletal C—=C bond is found for the excitation of the mode
at 1553 cm™ ' in pristine F,TCNNQ, which exhibits the largest
CT-induced red-shift. Therefore, though in F,TCNQ mostly the
hexo-skeletal C—C stretching is affected, in FsTCNNQ also the
endo-skeletal C—C bonds are heavily affected by GS-CT inter-
actions. This might indicate a more effective charge delocalization
in the extended quinoid system of FsTCNNQ compared to the
smaller F,TCNQ.

A closer inspection of the data in Fig. 3 reveals a high-energy
shoulder of the red-shifted Fs,TCNNQ modes in the bulk
mixtures (see ESIt). This shoulder originates from phase-
separated F,TCNNQ domains and therefore resembles the
position of the vibrations unaffected by GS-CT. As noted above,
exceeding FsTCNNQ seems to favor nucleation of the co-crystal.
Since thin film growth is a non-equilibrium process, nucleation
of the co-crystal might be partly suppressed if the amount of
FsTCNNQ is insufficient. Therefore, spectral features of phase-
separated F¢TCNNQ are also observed in the mixtures with
excess DIP. The presence of pristine F;,TCNNQ domains in these
mixtures seems confirmed by the analysis of film morphology from
AFM scans in phase-sensitive mode (see ESIt).

Inspecting the data for the DIP on FTCNNQ sample more
closely in Fig. 3 reveals the presence of a weak, low-energy
shoulder for some of the strongest C—C stretching modes (see
ESIY). This shoulder stems from GS-CT interactions within the
relatively small amount of D:A co-crystal formed at the interface
between FsTCNNQ islands and DIP coating, in agreement with
the results from X-ray scattering (Fig. 2h).

4.2 C=N stretching region in DIP:Fs,TCNNQ

In Fig. 4a the spectral region 2170-2255 cm™ " is shown, where
the C=N stretching modes are located. Pristine DIP obviously
does not exhibit this type of vibration. Overall, four peaks are
observed, which are numbered in decreasing energy. Already by
qualitative inspection of Fig. 4, a gradual red-shift of these
modes as a function of D: A mixing ratio is evident. We fitted
peaks 1-4 with a sum of Lorentzian curves in order to accurately
determine their position (see ESIt). In the following, we first
consider the attribution of these four peaks in detail, then we
provide an estimate for the degree of GS-CT in the DIP:
FsTCNNQ complex.

4.2.1 Peak assignment. DFT calculations for the isolated
FsTCNNQ molecule predict only two antisymmetric C=N
stretching modes (see ESI{). However, the spectrum of the
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Fig. 4 (a) PMIRRAS spectra of DIP:FgTCNNQ mixtures and pristine
compounds in the region of the C=N stretching modes. The vertical
dash-dotted line marks 2215.5 cm™, which corresponds to the strongest
Davydov component of the high energy B, mode in pristine FsTCNNQ.
The data have been scaled for better comparability. The resolution of the
spectra is 2 cm™. (b) Fitted C = N stretching peak positions. The error bars
represent the statistical error of the fits. Abbreviations in the legend
based on the DFT calculations for the single molecule: peak 1, Davydov
component “a” of the high-energy (HE) B, mode; peak 2, Davydov
component “b"” of the HE B, mode; peak 3, low-energy (LE) B, mode;
peak 4, CT-affected high energy B, mode.

pristine material shows three peaks, as already noticed in
ref. 24. Based on our DFT calculations, we suggest that peak
1 and 2 are the Davydov components of the stronger high
energy mode of B, symmetry, whereas peak 3 is the weaker, low
energy B, mode. This interpretation is supported by considering
the peak distance and width. Peak 1 and 2 are ~7 cm ™" apart
from each other, and their average position is ~13 cm ™" apart
from peak 3. This indicates the “finer” character of the Davydov
splitting compared to the energy separation between the two
modes. Additionally, peak 1 and 2 have similar width for all
mixtures.

