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Electron donor—acceptor (EDA) complexes are of interest as low-band gap molecular semiconductors
and as dopants for molecular semiconducting matrices. This contribution establishes a link between
optical, structural and vibrational properties of EDA complexes as well as the electrical doping by them.
We comprehensively characterise co-deposited films of the donors dibenzotetrathiafulvalene and
diindenoperylene and the acceptors tetracyanonaphthoquinodimethane and its hexa-fluorinated
derivative. All co-deposited donor:acceptor systems form mixed crystalline structures and the EDA
complex is characterised by the complex-related absorption and X-ray scattering features. The
absorption energies of the analysed EDA complexes cross the neutral-to-ionic boundary. The degree of
charge transfer is determined by vibrational spectroscopy. Here, strong spatial anisotropy is found for
the diindenoperylene containing complexes. The electrical transport measurements reveal an

Received 5th July 2021, exponential relation between electrical conductivity and activation energy of transport for all complex-

Accepted 24th November 2021 doped systems. We show with this result that doping via complexes has the same dominant activation
DOI: 10.1039/d1ma00578b process as doping via integer charge transfer, which is the separation of Coulombically bound charges.

Our results are put in a broader context and we provide an outlook on future possibilities and research
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Introduction

The characterisation of electron donor-acceptor (EDA) complexesi:
dates back to the middle of the last century when the interaction
between benzene derivatives and iodine was studied." It was found
that the position of a newly appearing low energy absorption
feature depends on the ionisation energy (IE) of the aromatic
hydrocarbon.” Later, also the interactions between different
aromatic hydrocarbons as donor (D) and acceptor (A) molecules
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were studied both experimentally and theoretically.>* Mainly

planar aromatic hydrocarbons form EDA complexes due to the
possibility for m-orbital overlap and n-stacking.> A molecular EDA
complex consists of two molecules with an energy level offset and
a mutual m-orbital interaction between the occupied frontier
molecular orbitals of the electron donor and the unoccupied
frontier molecular orbitals of the electron acceptor, forming a bond
much weaker than a covalent one. This n-orbital interaction leads
to a new electronic transition detectable at energies lower than the
respective optical transitions of D and A molecules, which is called
charge transfer (CT) absorption.

Concerning the energy level offset, the relative energy levels
between D and A can be described as follows. The energy level
offset between D and A can be distinguished into two cases, a
staggered gap and a broken gap heterojunction (HJ). These two
cases are shown schematically for isolated molecules or thin
films before contact in Fig. 1a and b. The energy levels of D and
A molecules in the staggered gap configuration (type-II HJ) are
such that the energy of the highest occupied molecular orbital
(HOMO) of D is located in between the energies of the lowest
unoccupied molecular orbital (LUMO) and the HOMO of A and
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Fig. 1 Schematic illustration of two relevant types of energy level alignment in the D/A heterojunctions (HJ) before contact of the materials: (a) type-Il or
staggered gap HJ, (b) type-Ill or broken gap HJ. Schematic energy levels of organic semiconductor (OSC) and EDA complex in the ground state (c) and
after excitation (d) for the case of p-type doping. The violet arrows show the electron occupation of the molecular orbitals. The plus and minus signs

illustrate the charged species after charge transfer.

at the same time the LUMO energy of A is located between the
HOMO and LUMO energies of D. The broken gap configuration
(type-III HJ) is marked by the point that both energy levels of A
are lying energetically deeper than the HOMO level of D.

Depending on the molecular arrangement of D and A in the
crystal structure, different electrical properties can be
achieved.®® Alternating (or mixed) sequences of D and A
molecules within a stack yield an insulating or semiconducting
material. However, segregated stacks of equally spaced D and A
molecules show high conductivities. Segregated stacks forming
dimers along the stack are again insulating or semiconducting
opening a gap due to a Peierls transition.® Schematic represen-
tations of these stacks are given in Fig. 2.

The energy levels of the EDA complexes formed are mainly
depending on the frontier orbitals of D and A molecules.
Additionally, the knowledge of the crystal structure is fundamental
for predictive calculations as the donor-acceptor interaction
depends on the molecular arrangement and can strongly vary
in different polymorphs.”" Even without knowledge of the
detailed structure of the EDA complexes, some conclusions can
be drawn from calculations based on density functional theory
(DFT). Physical observables like IE and electron affinity (EA)
depend on the different screening properties of the environment,
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Fig. 2 Schematic representations of EDA complex arrangements in mixed

crystals. The coloured bars represent the donor and acceptor molecules.
Only a 2D representation is used.
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i.e. these values differ for a single molecule in vacuum, for a
molecule in a single-component film and for a molecule
surrounded by a matrix of a different material, either of crystalline
or amorphous nature.”** This has to be considered, e.g.,
for predicting electron or integer charge transfer (ICT) from
inspection of energy levels determined by different experimental
techniques'® and should also be taken into account for EDA
complexes. Furthermore, geometric changes occur during charge
transfer resulting in geometry-induced energy level shifts with a
dependence of the CT character on the reorganisation energy.">'®
Based on these findings, the definition of a strongly coupled
molecular system is given by the formation of an EDA complex,
whereas weakly coupled molecular systems show ICT.'® The
electronic and geometric structures of resulting EDA complexes
are based on an interplay between electronic and geometric
structure of the separated molecules as well as their electronic
and steric interaction. Furthermore, the processing conditions are
important since they determine for EDA complexes polymorphism
and stoichiometric variations.>"”'®

EDA complexes can be regarded as low-gap organic
semiconductors (OSC). DFT predicts mobility values of several
tens of em®> V™' s for electrons and holes along the D-A
stacking direction comparable to single-component OSCs."
However, the application in organic field-effect transistors gives
lower mobility values for polycrystalline films and also for
single crystal devices.”?**" The low gap offers the possibility
to use EDA complexes as infra-red absorber for photovoltaics,
photo-detectors and photo-thermal converters.”>** EDA
complex formation was found also in photovoltaic systems,>®
where interaction between donor and acceptor is present
only at the grain boundaries of separated D and A phases.
The weakly absorbing EDA complex of zinc-phthalocyanine and
fullerene C60 was used in infra-red detectors with optical
cavities to increase the absorption of the complex.>® A hybrid
complex-perovskite material was reported for photovoltaics,
too.”” Furthermore, EDA complexes are used as dopants for
0SCs,*®?? although the doping efficiency is lower than for
redox- or acid-base doping with ICT.***" A schematic energy
level diagram for an EDA complex as hole dopant in an OSC is
given in Fig. 1c and d. The lower band gap of the complexes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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allows for higher probability of thermal excitation of an elec-
tron from HOMO to LUMO inside the complex than in the
surrounding OSC. The OSC becomes p-doped after the transfer
of an electron from the HOMO of the OSC to the empty site in
the former HOMO of the complex. The electron transfer may
also appear from the HOMO of the OSC directly to the LUMO of
the CPX. This process has a lower energy barrier than the
thermal activation inside the CPX. However, the spatial dis-
tance between the involved orbitals reduces the transition
probability. By both ways, the EDA complex is negatively
charged at the end (see Fig. 1d). The thermal excitation of the
electron either inside the EDA complex or from OSC to the
complex is described as the efficiency-limiting process for
complex doping,*® as the separation of charges from the
generated ion pairs to free charges in the OSC by overcoming
the Coulomb attraction is present also in ICT doping.

