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Abstract

The organic charge-transfer (CT) complex dibenzotetrathiafulvalene — 7,7,8,8-
tetracyanoquinodimethane (DBTTF-TCNQ) is found to crystallize in two polymorphs when
grown by physical vapor transport: the known a-polymorph and a new structure, the g-polymorph.
Structural and elemental analysis via selected area electron diffraction (SAED), X-ray
photoelectron spectroscopy (XPS), and polarized IR spectroscopy reveal that the complexes have
the same stoichiometry with a 1:1 donor:acceptor ratio, but exhibit unique unit cells. The structural
variations result in significant differences in the optoelectronic properties of the crystals, as
observed in our experiments and electronic-structure calculations. Raman spectroscopy shows that
the a-polymorph has a degree of charge transfer of about 0.5¢, while the B-polymorph is nearly
neutral. Organic field-effect transistors fabricated on these crystals reveal that in the same device
structure both polymorphs show ambipolar charge transport, but the a-polymorph exhibits
electron-dominant transport while the p-polymorph is hole-dominant. Together, these
measurements imply that the transport features result from differing donor-acceptor overlap and
consequential varying in frontier molecular orbital mixing, as suggested theoretically for charge-
transfer complexes.

Table of Contents Entry

Theorganic charge-transfer complex DBTTF-TCNQ isfound to grow in two polymorphs,
both mixed-stack. Their characterization via organic field-effect transistors, XPS, Raman, and IR
spectroscopies show that subtle differences in their structure have a large impact on their electrical
characteristics and electronic structure. These results support theoretical calculations that discuss
the implications of small shifts in donor/acceptor overlap.
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1. Introduction

Organic electronic materials are promising for a wide variety of consumer applications due
to their compatibility with flexible substrates, their favorable interaction with biological
media, and their versatility in generating tailored materials which can be designed and
engineered for specific applications. Organic charge-transfer (CT) complexes — multi-
component materials in which one molecule acts as an electron donor (D) and another as an
electron acceptor (A) — are a class of organic materials with the potential for such controlled
design[-4]. Within the complex, the two species, which tend to be unipolar semiconductors
in their pristine form, create a hybrid band structure primarily composed of the donor
HOMO (highest occupied molecular orbital) and the acceptor LUMO (lowest unoccupied
molecular orbital)>:61. The result is a smaller effective bandgap and partial ionicity, which
leads to a rich array of optoelectronic behavior that is both fundamentally interesting and
technologically relevant. This includes ambipolar semiconductivity, metallic behavior,
ferroelectricity, and morel7-161. Control over the CT complex energetics and properties lies
largely in the choice of the D/A parent compounds, but the crystalline packing plays a key
rolel8]. A clear indicator of this is the existence of several complexes that possess the same
donor and acceptor molecules in the same ratio, but show metallic behavior in their
segregated stack form and semiconducting behavior in their mixed-stack form[2l. For
example, BEDT-TTF — TCNQ (where BEDT-TTF is the donor bis(ethylenedithio)-
tetrathiafulvalene and TCNQ is the acceptor 7,7,8,8-tetracyanoquinodimethane) has two
metallic phases, both exhibiting a room-temperature electrical conductivity of 10 Q~tcm1:
one crystallizes in a triclinic (") segregated-stack structure and has a degree of charge
transfer (p) of 0.5¢ between the D and A (where eis the elementary charge)[17-19, while the
other crystallizes in a triclinic (") segregated-stack structure and is characterized by a 0.74¢
degree of charge transfer(20.21]. |n contrast, its monoclinic, mixed-stack structurel2?l is a
semiconductor with seven orders of magnitude lower conductivity and a degree of charge
transfer of p = 0.16l18:19],

Similar to monomolecular compounds, the charge transport in a CT complex is dependent
on the extent of coupling between the constituent molecules — in this case the D and A
molecular orbitals. This, in turn, is governed by the compound’s crystal structure, with both
the coupling and the degree of charge transfer changing as a function the molecular overlap
of the stacked donor and acceptor molecules[?3]. Theoretical studies have suggested that in-
stack charge-transport for a mixed-stack CT complex takes place via a superexchange
mechanism, where electron (hole) transport occurs in an A-D-A (D-A-D) triad via mixing of
the acceptor LUMO with the donor HOMOI5:6:24], Balanced hole and electron transport is
expected when the transport occurs predominantly via the donor HOMO and the acceptor
LUMO. If other orbitals are involved in transport, however, electrons and holes exhibit
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unbalanced charge carrier mobilities, and charge transport can even be unipolar in the most
extreme casesl6].