The change in relative peak intensity of peaks 1-3 as a function
of D: A mixing ratio can be explained in terms of orientation change
of the F,TCNNQ molecules when pristine F;TCNNQ crystallites
coexist with DIP:FsTCNNQ co-crystals. Our DFT calculations
show that the two IR-active C=N stretching modes in the
isolated molecule have their respective transition dipole moment
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perpendicular to each other (see ESIt). Therefore, their relative
intensity can be very sensitive to changes in molecular orientation.
This effect is similar to what is observed for the C-H in-plane
bending modes of DIP (Fig. 3). As noted above, segregated
F<TCNNQ domains can be present even in the mixtures with excess
DIP due to both thermodynamic and kinetic factors.

Peak 4 is assigned to the B, mode, which is red-shifted as a
consequence of GS-CT interactions between DIP and FsTCNNQ
within the supramolecular D:A complex. In our case, we assume
that we are able to sensibly detect only the strongest CT-affected
B, mode. The intensity of peak 4 vs. DIP:F,TCNNQ mixing
ratio matches the trend of the intensity of the X-ray diffraction
features for the D:A co-crystal (Fig. 2b-f), which supports the
assignment.

4.2.2 Evaluation of the GS-CT degree. In Fig. 4b, the peak
positions as a function of mixing ratio are shown. Overall, one
can see that peak 1 and 2 exhibit a rather monotonic red-shift
with increasing DIP content, with their position changing by
~5 cm ™' at most. The CT-affected peak 4 also exhibits a more
or less monotonic red-shift as a function of film composition by
~5 cm™' as well. We attribute these shifts to the gradual
change of the local molecular environment surrounding either
FsTCNNQ domains (peak 1 and 2) or DIP:F,TCNNQ co-crystallites
(peak 4). Since the crystals are much smaller than the wavelength,
an effective medium approximation** can be applied for the
mixtures of varying D: A ratio, which leads to a solvent-shift. Note
that peak 3 does not exhibit a clear trend with film composition.

Mode-shifting due to the dielectric properties of the medium
affects also the C—C stretching region (see ESI}), but we do not
carry out any quantitative analysis using the resonances of this
region. Nevertheless, we mention that it was noticed in the
literature'®** that the cyano-wings in F,TCNQ are more exposed
than the backbone to influences from the surrounding mole-
cular environment.

Due to the observed mixing ratio-dependent position of peak
1, 2 and 4, we report two different numbers to quantify the
amount of GS-CT. The first one is calculated by taking the shift
between the CT-affected and the unaffected mode in the DIP:
FsTCNNQ 1:1 mixture. The other is determined by taking the
unaffected mode in the pristine FeTCNNQ film as reference.
The position of the unaffected mode for both films is calculated
by taking the intensity-weighted average position of the Davydov
components, peak 1 and peak 2 (Fig. 4a).

The intensity ratio I;,,/I;,, of the Davydov components of the
high-energy B, C=N stretching mode is ~1/1 for the 1:1
mixture and ~1/2 for pristine FsTCNNQ. Thus, the reference
position for the zero-CT state, vy, is (2216.3 + 1.2) cm™ " for the
1:1 mixture and (2218.4 &+ 0.1) ecm™ ' for pristine FsTCNNQ
(Fig. 4b and Table S2 in the ESIt). The position of the CT-affected
mode peak 4 in the 1:1 mixture, vcr, is (2189.7 & 0.6) cm™ . The
experimentally observed CT-induced red-shift, 1, — ver = Avgrexp
is therefore (26.6 + 1.8) cm ' and (28.7 & 0.7) cm™ ' when referred
to the 1:1 mixture and to pristine F,TCNNQ, respectively.