In this manuscript we perform a comprehensive character-
isation of EDA complexes using the donors dibenzotetrathia-
fulvalene (DBTTF) and diindenoperylene (DIP) as well as the
acceptors tetracyanonaphthoquinodimethane (TCNNQ) and
hexafluorotetracyanonaphthoquinodimethane (FETCNNQ).
The chemical structures are given in Fig. 3a. DBTTF is a strong
donor and F6TCNNQ a strong acceptor molecule as given by
oxidation and reduction potentials below. DIP and TCNNQ
molecules show intermediate strength as donor and acceptor,
respectively. The relevant oxidation and reduction potentials
are summarized in Fig. 3b from previous publications as half-
wave potentials.'>**** Type-Ill HJ is present only for the
DBTTF:F6TCNNQ combination, all other combinations exhibit
a type-1I HJ. The CT absorption depends on the D and A redox
potentials showing a neutral-ionic boundary. A comprehensive
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Fig. 3 (a) Chemical structures of donor (DBTTF, DIP) and acceptor
(TCNNQ, F6TCNNQ) molecules. (b) Oxidation potentials (Uoy) of donor
and reduction potentials (U,eq) Of acceptor materials determined by cyclic
voltammetry.?>*233 The oxidation potential for DIP is increased by 350 mV
as given in ref. 33 considering the change of the standard potential due to
the reported follow up reaction.
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description of the EDA complexes formed in all of the
mentioned D:A films will be given. This includes morphological
and structural data as well as results from optical and
vibrational spectroscopy. The relative energy levels and
molecular size influences surface morphology, crystallinity,
charge-transfer interaction and conductivity in co-deposited
D:A films for all material combinations. Furthermore, the
electrical conductivity upon complex doping shows thermally
activated behaviour as reported before for ICT doping.
Previously published data®***>°® will be reconsidered and
included in the discussion. To show the generality of our conclu-
sions, the donor sexithiophene (6T) and the acceptor tetrafluorote-
tracyanoquinodimethane (FATCNQ) will be included selectively.

Results
Charge transfer absorption and energy levels

First, we discuss the measurements of CT absorption features
necessary to confirm the formation of EDA complexes in films
containing D and A molecules. The CT absorption energies for
co-deposited films of DBTTF and TCNNQ have already been
reported.®® The existence of two different polymorphs (P1, P2) was
suggested based on different CT absorption energies (0.72 eV,
0.84 eV) and different degrees of CT. The maximum of the
absorption feature related to the DBTTF:F6TCNNQ EDA complex
was determined to 1.43 eV.**> Additionally to the EDA complex
absorption feature, ICT is present for the latter D:A pair, which is
neglected for the discussion of EDA complexes.

Absorption data of co-deposited films of DIP:TCNNQ and
DIP:F6TCNNQ are shown in Fig. 4 measured at room tempera-
ture and at 77 K. For comparison the respective absorption data
of single-component films are given. The CT absorption energy
of the DIP:TCNNQ complex is 1.29 eV and for DIP:F6TCNNQ it is
0.97 eV, in agreement with ref. 35. Shifts of peak positions and
changes of spectral features upon temperature variations are
absent, indicating the absence of structural phase transitions in
this temperature range. No signatures of DIP cation absorption
or TCNNQ/F6TCNNQ anion absorption are present here.**

(a) DIP:TCNNQ series
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(b) DIP:F6TCNNQ series

T T T T T

g TC —/\ F6TCNNQ

c

=]

£ DIP:TCNNQ DIP:F6TCNNQ
g @300 K @300 K

2 @77K

a

2

4 DIP DIP

AT TTTTL IYPTLITTTI FAPTL IYPTLITTR
1.0 1.5 2.0 2.5 3.0 3.5 4.0
energy (eV)

FTTTTL IYPTY FYTTI FRTTE FPPTY TP TS
1.0 1.5 2.0 2.5 3.0 3.5 4.0
energy (eV)

Fig. 4 Absorption spectra for single component and equimolar co-
deposited D:A films of DIP and TCNNQ (a) as well as of DIP and FETCNNQ
(b). The CT transitions are marked by orange arrows. The absorption
spectra for co-deposited D:A were measured at 300 K and at 77 K.
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Therefore we exclude ICT in co-deposited films of DIP:TCNNQ
and DIP:F6TCNNQ.

All mentioned systems form EDA complexes, as confirmed
by the presence of a CT absorption. The related CT absorption
energies AEcpx are summarised in Table 1 (numbers 1-5)

together with the intermolecular redox potential difference
Uox = Urea-

Morphological and structural properties

So far, we have discussed EDA complexes without considering
their crystalline structure. Important for a crystalline arrangement
of EDA complexes is the m-orbital overlap between neighbouring
D and A molecules as well as the details of electrostatic and van
der Waals interactions. In this section we report on the surface
morphology analysed by scanning force microscopy (SFM) and the
molecular arrangement analysed by X-ray scattering techniques.
We will start with DBTTF and continue with DIP as donor.

The surface morphology of co-deposited D:A films containing
DBTTF, TCNNQ and F6TCNNQ was discussed in a previous
work.** Single-component films of DBTTF are poly-crystalline
with larger domains than the two single-component acceptor
films. Low concentrations of TCNNQ in a co-deposited film
preserves the DBTTF morphology, which may indicate a limited
solubility of TCNNQ in DBTTF. Crystallites are present for
higher TCNNQ concentrations, which were identified as mixed
crystals. Co-deposited films of DBTTF and F6TCNNQ exhibit
crystallites varying continuously between the size of the single-
component films.

The presence of two polymorphs in DBTTF:TCNNQ co-
deposited films was deduced from different transition energies
of the CT absorption.*” Two polymorphs were also described
for mixed crystals of DBTTF and the smaller acceptor TCNQ.’
Despite showing two distinct optical transitions, we note here
that the difference in free energy for the formation of
two polymorphs of the same D:A pairs can be small.’’?
Furthermore, the nucleation of these polymorphs might be
induced by local inhomogeneities, by the presence of the
substrate surface or subtle differences in the deposition
rate.®**° Here, we provide structural evidence for the
coexistence of polymorphs P1 and P2 in DBTTF:TCNNQ mixed
films. X-ray reflectivity (XRR) data for single-component films
of DBTTF, TCNNQ and F6TCNNQ are displayed in Fig. 5. The

Table 1 Summary of electronic and optical data for EDA complexes. The
transition energy of the EDA complexes (AEcpy) is given as the maximum
of the lowest optical transition peak. The reduction potentials of FATCNQ
and the oxidation potential of 6T are taken from ref.15. The last column
gives the reference for the optical transition of EDA complexes