Experimental validation of these theories is difficult due to limited available materials and
unavoidable extrinsic factors that participate in the measurement of electrical properties. In
this article, we study such effects by exploring the properties of two polymorphs of the CT
complex dibenzotetrathiafulvalene — 7,7,8,8-tetracyanoquinodimethane (DBTTF-TCNQ)
(Figure 1a, 1b). These form an excellent system for the study of the effect of D/A
interactions on the optical properties and charge transport in CT complexes because the
constituent molecules are exactly the same, but variations in their molecular packing result
in different functionality. We will refer to the known, triclinic polymorph as the a-
polymorphl25-271_ Crystals of this structure adopt a rectangular shape (Figure 1c), whereas
the crystals of the new, previously-unreported polymorph (which we will call the p-
polymorph), are elliptical in shape (Figure 1d). The thin nature of the B-crystals made it
impossible to determine its structure by X-ray diffraction (XRD). Therefore, a combination
of selected area electron diffraction (SAED), IR and UV-vis absorption spectroscopies was
used to confirm the structure of the a-polymorph and estimate the structure of the new
polymorph. Density Functional Theory (DFT) calculations allowed us to further refine this
crystal structure and compare features of its electronic structure to those of the a-
polymorpht®],

To evaluate the optoelectronic properties of the two polymorphs we incorporated their single
crystals in organic field-effect transistors (OFETS). We observed that the differences
between the two systems are very subtle, both exhibiting ambipolar-semiconducting
electrical properties with gold source/drain contacts. The a-polymorph shows superior
electron transport while, in contrast, the B-polymorph exhibits hole dominant transport.
Raman spectroscopy suggests that the degree of charge transfer between the D and A
molecules in the a-polymorph approaches p = 0.5¢, whereas the B-polymorph is almost
neutral, with p = 0.1e. Our in-depth investigations of the structural, optical, and electronic
properties of DBTTF-TCNQ crystals provide conclusive evidence of the impact of
crystalline packing on the properties of mixed-stack CT complexes and validate the
theoretical calculations which predict that the charge transport can lose its balanced nature if
other orbitals besides the donor HOMO and the acceptor LUMO participate in charge
transport. We propose that the more favorable charge transport pathway for holes in -
DBTTF-TCNQ compared to the a-polymorph is a consequence of varying frontier orbital
mixing between the two polymorphs.

2.1. Single Crystal Growth of DBTTF-TCNQ

The crystal structure of an organic crystalline solid is mediated by the interplay between van
der Waals interactions and dipoles or multipoles (either permanent or induced)[28]. Because
of the weak energies of these interactions, variations in growth conditions can result in
polymorphism. This is the case for several monomolecular compounds where the structure is
dictated by the type of solvent used for crystallization, by temperature, or other growth
conditions. To grow single crystals of each DBTTF-TCNQ polymorph, we first prepared the

Aalv Electron Mater. Author manuscript; available in PMC 2018 January 29.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Goetz et al.

Page 5

CT crystals by a solution diffusion method. To achieve that, a solution of TCNQ in
acetonitrile, saturated at ~ 60°C, was mixed with a similarly saturated and heated DBTTF
solution in xylenes. Needle-like crystals of the a-polymorph precipitated as the solution
cooled. Though evidence exists for the crystallization of charge-transfer complexes in
different stoichiometries due to varying solvents[29], we were unable to crystallize the -
polymorph from solution. The solution-grown crystals were used as source material to grow
flat, thin crystals of both the a.- and B- polymorphs by physical vapor transport (P\VT)[30-32],
The carrier gas in use here was argon flowing at a rate of 150 mL/min in a tube under a
temperature gradient (Figure S1). The source material was heated to 170 °C, and the a- and
B- polymorphs crystallized in different regions of the tube, between room-temperature and
45 °C and 40-65 °C, respectively. They were discernable by their shape — a-DBTTF-TCNQ
is rectangular, while p-DBTTF-TCNQ is elliptical and very thin (see Figure 1). Growth
conditions vary strongly between different furnaces — we note that our growth conditions are
different from prior reports on a-DBTTF-TCNQI31:32] _ therefore, a full description of the
PVT process is included in the supplementary information.