Our DFT calculations predict a red-shift, Avecrgan, of
33.0 cm™ " for the stronger B, mode when going from the isolated
neutral F;,TCNNQ to its mono-anion (see ESIT). This value is
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comparable to the 31.3 cm ™" observed experimentally for the case
of integer-type GS-CT from the donor dibenzotetrathiafulvalene
(DBTTF) to F¢TCNNQ,* but it is smaller than the ~37 cm™*
calculated by DFT in ref. 24. Assuming a simple linear relation-
ship between the amount of red-shift and the degree of CT,'® we
calculate a partial CT p = Avcr,exp/Avcr,gan Of (0.81 £ 0.06) e and
(0.87 £ 0.02) e referred to the 1:1 mixture and to pristine
F¢TCNNQ, respectively. As average value one therefore obtains
(Pavg = 0.84 £ 0.04) e. This value is significantly higher than the
0.62 e estimated by means of FTIR for a DBTTF:F,TCNNQ
complex, in spite of the fact that F;,TCNNQ is a stronger acceptor
for DBTTF than for DIP.*> Note that the coexistence of such
DBTTF:F,TCNNQ CT complex with the fully ionized donor and
acceptor species has also been suggested.*> In general, the
parameters relating the formation of a D:A complex with the
corresponding degree of CT occurring in the ground state are
numerous and their contributions not trivial to isolate. Apart
from the mere HOMO(D)-LUMO(A) energy difference, other
factors like crystal structure’” and orbital overlap and
symmetry>>*® need to be considered. In particular, many D:A
pairs of planar OSCs show the tendency to form supramolecu-
lar complexes for which orbital hybridization and strong elec-
tronic coupling plays an important role in determining partial
CT, as it has been well documented in ref. 45 and 47. For the
system constituted by DIP:F6TCNNQ studied here, orbital
hybridization within the D:A complex was also suggested by
us to explain the lowest-energy electronic transition in the
co-crystal.*®

To summarize for this system, using two different values as
reference for the zero-CT state allows to take into account the
systematic peak shifts with D : A mixing ratio and to provide an
estimation of the deviations in p. Overall, it is possible to say
that the supramolecular complex formed by DIP and FsTCNNQ
belongs to the class of compounds exhibiting a high degree of
partial GS-CT.

4.3 P3HT:F¢TCNNQ blends

For comparison, we consider now P3HT (Fig. 1) as donor for
F¢sTCNNQ as recently introduced in ref. 24. We divide the
results and discussion into two sections dedicated, respectively,
to the analysis of the C=N stretching region alone and to the
parallel analysis of the C=N and C=—C stretching regions.

4.3.1 C=N stretching region. In order to deepen the study
of this interesting D:A system,>* we show in Fig. 5 a comparison
between the PMIRRAS spectra in the C=N stretching region
for pristine FeTCNNQ, DIP: F;,TCNNQ 1:1 and P3HT:F,TCNNQ
blends in different mixing ratios and preparation times.

In P3HT:FsTCNNQ there is barely any trace of peak 1-3 of
the pristine acceptor. The solution mixing seems therefore effective
in dissolving the F;,TCNNQ molecules between the polymer chains
without leaving Fs,TCNNQ aggregates, as it is also confirmed by the
increasing peak sharpness with longer mixing time for the 5:1
mixtures.

The strongest peak for the C=N stretching in all P3HT:
F¢TCNNQ blends measured is located at 2194 cm™*. The same
uncertainty in peak position obtained for DIP:Fs,TCNNQ mixtures
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Fig. 5 PMIRRAS spectra of DIP:FsTCNNQ 1:1 blend, P3HT:FeTCNNQ
blends and pristine FsTCNNQ and P3HT in the C=N stretching region.
For the DIP:FeTCNNQ 1:1 blend, the same peak numbering as in Fig. 4
has been adopted, and the multi-peak Lorentzian fit is shown. The P3HT :
FsTCNNQ blends in different molar ratios have been spin-coated from
solutions mixed for different amounts of time: 5:1 (black curve), 30 min;
5:1 (magenta curve), 72 h; 2:1, 30 min. The vertical dash-dotted
line marks 2215.5 cm™, which corresponds to the strongest Davydov
component of the high-energy B, mode in pristine FeTCNNQ.

can been assumed for the P3HT:FsTCNNQ mixtures. The high-
energy shoulder of the peak at 2194 cm ™" in the mixtures might
originate from different relative configurations of the complex
formed locally by P3HT and F{TCNNQ.*® Here, the most important
finding is that the CT-affected C=N stretching mode in
P3HT:FsTCNNQ lies approximately at the same position as the
CT peak in DIP:FsTCNNQ with no significant differences.