EDA complex U — Ua (V) AEcpx (€V) Ref.
1 DBTTF:TCNNQ (Pl) +0.42 0.72 32
2 DBTTF:TCNNQ (PZ) +0.42 0.84 32
3 DBTTF:F6TCNNQ —0.06 1.43 32
4 DIP:TCNNQ +1.07 1.29 Here
5 DIP:F6TCNNQ +0.59 0.97 Here
6 DBTTF:FATCNQ —0.02 1.26 ESI
7 DIP:FATCNQ +0.63 0.98 ESI
8 6T:F6TCNNQ +0.27 0.61 35
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DBTTF film shows (100) and (200) Bragg reflections, whereas
such features are absent for the acceptor films. XRR data for co-
deposited DBTTF:TCNNQ films are shown in Fig. 5a. The film
of equimolar co-deposited DBTTF:TCNNQ named P1 is mainly
consisting of this polymorph, whereas the other film contains
both polymorphs. Preparation of pure P2 polymorph seems to
be still challenging. The Bragg peak for the P1 polymorph can
be identified and distinguished from the peak of the P2
polymorph. Furthermore, a new Bragg peak for co-deposited
DBTTF:F6TCNNQ films can also be recognized (see Fig. 5b).
The lattice spacings perpendicular to the substrate are
estimated to be for DBTTF ~ 13.6 A, for DBTTF:TCNNQ
P1 ~ 13.0 A, for DBTTE:-TCNNQ P2 ~ 12.1 A, and for
DBTTF:F6TCNNQ ~ 14.2 A. All these co-deposited films are
forming EDA complexes, as shown by optical absorption
measurements, and mixed crystals are present in films as
demonstrated by the change of the lattice spacing compared to
the single-component DBTTF film. Here the lattice spacing in
the mixed crystals containing TCNNQ is smaller than the value
for the single-component DBTTF film. In contrast, the lattice
spacing is larger for the DBTTF:F6TCNNQ mixed crystal. This
might be related to the size of the acceptor molecule or to
different crystal packing induced by the different intermolecular
and electronic couplings. The presence of two different
polymorphs for the DBTFF:TCNNQ complexes was therefore
confirmed by these measurements.*”

The same samples investigated by XRR measurements were
characterised by reciprocal space maps (see Fig. 6). The Bragg
peaks for the DBTTF film (see Fig. 6a) are sharp and a
pronounced 2D texture is present with low mosaicity. The
combination of XRR and reciprocal space map data indicates
the presence of the y-polymorph of DBTTF.*® Extraction of unit
cell parameters of this DBTTF thin-film polymorph becomes
possible due to its well-defined crystalline texture. The result-
ing unit cell parameters are given in Table 2. For the neat
acceptor films (see Fig. 6¢c and e), TCNNQ exhibits more
pronounced diffraction peaks and 2D-texturing compared to
F6TCNNQ. For TCNNQ, no single crystal structure has been
reported so far. For FETCNNQ, the crystal structure observed in
thin films does not correspond to the reported one for single
crystals®*! and the few weak diffraction rings visible do not
allow a reasonable guess.

The measurement for the DBTTF:TCNNQ sample where
predominantly the P1 polymorph is present shows an overall
2D-texture although with rather pronounced mosaicity. Part of
the Bragg intensities measured by means of XRR is present in
the reciprocal space map. This data allows also for estimation
of the unit cell parameters, which are given in Table 2. In Fig. 6,
Bragg peaks related to the fitted unit cell parameters are
marked with crosses. The roughly doubled volume of the unit
cell of the P1 polymorph in contrast to the y-polymorph of
DBTTF is related mainly to the roughly doubled a-parameter
and points toward the presence of two crystallographically
inequivalent EDA complexes in the unit cell. Additional Bragg
peaks are highlighted by circles and do not belong to polymorph
P1. Therefore, they are attributed to the polymorph P2, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 X-ray reflectivity measurements for single component and co-deposited films of (a) DBTTF and TCNNQ as well as of (b) DBTTF and FETCNNQ.
The Bragg peaks of the DBTTF thin film phase are marked together with the two polymorphs (P1, P2) for DBTTF: TCNNQ mixed crystals and with “mix” for
the DBTTF:F6TCNNQ mixed crystal. The presence of the respective polymorphs in these co-deposited DBTTF: TCNNQ films was determined by optical
absorption measurements. The data for the FETCNNQ sample were measured only below 1.0 A~%.

(b) DBTTF:TCNNQ - 1:1 P1
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&
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Fig. 6 X-ray scattering reciprocal space maps for single component D and A films of DBTTF (a), TCNNQ (c) and FETCNNQ (e) as well as for co-
deposited D:A films of DBTTF: TCNNQ (b) and DBTTF:F6TCNNQ (d). The measurements were performed on the same samples as the XRR measurements
in Fig. 5. The presence of the respective polymorphs in these co-deposited DBTTF: TCNNQ films was determined by optical absorption measurements.
The X-ray diffraction pattern related to the calculated crystal structure solution of the DBTTF thin film phase and of the mixed crystal polymorph P1 in
co-deposited DBTTF: TCNNQ films are marked by crosses. The circles mark weak diffraction peaks probably related to the much less abundant P2
polymorph, whose features however are not visible either in XRR or optical absorption spectra. The unit cell parameters are given in Table 2. The ring at
Giot & 0.7 At for the single component acceptor films stems from the Kapton window of the sample holder.

seems to be present to a small extent here. However, the overall P1 & P2, is given in ESIf (see Fig. S1). No peak assignment is
number of visible features for P2 is too low to extract the unit cell possible for this data due to the nearly 3D powder-like thin film
parameters with a reasonable initial guess. The respective texture. Absorption measurements on this sample (also shown in
reciprocal space map for the sample containing both polymorphs, Fig. S1 in ESIt) confirm the presence of both polymorphs.

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2022, 3,1017-1034 | 1021
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Table 2 Unit cell parameters for the DBTTF thin film phase (y-polymorph)
and DBTTF:TCNNQ mixed crystal polymorph P1. The values were deter-
mined by least square fitting of the X-ray scattering reciprocal space maps
shown in Fig. 6. The unit cell size of polymorph P2 could not be fitted due
to the limited number of peaks, which are, furthermore, more smeared
out. The number Z of molecules per unit cell was determined by compar-
ison to other known unit cell structures of DBTTF crystals and mixed
crystals containing DBTTF as donor*042=44

DBTTF DBTTF:TCNNQ

Thin-film or y-polymorph Mixed crystal polymorph P1

a 6.02 A a 13.24 A

b 8.05 A b 7.66 A

c 13.90 A c 13.84 A

o 100.29° o 105.86°

B 99.90° B 75.95°

y 94.00° y 100.93°

Volume 649.09 A3 Volume 1298.5 A®

V4 2 V4 4 molecules
2 D:A pairs

The co-deposited DBTTF:F6TCNNQ film shows diffraction
features being absent in the single-component films of DBTTF
and F6TCNNQ (see Fig. 6). Comparing these results with the
results presented from XRR measurements shows the presence
of a mixed crystal formed by DBTTF and F6TCNNQ in agreement
with conclusions from optical absorption data. A refinement
of unit cell parameters is too prohibitive for this dataset.
None of the reported structure of mixed crystals formed from
DBTTF and FXxTCNQ***® or from naphtho[1,2-h:5,6-b']
dithiophene and F6TCNNQ*” could provide a sufficient close
initial guess for the fitting procedure to converge to a reasonable
result. However, based on the qualitative similarity with the
diffraction pattern of DBTTF:TCNNQ, here we cannot exclude
the presence of two polymorphs with significantly different
relative abundance.
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Scanning force micrographs for single component DIP,
TCNNQ and F6TCNNQ films are displayed in Fig. 7 together
with micrographs of co-deposited D:A films. The RMS roughness
values are given in the caption of Fig. 7. The single-component
films show a homogeneous distribution of crystallites with the
F6TCNNQ film exhibiting the highest roughness. Co-deposited
films of DIP and TCNNQ exhibit smaller features than the
respective single-component films. The equimolar film has a
homogeneous surface morphology with roughness higher than
the roughness of the respective single-component films. Small
needle-like structures on top of a homogenous layer are present
for the donor-rich DIP: TCNNQ film (10: 1) with an overall RMS
roughness comparable to that of the single-component films of
DIP and TCNNQ. The roughness of co-deposited DIP:F6TCNNQ
films increase with the content of the acceptor between the
roughness values for the respective single component films.
Precipitations with different forms and sizes are present in these
co-deposited films. Whereas large crystallites are visible for the
10:1 co-deposited film, smaller precipitations surrounded by a
rather homogeneous phase are present for the equimolar film.
Surface morphological features of the single-component films
are absent in the co-deposited films in both series, indicating
the absence of phase separation and the presence of mixed
crystals.