2.2. Structural Characterization of DBTTF-TCNQ Polymorphs

The crystal structure of the a-polymorph was confirmed by X-ray diffraction (XRD). The
obtained unit cell parameters coincide with the previously reported ones[26] with 2= 7.7576
A, b=8.3622 A, ¢=10.400 A, a =72.14°, B=109.77°, and = 110.19°. The B-polymorph
crystals were extremely thin, and even synchrotron XRD measurements were unsuccessful
in determining their structure. Therefore, a combination of SAED, IR spectroscopy, XPS,
optical absorbance, and DFT calculations was used to determine the unit cell and orientation
of the bulk crystal, evaluate the D:A ratio, and to estimate the crystal structure. The SAED
results for the two DBTTF-TCNQ polymorphs are shown in Figure 2. The parameters for
the a-polymorph (Figure 2a) are similar to the triclinic unit cell reported by Kobayashi, et
al, where the space-group is A1[26.27], Earlier SAED measurements on microrods of
DBTTF-TCNQ exhibited a unit cell structure similar to the a-polymorph discussed herel331.
In contrast, the B-polymorph has a distinct unit cell with lattice parameters of b = 0.997 nm,
¢ = 0.652 nm, and an angle of 90° between them, suggesting a monoclinic symmetry (Figure
2b). DFT calculations were performed to obtain additional insight on the packing and
electronic structure of the p-polymorph. By using lattice parameters obtained from SAED
measurements as an initial input, several crystal structures have been optimized. The most
stable structure obtained has the following unit cell parameters: a=8.83 A, b=957 A, ¢c=
6.83 A, a =83.59°, B=84.99°, and y = 88.54°. This geometric structure was then used for
all electronic structure calculations. As SAED measurements suggest that the unit cell of this
system could be of a higher than the triclinic symmetry resulting from our calculations,
further investigations are needed to fully characterize the B-polymorph. In particular, unit
cells containing two or more donor-acceptor pairs should be considered for donor-acceptor
crystals with high symmetry, as is suggested by the available experimental data.

X-ray photoelectron spectroscopy (XPS) identifies and quantifies the chemical composition
of the crystals, and can also provide information about the degree of charge transfer between
the donor and acceptor in the complex, as we will show in the next section. In this study, we
are able to use the S 2p spectra to represent features of the donor moiety because DBTTF is
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sulfur-containing and TCNQ is not (Figure 3a). Similarly, the N1s spectrum is representative
of the acceptor (Figure 3b). Details of the spectral fitting are included in the supplementary
materials. Relative sulfur and nitrogen content was estimated by XPS by using the S 2s and
N 1s photoemission (PES) lines and correcting by the photoionization cross sections and
spectrometer transmission function. The sulfur fraction, [S]/([S]+[N]), is 0.56 + 0.1 for the
a-crystals and 0.59 + 0.1 for the B-crystals. Within experimental error, this result confirms
that each polymorph has a 1:1 donor-to-acceptor ratio. While the a-polymorph is known to
have a 1:1 ratio from X-ray diffraction, this finding is not trivial, as we have shown that
different D:A ratios can be obtained for other systems by tuning the growth conditions(34l.

In order to align the crystals such that we access the D/A charge-transfer stack in our
electrical measurements, we measured the optical absorbance of each crystal type between
0.5 eV and 3.0 eV (near IR to near UV) by using a combined grating monochromator and
Cassegrain-type microscope. The results are shown in the supplementary information
(Figure S2). In these spectra, a charge-transfer band is present around 0.7 eV for each crystal
type. This band exhibits high intensity when the incident light is polarized in the direction of
the stack axis (i.e. the direction of charge-transfer), and negligible intensity when light is
polarized perpendicularly to the stack axis. We concluded that the stack axis is the long
crystal axis of the a-polymorph, in agreement with a previous report[31], and the short axis
of the elliptical p-polymorph.