By the mere comparison of the C=N stretching modes the
conclusion would be that CT interactions in the two systems
have very similar strength. However, the UV-vis-NIR absorption
measurements in ref. 24 clearly show the presence of the ionic
species of both donor and acceptor for PZHT:F¢TCNNQ, namely:
(a) the two relatively sharp peaks at ~980 nm (~1.27 eV) and
~1150 nm (~1.08 eV), signatures of FsTCNNQ in the mono-
anionic state,* (b) the broad polaronic band of the P3HT cation
with onset around 1300 nm (~0.95 eV) and extending in the NIR.*
For DIP:FsTCNNQ, instead, no clear signatures of the FsTCNNQ
anion could be identified.*® Therefore, two different scenarios
are suggested. For DIP:F,TCNNQ, the data point towards the
formation of a supramolecular complex with partial GS-CT,
whereas for P3HT:FsTCNNQ integer GS-CT with formation of
polaronic species of donor and acceptor is most likely. An
integer GS-CT picture in P3HT:FsTCNNQ is further supported
by the established full ionization of donor and acceptor in
F,TCNQ-doped P3HT*® since FsTCNNQ is an acceptor even
stronger than F,TCNQ.

Overall, we conclude that the shift of the C=N stretching
modes alone does not give conclusive information about the
nature of GS-CT interactions in P3HT:FsTCNNQ.

4.3.2 Comparison between C—=C and C=N stretching
region. In order to complement the information on P3HT:
F¢TCNNQ, full-range PMIRRAS spectra are shown in Fig. 6 for
the same samples as in Fig. 5.
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Fig. 6 PMIRRAS spectra of DIP:FgTCNNQ 1:1 blend, P3HT:FeTCNNQ
blends and pristine FsTCNNQ and P3HT. Note the different scale before
and after the break along the abscissa axis. The vertical dash-dotted line
marks 2215.5 cm ™. The arrows point to the C=N stretching modes for
DIP:FeTCNNQ 1:1 and pristine FsTCNNQ, which appear as tiny features
relative to the much stronger C=C stretching modes in the fingerprint
region. The green circles highlight FE TCNNQ modes which are predicted by
DFT calculations to have very similar oscillator strength in the mono-anion.

For the P3HT:F¢TCNNQ blends, assignment of the peaks to
either the donor polymer or the acceptor in the C=C stretching
region is not as straightforward as in DIP:F;TCNNQ. Here, we
rather intend to stress the remarkable change in intensity of the
C=N stretching features relative to the C—C stretching
features for the two systems DIP:F{TCNNQ and P3HT:FsTCNNQ,
respectively. For the mixtures containing DIP as donor, the C=N
stretching modes exhibit a much lower cross-section relative to the
C=C stretching modes, whereas in the polymeric system their
relative intensity is similar. Such an effect is clearly not related to
changes in molecular orientation of the F,TCNNQ units. Indeed, the
mosaicity of locally ordered P3HT chains doped with F,TCNQ*®
is similar to that of the DIP:F,TCNNQ co-crystals (Fig. 2)
observed here.

Our DFT calculations performed on the isolated FsTCNNQ
molecule (see ESIT) show that the intensity of the resonances in
the C=C stretching region relative to those in the C=N
stretching region is much higher for the neutral FsTCNNQ
than for its mono-anion. For the P3HT : F,TCNNQ 2 : 1 mixture
and in the 5:1 mixture with longer mixing time, we recognize
the intense peak at ~1389 cm™ " as the strongest C—=C stretching
mode of the FsTCNNQ mono-anion. Its oscillator strength is very
similar to that of the strongest C=N stretching mode (green
circles in Fig. 6), in full agreement with the DFT calculations for
the FsTCNNQ mono-anion. These observations further support
the conclusion that CT from P3HT to Fs,TCNNQ occurs in the GS
via donation of a full electron and formation of polaronic species.