XRR and grazing incidence X-ray diffraction (GIXD) data are
shown in Fig. 8 for different molar ratios of co-deposited films
of DIP and TCNNQ. Single-component DIP films consist of
crystallites with upright standing molecules in the so-called
c-phase. Additionally, crystallites containing molecules lying
down at the surface (A-phase) are present on the co-deposited
films as observed by GIXD measurements. Bragg peaks of the
single-component TCNNQ film are present only in GIXD
measurements.

acceptor

height 70

TCNNQ

height

0nm

F6TCNNQ

Fig. 7 Scanning force microscopy images (4 x 4 um? for single-component and co-deposited D:A films of DIP, TCNNQ and FETCNNQ. Different
height scales are applied and the maximum of the scale is given (upper end of the colour bar at the right side, lower end corresponds to 0 nm). The root-
mean square roughness values are 5.8 nm (DIP), 6.2/9.5 nm (10:1), 12.6/11.2 nm (1:1) and 8.2/15.2 nm (TCNNQ/F6TCNNQ), respectively. Image

processing was performed using software package Gwyddion.*®
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(a) X-ray reflectivity (XRR) and (b) grazing incidence X-ray diffraction (GIXD) measurements for single component and co-deposited films of DIP

and TCNNQ. The peaks donated as a(4) are related to phases containing upright standing (lying) DIP molecules. Peaks marked as “mix" are attributed to
the formed mixed crystal. Corresponding respective reciprocal space maps are shown in ESI} (see Fig. S1).

The diffraction features of DIP are present also in co-
deposited films with TCNNQ as observed from XRR and GIXD
data. Pronounced Laue oscillations and Kiessig fringes are
present for the DIP Bragg peaks in the films with molar ratios
of 4:1 and 1:1 indicating a vertical coherence length virtually
matching the entire film thickness. TCNNQ features are also
present in GIXD for the co-deposited films showing the absence of
order perpendicular to the substrate. Additional peaks present only
in co-deposited films are related to the mixed crystal formed in
these films, whose presence was deduced from optical absorption
data (see Fig. 4a). Corresponding X-ray scattering reciprocal space
maps are given in ESIt (see Fig. S2). The dominating presence of
the DIP scattering features together with the presence of TCNNQ
scattering features in the co-deposited films results from an overall
tendency to phase-separation between donor and acceptor,
although mixed crystals are still formed to some extent.

X-ray scattering data for co-deposited films of DIP and
F6TCNNQ were presented in former studies.**”> The formation
of homogeneous crystalline domains of DIP:F6TCNNQ mixed
crystals were observed for equimolar films. Diffraction features
related to DIP gradually disappear by increasing the acceptor
content in co-deposited films. At the same time, new Bragg peaks
arise indicating the formation of DIP:F6TCNNQ mixed crystals in
agreement with the results from absorption measurements.

The difference of DIP:TCNNQ (presented here) and
DIP:F6TCNNQ (given in ref. 35) crystal structures seems to be
related mainly to the different electronic structure of the
acceptor molecule. The observed Bragg peaks are in similar
wavevector regions and similar packing might be present.
Such behaviour of similar molecular arrangement for different
acceptors was observed before for TCNQ derivatives co-
deposited with [1]benzothieno[3,2-b]benzothiophene (BTBT)
and quaterthiophene (4T).*** In both series, the energy of the CT
absorption shifts with the acceptor reduction potential, even though
the overall appearance is quite similar. However, the absorption
spectra for the DIP:TCNNQ and DIP:F6CTNNQ films are substan-
tially different. Whereas one clear CT transition with vibronic

© 2022 The Author(s). Published by the Royal Society of Chemistry

progression is present for DIP:TCNNQ films, a second CT transition
is present for DIP:F6TCNNQ films at about 1.35 eV. The pro-
nounced double peak structure lead us to the conclusion that the
electronic interaction might include more frontier orbitals than just
HOMO and LUMO in the DIP:F6TCNNQ complex, whereas HOMO-
LUMO interaction is mainly present for DIP:TCNNQ complexes.

Mixed crystals are formed in co-deposited films for all
donor-acceptor combinations. The formation of solid solutions
can be ruled out.*’ The diffraction features of mixed crystals in
co-deposited films are independent on their molar ratio, thus,
the formation of ordered complexes seems to be obvious in this
case. However, it is still unclear if the formation of mixed stacks
or dimerized-segregated stacks is present. The presence of
dimerized-segregated stacks was reported for mixed crystals
of DBTTF and FATCNQ,*® which are energetically and structu-
rally close to the here studied DBTTF:F6TCNNQ co-deposited
films, although in this case the different size of the acceptor
molecule might play an important role in determining the exact
arrangement and packing. Mixed stack ordered complexes were
reported for combinations of F6ETCNNQ with triphenyl, pyrene,
phenanthracene, naphtho[1,2-b:5,6-b']dithiophene®” or for
BTBT, anthracene, carbazole, benzo[1,2-b:4,5-b']dithiophene.*®
On the basis of the presented data we assume that all shown
EDA complex structures are referred to ordered complexes with
mixed stacks, also called co-crystals. The strong CT absorption
for DBTTF and F6TCNNQ co-deposited films might be a reason
for the formation of other crystalline structures. These can be
dimerized-segregated stacks, as reported for DBTTF and
FATCNQ*® as acceptor with comparable reduction potential,
or the presence of ICT at grain boundaries.*” It has to be
mentioned that a full solution of the crystal structure of all
D:A pairs presented here is necessary to clarify the exact
arrangements of the molecular stacks.

Vibrational properties and degree of charge transfer

Electron transfer to or from molecules changes their vibrational
properties. Charge sensitive vibrations exhibit a strong shift of

Mater. Adv,, 2022, 3,1017-1034 | 1023
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vibrational energy.”! The related energy change upon charging
has to be larger than the possible change of polarizability of
the environment arising from bringing donor and acceptor
molecules in close contact. A degree of charge transfer of one
is given for integer electron transfer. Thus, EDA complexes
exhibit mainly a partial charge transfer or even no charge
transfer. The vibrational energy varies in the simplest approach
linearly with the degree of charge transfer.”> However, electron-
molecular vibration coupling may play a substantial role, which
needs to be considered with non-linear approaches to correctly
model the dependence between shift of vibrational energy and
degree of CT.>>**