Polarized IR spectroscopy was applied to each crystal, and the results are shown in Figure 4.
The anisotropies of the spectra shown in this figure point to another key difference between
the two polymorphs. For the a-polymorph, the observation of the vibrations labelled ¢, d, ¢,
and 7, which are each parallel to the long axes of the molecular DBTTF and TCNQ,
indicates that these axes are oriented parallel to the surface of the crystal. The out-of-plane
C-H stretching of the DBTTF molecule (vibration &), which is perpendicular to the
molecular plane, shows strong anisotropy and is most pronounced when the light is
polarized along the long axis of the bulk crystal surface. Vibrations eand , C=Cand C=N
stretching on the TCNQ molecule respectively, occur in plane and have a transition moment
parallel to the molecular long axis. They are strongest when the light is polarized parallel to
the short axis of the bulk crystal. Together, &, ¢, and Fshow that the molecular CT stack axis
is parallel to the long axis of the crystal, in agreement with the absorption data. The -
polymorph, on the other hand, shows strong anisotropy in the vibration labelled “4”, and
weak intensity in all directions for vibrations ¢, g, e, £, and g. This indicates that the short
molecular axis of the DBTTF and TCNQ is parallel to the bulk crystal surface, and the stack
axis is parallel to the short axis of the crystal, confirming our optical absorbance
measurements.

A summary of D and A molecular orientation within the single crystals of each polymorphs,
as well as with respect to the crystal edge parallel to the substrate, as obtained by combining
the above mentioned measurements is included in Figure 5.

2.3. Degree of Charge Transfer

Charge-transfer complexes are characterized by partial ionicity. Organic metals fall in the
0.5e- 0.75erange, although having such degree of charge transfer does not guarantee
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metallicity[2]. Techniques to quantify the degree of charge transfer exploit the change in the
bond lengths and vibration frequencies of the acceptor/donor as a result of the partial
addition/loss of charge. These include Raman and IR spectroscopies, X-ray and neutron
scattering[18.19.25.35-37] |n this study we determined the degree of charge-transfer via
Raman spectroscopy by evaluating the dependence of the TCNQ v4 (exocyclic C=C
stretching) vibration frequency on the surrounding chargel3¢l. The results are shown in
Figure 6. In a neutral molecule, this mode appears at 1454 cm=2, while in the completely
ionized case it occurs at 1395 cm~1[36]. The a-polymorph exhibited a shift to 1426 cm™L in
our measurements, corresponding to a degree of charge transfer of 0.5¢. This value is in
agreement with the value reported in the literature based on IR spectroscopy[?°]. The weakly
intense peak present at 1450 cm~! was predicted to correspond with the C=C stretching on
the donor moiety, and was thus not used for the calculation of the degree of charge-transfer.
The B-polymorph appears more neutral, showing a very modest shift to 1448 cm™1, which
corresponds to p = 0.13e.

XPS provides a complementary measurement to detect elements in different electronic
states, but it only probes the first 5-10 nm of the crystal surface. As shown in Figure 3a, the
spectral shapes of the DBTTF in the a.- and pB-structures have pronounced differences. The S
atoms in the a-polymorph display a shoulder from 165-166 eV and show higher intensity at
164.5 eV when compared to the p-DBTTF-TCNQ polymorph. The spectra were
deconvoluted and we applied the methods used by Medjanik, er af38] for spectral
assignment. The states of the sulfur atoms here are adequately described by two pairs of
lineshapes, which suggests that the atoms detected at the surface of the a-polymorph are in
two different chemical (or electronic) environments — one charge-transfer state and one
neutral. In contrast, the S 2p spectrum of the B-DBTTF-TCNQ shows that the S atoms are in
one chemical (or electronic) state. The single state present in the B-DBTTF-TCNQ spectrum
is assigned to neutral DBTTF and this indicates that the degree of CT at the surface of the
crystal is zero. The fraction of charged DBTTF molecules in the a-polymorph based on the
fitted results of the S 2p spectrum is 0.31 + 0.02. While we cannot confidently report p
based on this measurement, it is clear that the a-polymorph contains more charged S atoms
than the B-polymorph. The N1s spectra for the polymorphs also convey the differences
between the two types of crystal, and are shown in Figure 3b. The a-polymorph is described
by three lineshapes: one centered at 398.6 eV, one centered at 399.6 eV, and one centered at
402.0 eV. Similar to the studies focusing on TTF-TCNQB9 and F,-TCNQI#0 we assign the
low-binding-energy feature at 398.6 eV as the TCNQ moiety within the CT complex that
does undergo CT and the high-binding-energy feature at 399.6 eV as the TCNQ moiety that
does not undergo CT. The N 1s spectrum of the B-DBTTF-TCNQ displays a prominent peak
at 399.2 eV, and a less intense, broad peak at 401.8 eV. This spectrum is very similar to
earlier reports of TCNQI[4Xl, and we assign the main peak as the direct N 1s photoemission
of electrons in the TCNQ moiety of the CT crystal while the broad feature is assigned as a
shake-up satellite feature. The fraction of charged TCNQ in the same polymorph is
estimated from the fit results in Figure 2b as (0.23 £+ 0.02). The fraction of DBTTF
molecules that undergo CT is greater than TCNQ within the a-DBTTF-TCNQ polymorph.
This provides structural insight into the localization of the charge within the a-DBTTF-
TCNQ polymorph, where a greater amount of charge is near the thiophene group relative to
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the cyano group. The XPS results also provide additional evidence of the different electronic
structures between the two polymorphs, where CT is detected at the surface in the a-
DBTTF-TCNQ structure and not in the B-DBTTF-TCNQ.