DIP:F,TCNNQ is therefore a system for which a relatively
strong GS-CT is observed, but the spectral features associated
with the ionic species are not observed. Assuming for both D:A
systems an energetically favored electron-donation from the
donor to the acceptor (Fig. 1), the different kinds of CT, respec-
tively, might be explained by the superior ability of P3HT to relax
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the positive counterpart of the generated polaron via charge
delocalization along the polymeric backbone.’*

The difficulty to obtain a reliable picture of the actual
strength of GS-CT interactions in P3HT:FsTCNNQ from the
C=N stretching modes alone can be rationalized as follows.
On the one hand, the impact of a full GS-CT on a given set of
vibrational modes will depend on where the negative charge
acquired by the acceptor is most likely localized. On the other
hand, the two kinds of vibrations in FsTCNNQ, i.e. C—C and
C =N stretching, could be affected differently by GS-CT inter-
actions depending on the solid state packing of the acceptor,
which in one case is embedded in the co-crystal with DIP and in
the other case in the polymer chains. For example, short
(donor)C-H- - .N=C(F,TCNNQ) contacts®® more than the -
stacking might affect C==N stretching modes, whereas inter-
molecular D:A coupling, therefore also GS-CT coupling, occurs
mainly via the n-stacking.

5 Conclusions

In conclusion, we have carried out a study of ground-state
charge-transfer interactions by means of FTIR spectroscopy
for two representative D:A systems where F6TCNNQ is used
as acceptor for the donors DIP and P3HT, respectively.

For DIP:F6TCNNQ blended films, a preliminary character-
ization of film structure by means of X-ray scattering provides a
solid guide for the interpretation of FTIR-PMIRRAS spectra.
Inspection of the C—C stretching C-H in-plane bending region
in DIP:F,TCNNQ blends reveals: (a) the effect of changes in
molecular orientation on the relative intensity of the Davydov
components of the strongest DIP mode and (b) red shifts of up
to 10 cm ™" of the strongest F,TCNNQ modes involving mostly
endo-skeletal bonds. Such shifts are related to the formation of
a DIP:F¢TCNNQ supramolecular complex and to GS-CT inter-
actions. Together with D:A co-crystallites, traces of phase-
separated F;,TCNNQ are detected in all the blends.

In the C=N stretching region, for DIP:F,TCNNQ we unam-
biguously identify one red-shifted mode due to GS-CT, together
with three other modes stemming from pristine F;,TCNNQ, one of
them being the strongest B, mode affected by Davydov splitting.
From the red-shift of the strongest, CT-affected C==N mode with
respect to the unaffected mode in the equimolar mixture with DIP
and in the pristine film, respectively, we calculate an average
partial CT of paye = (0.84 £ 0.04) e.

For the system P3HT:FsTCNNQ, by considering only the red-
shift of the strongest C=N stretching mode, a picture of GS-CT
very similar to DIP:FsTCNNQ emerges. However, a comparison of
oscillator strength for the C—=C relative to the C=N stretching
modes rather indicates stronger, integer CT-type interactions in
the polymer:acceptor system. This analysis is supported by DFT
calculations for the isolated F;,TCNNQ. Our conclusions agree
with the available UV-vis-NIR absorption data, which show the
spectral signatures of F;,TCNNQ in the mono-anionic state.

Our data evidence that, in order to draw solid conclusions
about the nature of GS-CT based on vibrational spectroscopy, a
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parallel analysis of the C—C and C=N stretching regions
supported by DFT calculations is required for D:A systems of
OSCs featuring acceptors containing nitrile groups, therefore
including some of the strongest molecular acceptors available
to date.>
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