The analysis of the C=N modes for some of the mentioned
D:A systems has been measured before by means of infra-red
absorption measurements.*>** The two polymorphs P1 and P2
found for DBTTF:TCNNQ mixed crystals showed a degree of CT
of 0.28 and zero, respectively. Co-deposited films of DBTTF and
F6TCNNQ showed a mixed crystal with a degree of CT of
0.62 and a feature related to ICT. The later feature was attrib-
uted to disordered parts of the film at grain boundaries.*?
Raman spectra of single-component and co-deposited D:A films
for this material system are displayed in Fig. 9a. DBTTF exhibits
a totally symmetric stretching vibrational mode of the central
C=C bond at about 1542 cm ™ *.”>°® This feature is marked by a
vertical dashed line. The three other visible features of DBTTF
are reported in literature without assignment.>*>® The Raman
feature of the TCNNQ film at 1479 cm ™' is attributed to the
C =C ring stretching vibration.”” F6TCNNQ exhibits a feature
at 1410 em™ ', which is described as C=C in-plane stretching
mode.”” The strong feature 1422 cm ' was absent in this
reference, which might be related to a different excitation
energy. Resonant Raman excitation is more pronounced with
the excitation energy of 2.33 eV used here.>®

(a) DBTTF series

View Article Online
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New vibrational features are found in co-deposited D:A
films. For analysing the charge transfer induced shifts, the
focus will lay on the DBTTF mode at about 1542 cm™ . Related to
this vibration the Raman shift changes by —38 and —10 cm ™" for
films containing the polymorphs P1 and P2 of DBTTF:TCNNQ
mixed crystals, respectively. The co-deposited film of DBTTF and
F6TCNNQ displays new features with a change in the Raman
shift of —85 and —130 cm™ . The later change corresponds to the
change observed for the transition from neutral DBTTF to the
DBTTF cation.’®>*?° Taking this shift as reference for ICT and
radical ion state formation, the other feature in the co-deposited
DBTTF:F6TCNNQ film corresponds to the EDA complex.
The estimated degrees are 0.29 and 0.08 for the P1 and P2
polymorphs of DBTTF:TCNNQ, respectively. The EDA complex
DBTTF:F6TCNNQ exhibits a degree of CT of 0.65. These values
are in good agreement with the data reported on these EDA
complexes determined from the C=N stretching mode by infra-
red transmission spectroscopy’> and determined from Raman
measurements as shown in ESIf (see Fig. S3). A comparison of
the observed shift of the C=N stretching from Raman
and infra-red spectroscopy is given in ESIt (see Table S1). All
measurements (Raman spectroscopy on donor modes, Raman
spectroscopy on C=N mode, infra-red spectroscopy on C=N
mode) agree with each other (see also Table S1, ESIT). The data
are summarised in Table 3.

The Raman spectra for the single-component and co-
deposited D:A films for DIP, TCNNQ and F6TCNNQ are shown
in Fig. 9b. The four main vibrational features of the DIP film can be
assigned to in-plane vibrations as a combination of C—C stretch-
ing motion with C-H bending.*® To check for charge sensitive
vibrational modes of DIP, time-dependent DFT calculations were
performed. The results are shown together with the measured
spectrum in ESIt (see Fig. $4).°"°> The four main vibrational

(b) DIP series

L o S B LA i i i i e L o T e e LI B o
F6TCNNQ

Z 1
‘B 0.65
S h‘_/\/___j\,\/—:\«//udonor:FGTCNNQ J\ A\
£
b TCNNQ J\_/_/\—J\b\‘
E 0.02? P2
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Fig. 9 Raman spectra for single component and co-deposited films of DBTTF (a) and DIP (b) together with the spectra of TCNNQ and FETCNNQ.
Co-deposited films in the DIP series exhibit an equimolar ratio. Co-deposited films for the DBTTF series features a 10 : 1 molar ratio with a DBTTF excess
(DBTTF:TCNNQ P1 and DBTTF:FETCNNQ) or a equimolar ratio (DBTTF: TCNNQ P2). The grey, dashed lines in part (a) mark the symmetric stretching
vibrational mode of the central C=C bond in DBTTF for the neutral (5 = 0) and the charged (5 = 1) molecule.>*°¢%° The coloured dashed lines give the
estimated positions of this vibration in the co-deposited D:A films considering an linear change of the vibrational energy and the reported degree of
charge transfer.® These reported values are stated in the figure as well. The grey, dashed lines in part (b) mark the position of DIP vibrations assigned to

in-plane vibrations as combination of C—C stretching motion with C-H bending.
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Table 3 Summary of the measured degree of CT for EDA complexes of DBTTF, DIP, TCNNQ and F6TCNNQ. The data are compiled from infra-red
measurements and from Raman measurements. “X" stands for “no CT detected” which means that the observed shifts are within the shift expected due
to environmental changes and therefore too small to be considered as CT. The last column gives the determined degree of CT, a detailed discussion is
given in the text. The uncertainties were estimated from measurement scattering and possible shift upon environmental change of up to 5 cm™* with

respect to ICT

5CT

Donor modes

Acceptor C=N mode

Raman Infra-red
EDA complex Normal incidence Grazing incidence Resulting value
DBTTF:TCNNQ (P1) 0.29 0.22 0.28% — 0.26 + 0.08
DBTTF:TCNNQ (P2) 0.08 0.01 0*? — 0
DBTTF:F6TCNNQ 0.65 0.53 0.62°> — 0.60 + 0.11
DIP:TCNNQ X — X — undetermined
DIP:F6TCNNQ X — X 0.84% 0.84 + 0.16

features show vibrational changes upon charging which are less
than 23 cm ™. Additionally, the intensities of three of four features
are drastically reduced for the DIP cation. The feature at about
1400 cm ™' in the experimental spectrum exhibits a shift of about
22 cm™ !, which is small but larger than the usual shift upon
environmental change. However, the observed shifts in the co-
deposited D:A films in comparison to the single-component DIP
film is less than 2 em™". This leads to the conclusion that the
charge transfer in these two EDA complexes is negligible. This is
consistent also with the very small shift observed with infra-red
absorption spectroscopy measured in normal transmission
geometry. These data are shown in Si (see Fig. S5, ESIT).

Infra-red spectroscopy measurements were additionally
performed on DIP:F6TCNNQ mixed crystals using a grazing
incidence geometry and polarization-modulation infrared
reflection-absorption spectroscopy.>® A new feature with an
estimated degree of CT of 0.84 was observed for DIP:F6TCNNQ
complexes, which was related to a strong ground-state CT.**
This is in contrast to Raman and infra-red spectroscopy results
given in the previous paragraph. The used grazing incidence
geometry used here reveals a clear spatial anisotropy in
comparison to the normal detection geometry before. Anisotropy
in vibrational properties were reported before for pentacene and
poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene].****
However, further research is necessary on this vibrational aniso-
tropy in EDA complexes to give full explanation in the observed
behaviour.

All determined values for the degree of CT are summarized
in Table 3. The degree of CT depends besides the redox
potential differences (see Table 1) also on molecular
overlap between the involved HOMO and LUMO levels,
molecular shape and Madelung energy.®” Therefore, comparing
the degrees of CT for complexes formed by DBTTF with the
two different acceptors here is straight forward as the
acceptors have quite similar wave function distribution.** The
stronger acceptor gives the higher degree of CT. A direct
comparison between DBTTF and DIP is difficult due to
the strong difference in molecular structure. Furthermore,
the coupling of the molecular vibrations with electrons®*>*
will allow to determine always an upper limit of the degree

© 2022 The Author(s). Published by the Royal Society of Chemistry

of CT. This was discussed before for DBTTF:TCNQ and
DBTTF:TCNNQ complexes.**>*

Electrical transport and complex doping

Doping of OSCs is often realised by molecular materials,
namely by strong donor and acceptor molecules. Even if ICT
doping is more efficient,’® the presence of complexes can lead
to increased electrical conductivity as well. Doping via EDA
complexes was described in the introduction. Thermal activation
is necessary to dissociate the generated electron-hole pair bound
by attractive Coulomb force to generate a quasi-free hole in the
semiconductor. In most cases, the amount of negatively charged
EDA complexes in the film after thermal activation is too small
to be identified by features visible in absorption spectroscopy.

The dependence of the electrical conductivity of DBTTF
upon co-depositing with TCNNQ and F6TCNNQ is reported in
ref. 32. Doping of DBTTF with 10% TCNNQ leads to an
insignificant increase in conductivity and the activation energy
is constant at about 171 meV. In contrast, doping of DBTTF
with 10% F6TCNNQ increases the conductivity by about 2
orders of magnitude and the activation energy is reduced to
100 meV. A negligible influence of the complex doping was
deduced. The conductivity increase and activation energy
decrease present only in DBTTF:F6TCNNQ co-deposited films
was related to the ICT present in addition to the complex
formation in these films. The formation of ions was related
to the disordered region at the grain boundaries as also
observed for co-deposited films with phase separated D and A
molecules.®® A relation between activation energy and energy
levels of the EDA complex was impossible to deduce in this
study.*?

Fig. 10 shows the dependence of the conductivity on the mixing
ratio of DIP with TCNNQ and F6TCNNQ. The conductivities of the
single-component acceptor films are different by several orders of
magnitude. The conductivity of DIP:TCNNQ co-deposited films is
always below the conductivity of the single-component films. At low
F6TCNNQ content in the co-deposited films, the conductivity is
decreased like in the DIP;TCNNQ case. This decrease seems to be
related in both cases to an increased number of grains and grain
boundaries in the co-deposited film as discussed in the section

Mater. Adv,, 2022, 3,1017-1034 | 1025
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Fig. 10 Electrical conductivity determined at room temperature for single
component and co-deposited D:A films of DIP, TCNNQ and FETCNNQ as
function of the molar concentration measured. The solid lines are given to
guide the eyes.

about structure and morphology of these films. However, the
equimolar film of DIP and F6TCNNQ exceeds the conductivity of
the respective single-component films by orders of magnitude.
As mentioned in the part about the morphology of the films, the
equimolar DIP:F6TCNNQ film exhibits a higher fraction of mixed
crystal phases than the equimolar DIP:TCNNQ film and a more
homogeneous phase which might favour the percolation of
charges. The electronic gaps can be estimated by taking the optical
absorption energies of the CT transition and assuming a constant
exciton binding energy as approximation for both complexes.
Then, the smaller electronic gap of DIP:F6TCNNQ mixed
crystals compared to that of DIP:TCNNQ mixed crystals might
result in higher charge carrier density via thermal excitation of
the EDA complex. A combination of all these aspects can explain
the peaking conductivity of the equimolar DIP:F6TCNNQ co-
deposited film. The decrease in conductivity for molar ratios close
to the equimolar ratios might be related to trapping at isolated D or
A molecules. Here one must note, however, that the balance
between mobility defined by the morphology and the charge carrier
density defined by the electrical doping determines the detailed
trend of the conductivity curve.

Measurements on activation energy and electrical conductivity
were performed for single-component films of DBTTF, DIP and
F6CTNNQ. Furthermore, co-deposited films of various molar ratios
were characterised as DBTTF:TCNNQ, DBTTF:F6TCNNQ and
DIP:F6TCNNQ. The data for film compositions, electrical conductiv-
ities at room temperature and activation energies are collected in
ESIt (Table S2). The dependence of electric conductivity and activa-
tion energy at room temperature will be discussed in a later part.

Additional systems

More systems were characterised for this study to support
findings on the EDA complexes formed by DBTTF and DIP

1026 | Mater. Adv, 2022, 3,1017-1034
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as donor as well as by TCNNQ and F6TCNNQ as acceptor. The
respective redox potentials of 6T (U,x = +0.44 V) and FATCNQ
(Urea = +0.13 V) were detected in the same way as for the other
materials described here.*

Sequential deposition (see ESIT) of FATCNQ on DBTTF and
DIP films was used to produce respective EDA complexes. The
absorption spectra are given in Fig. S6 (ESI{). The CT absorption
features arise at 1.26 eV for DBTTF:FATCNQ and 0.98 eV for
DIP:FATCNQ. One has to mention that the absorption spectrum
of the here shown DBTTF:FATCNQ film is different from
single crystal spectrum.®” This indicates a different molecular
arrangement in the here characterised films as dimerized seg-
regated stacks in the single crystals. The CT absorption energy of
EDA complex formed between 6T and FeTCNNQ was determined
to be 0.61 eV.>® All redox potential differences and the energies
of the CT transition for these EDA complexes are summarised in
Table 1 (numbers 6-8).

The formation of EDA complexes upon sequential
deposition of FACTNQ onto single-components films of DBTTF
and DIP was confirmed also by X-ray reflectivity measurements
(see Fig. S7, ESIf). A new Bragg peak related to a different
crystal structure than that of the donor was identified as feature
of the formed mixed crystals. Details on the structure and
the presence of mixed crystals in co-deposited films of
6T:F6TCNNQ can be found in ref. 35.

Measurements on activation energy and electrical conductivity
were performed for co-deposited films of 6T and FETCNNQ as
well as for sequential deposited FATCNQ on the single-component
DBTTF and DIP films. Also, these data for film compositions,
electrical conductivities at room temperature and activation
energies are collected in ESIT (Table S2).

Discussion
Comprehensive comparison of EDA complexes

We start the discussion with comparison of EDA complexes
in terms of optical, structural and vibrational properties.
Therefore, the dependence of the CT absorption energy on the
redox potential difference is displayed in Fig. 11 for all investigated
material pairs. The CT absorption energy has a minimum Zvp,;, at
a redox potential difference around 0.4 eV and is increasing for
more positive as well as for more negative values of it. The EDA
complexes on the more positive side of the redox potential are
called neutral, whereas the complexes at the more negative side
are named ionic. The redox potential difference with smallest CT
absorption energy corresponds to the neutral-ionic boundary E,, ; p.
Energies of electrostatic interaction, van der Waals interaction and
resonance energy due to m-orbital overlap between the involved
molecules cause this shift of the minimum CT absorption energy
from zero redox potential difference.>*

This behaviour is fitted using a simplified description based
on the model introduced by Torrance et al.®® using the equation

hvepx = |E}DIOM0 — Efumo — Enip| + AVmin. (1)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Lowest optical transition of EDA complexes as function of the
intermolecular redox potential difference ng - Ufed. The identifiers are
taken from Table 1 (green: systems presented here, red: systems from ESI,
and from ref. 9). The solid grey line is fitted following egn (1).%% The
horizontal line gives the typical lower boundary for optical transitions in
EDA complexes from literature at 5000 cm™* (0.62 eV).%%7°

Here we approximate the energy level offset ERomo — Etumo by
the redox potential difference Uy, — Ukq. Considering shifts
due the interaction energy in terms of E,_j_p, the neutral EDA
complex can be described by molecules with energy levels in a
type-II H] and the ionic EDA complexes have a type-III H]J
energy level alignment. Note that, the term “ionic complex”
is not related to the presence of ionic species. This labelling was
historically given for the two extreme cases of the degree of CT ¢
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(neutral 6 2 0, ionic 6 < 1). The lowest energy CT transition is
found for the complex 6T:F6TCNNQ, which agrees with the
energy of 5000 cm ' (0.62 eV) shown in the literature.>”°
Complexes with transition energies lower than this value show
metallic conductivity and appear as segregated stacks.”®”' One
prominent example is tetrathiafulvalene:tetracyanoquinodimethane
(TTF:TCNQ), which shows the Peierls transition at 53 K.>”>”* More
elaborated models for complexes were introduced by Briegleb,?
Mullikan and Person,” or Salzmann and co-workers.”® The first
two models were used to describe the relation between Zvgpx and
Efomo — Efumo further away from the neutral-ionic boundary.
The latter one is based on a Hiickel-like treatment and calculates
ground-state properties only. A more sophisticated and detailed
description of EDA complexes can be performed by DFT and
applying time-dependent DFT or Bethe-Salpeter calculation for
optical transitions.">”*7® However, the knowledge of the crystal
structure is fundamental for these types of calculations as the
charge transfer interaction depends on the molecular arrangement
and can strongly differ in different polymorphs.®™*

The study presented here shows a crossing of the neutral-
ionic boundary by chemical variation of donor and acceptor
molecules. Furthermore, crossing this boundary is possible by
chemical substitution”””® as well as pressure or temperature
changes.®>*® Chemical substitution is present for TCNNQ
and F6TCNNQ molecules. Even if DBTTF:TCNNQ complexes are
appearing close to the neutral-ionic boundary, the DBTTF:F6TCNNQ
complex is clearly of ionic nature, and a crossing of the neutral-ionic
boundary is present. A temperature-dependent crossing of the
neutral-ionic boundary can be ruled out for the DIP containing
complexes from absorption measurements shown in Fig. 4. Also,

DIP
8.7 x 18.6 A2

Fig. 12 Summary of mixing behaviour for the co-deposited D:A films. The van der Waals sizes of the molecules are determined from the atomic
distances in crystal structures (TCNNQ,”® FETCNNQ,**#” DBTTF,*® DIP®°) and adding van der Waals radii®! of the respective, terminal atoms. Differently
coloured rectangles in the schematics indicate different phases: green and red — D and A, shades of blue — different EDA complexes or mixed crystals.

The dots show isolated D cations and A anions.
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the results of temperature-dependent conductivity measurements to
determine the activation energy exclude temperature-induced
neutral-ionic transition for all analysed systems.

Now, we compare the morphological and structural properties
for the co-deposited films reported here. The van der Waals sizes
of the molecules as measure for the molecular sizes are given in
Fig. 12, determined from the atomic distances in crystal structures
(TCNNQ,” F6TCNNQ,**” DBTTF,* DIP*’) and adding van der
Waals radii®" of the respective, terminal atoms. The numbers
given for the donor materials DBTTF and DIP are taken from
single crystal structures.*>*® The molecular sizes for DIP in the
high temperature bulk phase®® give roughly the same unit cell
parameters as the thin film phase.**** The molecular sizes for the
acceptors are taken from mixed crystals reported in literature®*”°
and compared to the single crystal data for FeCTNNQ.*!

Whereas DBTTF and the acceptors have quite similar sizes,
DIP is larger along the long axis of the molecule. Kitaigorodsky
identified isoelectronicity and isostructurality as prerequisite to
form mixed crystals.” This means that molecules with similar
chemical and crystal structures should be able to form mixed
crystals. Similar size of the n-system increases the interaction of
the different molecules.****"8® Also, dipolar and van der Waals
interactions play a key role."**” The similar sizes of DBTTF and
the acceptors together with the energy level offset results in
mixed crystal formation. Mixed crystals are mainly present in
equimolar films, where single-component phases are absent.
The difference in molecular sizes allows the mixed crystal
formation only for a small portion of molecules in DIP:TCNNQ
co-deposited films. Clearly phase separation between donor,
acceptor and mixed crystals is observed. In contrast, an
increased amount of formed mixed crystals is present in co-
deposited films of DIP and F6TCNNQ. Seemingly, the energy
level offset and the related stronger degree of charge transfer
(see next section) are favourable for mixed crystal formation
and thermodynamic stabilisation. The overall degree of
structural order is higher for DBTTF:TCNNQ than for
DBTTF:F6TCNNQ co-deposited films. This might be related
to the more comparable short axis of DBTTF and TCNNQ
molecules. In contrast, DIP-containing co-deposited films show
a higher degree of structural order for FGCCTNNQ as acceptor
than for TCNNQ due to the mentioned tendency of DIP and
TCNNQ to phase-separate. In this case the dipolar and van der
Waals interactions on the one side, and the smaller energy level
offset on the other side seem to favour the formation of mixed
crystals between DIP and F6TCNNQ. In non-equimolar films,
phase separation between mixed crystals and the excess single-
component crystals is observed.

As mentioned before, the difference in free energy for the
formation of distinct mixed crystal polymorphs might be very
low. In our case, two polymorphs of DBTTF:TCNNQ mixed
crystals are observed. Different m-stacking motifs can be the
reason for such behaviour, although the molecules are parallel
aligned. However, the orientation of the molecules with respect
to the stacking direction might be different as reported for the
polymorphs of DBTTF:TCNQ.’ Two different types of charge
transfer are concluded for DBTTF:F6TCNNQ co-deposited
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films. The mixed crystal as EDA complex is observed together
with ICT.?? Even if ICT is also reported in mixed crystal films of
DBTTF and molybdenum tris[1,2-bis-(trifluoromethyl)ethane-
1,2-dithiolene],** due to the structural dissimilarity of D and A,
no structural features related to a second mixed crystal structure
are observed there. Therefore, the ICT is attributed to disordered
areas close to grain boundaries.*?

The EDA complex DBTTF:TCNNQ (P2) appears with negligible
degree of CT, whereas the complex DBTTF:-TCNNQ (P1)
and DBTTF:F6TCNNQ show a charge transfer of about ~0.26
and ~0.60 of an electron. The EDA complexes DIP:TCNNQ and
DIP:F6TCNNQ show in infra-red transmission and Raman mea-
surements negligible CT. In contrast, infra-red spectroscopy with
high angle of incidence reveal a degree of CT of 0.57 for
DIP:TCNNQ and 0.84 for DIP:F6TCNNQ.?* The difference between
normal and grazing incidence measurements might result in
different selection rules and shows a strong anisotropy in these
systems. An anisotropy of optical properties was shown before
for DIP:F6TCNNQ films by angle-dependent spectroscopic
ellipsometry.®> The main feature of EDA complexes is the presence
of a charge transfer absorption with an energy lower than the
absorption energies of the single-component materials. This criter-
ion is fulfilled for all EDA complexes mentioned in Table 3,
regardless of the detected degree of CT. One has to keep in mind
that the degree of CT is determined by several factors like energy
level offset Epomo — Etumo as well as the specific geometry and the
related m-orbital overlap. The latter point is shown by the
polymorphism in DBTTF:TCNNQ complexes, where different EDA
complex polymorphs show different degrees of CT. Furthermore,
even if DIP has for both acceptors the larger energy level offset than
DBTTF, the degree of CT is higher for the DIP containing com-
plexes than for the DBTTF complexes with the same acceptor. This
might be related to the detailed orbital distribution of the involved
D and A molecules. Here the description has to go beyond a
dependence on the energy level offset only, similar to the observa-
tion for different polymorphs for the same material combination.

Doping via EDA complexes

The basic activation process upon complex doping is still in
debate. Different energy barriers are present for thermal activation
of the electron from HOMO to LUMO inside the complex or from
HOMO of OSC to LUMO of the complex. Measurements of the
temperature dependent conductivity of cod-deposited DBTTF:
TCNNQ and DBTTF:F6TCNNQ films were unable to solve this
point before.*> The measured activation energies were much
lower than both activation energy barriers. The influence of
complex doping on the conductivity was described as negligible
as the singlecomponent DBTTF film and the co-deposited
DBTTF:TCNNQ film (10% TCNNQ) showed the similar conductivities
and activation energies. The strongly increased conductivity
and the reduced activation energy for co-deposited films of
DBTTF:F6TCNNQ films in comparison to the single-component
DBTTF film was attributed to the presence of ICT doping.

To characterise the underlying activation behaviour upon
complex doping, the dependence of the electrical conductivity on
the activation energy at room temperature is displayed in Fig. 13.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Electrical conductivity vs. activation energy for films of various
D:A systems as well as for single-component films. The lines are calculated
from eqn (2) with different prefactors (dashed line: 1500 S m~2, solid line:
42 S m™Y. The values of the data points shown here are given in the ESIt
(see Table S2).

The conductivity was analysed by transfer-length method to reduce
influence of contact resistance.®® The points with activation
energies above 600 meV refer to the single-component films of
DBTTF, DIP, F6TCNNQ and 6T together with the co-deposited film
of 10% F6TCNNQ and DIP. The data points with an activation
energy below 500 meV can be described by a thermally activated
behaviour following the equation

o(T) = a9 - exp (J;:T‘) @)

Here ¢(7) is the temperature-dependent conductivity which is
studied here at room temperature (T = 289 K), o, the prefactor,
E.. the activation energy and kT the thermal energy which is
25 meV at room temperature. All studied material combinations
give an averaged prefactor of 42 S m~" (shown as solid line in
Fig. 13). The prefactor was reported to be at 1500 S m ™" for a series
of material combinations where ICT appears (shown as dashed line
in Fig. 13). The difference in conductivity might be related to a
lower charge carrier density in the systems with complex doping
compared to systems with ICT doping.>*"*°

In the region of low dopant concentrations and low
conductivities, the observed behaviour was attributed to the
thermal activation of ion pairs formed via ICT to generate free
charge carriers in doped organic semiconductors.* The resulting
prefactor for ICT doping varies for different material combinations
mostly between 10” and 10* S m™*. We conclude therefore that the
limiting parameter for the resulting conductivity of EDA complex
doping is the same as for ICT doping at low concentrations, namely
the generation of free charge carriers from generated ion pairs.

Importantly, the thermally activated behaviour of electrical
conductivity shows a smooth transition between complex and
ICT doping. One has to keep in mind that ICT might be present
for DBTTF:F6TCNNQ films as well. From the frontier orbital
positions of the molecules, a similar behaviour for DBTTF:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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FATCNQ films is possible. This might be prevented by the
applied sequential deposition and a different crystal packing
giving also different CT absorption energies (see Table 1).
However, limitations of the model can be seen for the class of
F6TCNNQ doped DBTTF films. The slope is much higher than
for the introduced linear model. A more detailed study
would be necessary for a conclusive picture on the material
dependence of the model in eqn (2). Furthermore, the system in
our study with the lowest CT absorption energy, which is
6T:F6TCNNQ, shows also the highest conductivity for pure
complex doping and part of the data points are located at the
curve with the prefactor of 1500 S m™'. This can be seen as a
hint, that the thermal activation inside the EDA complex is a
limiting factor for the generation of charge carriers upon
complex doping. Detailed studies on the dependence of the
electrical conductivity on the gap of complex dopants might be
a challenge for the future.

Conclusion

The present study comprises the characterisation of EDA
complexes formed from the donors DBTTF and DIP and the
acceptors TCNNQ and F6TCNNQ. EDA complex formation was
found for all four D:A combinations. Polymorphism is present
for DBTTF:TCNNQ mixed-crystals. The dependence of the CT
absorption energy on the redox potential differences of the
involved molecules in the EDA complex follows a modulus
function [see eqn (1)] considering a minimal CT absorption
energy of about 0.62 eV and the energy of the neutral-ionic
boundary at a redox potential difference of 0.43 eV which
characterises the interaction of the molecules in the mixed
crystalline film. Unit cell parameters for the y-polymorph
of DBTTF and the P1 polymorph of DBTTF:TCNNQ were
determined from X-ray scattering data. For each donor, the
EDA complex containing F6TCNNQ as stronger acceptor shows
the higher degree of CT. In contrast, the weaker donor DIP
shows for both acceptors the higher degree of CT as the donor
DBTTF. A strong anisotropy of vibrational properties was
detected for the DIP containing mixed crystalline films. The
addition of acceptor to DBTTF films increases the electrical
conductivity for low acceptor concentrations. In contrast, the
electrical conductivity of co-deposited DIP:acceptor films is
reduced for low acceptor concentrations. A peaking conductivity
in films was found for an equimolar ratio of DIP and FETCNNQ
which exceeds also the conductivity of the single component
films. Thereby, a clear correlation between film morphology,
phase-behaviour and conductivity was established for DA systems.
The electrical conductivity of films upon complex doping shows
the same thermally activated behaviour as for ICT doping.

The unified description of the dependence of CT absorption
energy on the intermolecular energy level difference is challenging
if the related energy levels are unknown. Therefore, only a
simplified description is used here,*® using the redox potential
difference of D and A molecules and agreeing well with
the presented data. This is in line with reports on several
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other EDA complexes in literature.®®”° Detailed computational
calculations'>”>7® often lack on computational time, accurate
description and unknown crystal structures. However, the
application of the here presented EDA complexes as infra-red
absorber seems to be limited to energies above 0.61 eV
(~2000 nm).*>7*%® Also here, the relation between CT
absorption energy and redox potential difference given by
Torrance et al.®® [see eqn (1)] is applicable.

Anisotropic properties are common for molecular crystals.
This is also pronounced in EDA complex materials due to the
presence of two different molecules. The transition dipole
moment of the CT absorption is oriented perpendicular to the
n-orbital planes of the molecules in the complex.*>** Absorption
and emission features related to D:A interaction are only present if
n-stacking is possible, e.g. in co-deposited films, and absent in
head-to-tail configurations.”®® Here we report on anisotropy of
vibrational features. The complex-related infra-red modes are
present only by applying grazing incidence for the light and are
absent in infrared and Raman measurements with normal
incidence/detection directions.

Doping plays a role to improve device performance with
increasing charge carrier density, but also disturbing the single-
component film morphology.”” This holds also for complex
doping. Disorder might help to improve the separation of
bound charge pairs in doped films,**°® it might also help to
avoid complex formation and therefore, increase the doping
efficiency. Even if doping by EDA complexes is less efficient
than electron®*°® or hydrogen®"*° transfer doping, the relation
between electrical conductivity and activation energy seems to
be universal. Doping has to work for improving hole and
electron transport. This is shown for doping by EDA complexes,
too. Considering acceptors like TCNNQ and F6TCNNQ as
semiconductor, the adding of the donor DBTTF or DIP
increases the electrical conductivity. Here also a drastic
improvement of the film morphology in co-deposited films
related to the charge carrier transport abilities is observed in
comparison to the single-component acceptor films.
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