The complementary measurements described in this section confirm that the a.-polymorph
exhibits a high degree of charge transfer of 0.5¢, while the p-polymorph is nearly neutral.
Such a difference results from the shift in the molecular overlap of the donor and acceptor
molecules, in agreement with the theoretical work suggesting that p, similar to charge carrier
mobility, depends on the molecular overlap[23].

2.4. Charge Transport in DBTTF-TCNQ Polymorphs

In this section we present the effect of the differences in the crystal structure and partial
ionicity on the charge transport in this material system. We measured the electrical
characteristics of the two DBTTF-TCNQ polymorphs by fabricating single crystal OFETs of
the top-gate, bottom-contact design. The device structure is included as an inset in Figure 7a.
At least 30 crystals of each polymorph were investigated and all measurements were
performed along the D/A stack direction. Current-voltage (I-V) characteristics for a typical
a-polymorph device are shown in Figure 7, while in Figure 8 we include the I-V curves for
the B-polymorph. Transfer characteristics were taken for Vpg = £60 V, and the hole and
electron mobilities, un and e, Were calculated from the saturation regime using standard
procedures(2-44]. The non-linear behavior of the low Vpg region of the output
characteristics originates from the injection barriers between the metal contacts and the
semiconductor materials, which are inherent in ambipolar FET devices.

Ambipolar transport is observed in both polymorphs, but the differences between hole and
electron enhancement are clear. In the a-polymorph the electron transport is dominant, with
the average electron mobility peq = 0.4 + 0.2 cm2V~1s71 being one order of magnitude
greater than the average hole mobility in the same crystals, f,q = 0.04 + 0.02 cm2V-1s71,
Differences in measured mobility values for these single crystals are the result of small
variations in the orientation of the crystal with respect to the source and drain contacts, as
well as different crystal quality. Nevertheless, the electron mobility is always larger than the
hole mobility, with a ratio of 10-12 between the two being typical. These results are in
agreement with those reported previously for solution grown microrods of the a-polymorph
DBTTF-TCNQ on similar contacts, though the electron mobility in our devices is slightly
higher[33]. This is likely due to the fact that we used parylene dielectric instead of bare SiO»;
numerous semiconductor materials have been shown to exhibit diminished electron transport
on SiO5, dielectric compared to a polymer or self-assembled monolayer-treated SiO,
dielectric because of the increased density of trapping states formed here[4546], We note,
however, that another study showed only electron transport in the a-polymorph, with a
similar device structure, but at much lower applied voltages (linear regime of device
operation)[47]. We believe hole transport is observed in our studies because the devices are
biased at higher drain voltages. The B-polymorph shows contrary behavior and favors hole
transport with mobilities of ppg = 0.1 +0.07 cm?V 157! and pieg = 0.03 + 0.02 cm2V 1572,
as shown in Figure 8. For all measured samples, a ratio of 3-5 between the two values is
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typical, with the hole mobility always surpassing the electron mobility. These trends are
consistent for all the crystals we investigated in this study.

3. Discussion

It is well known that the differences in crystal structure that are inherent in polymorphs
result in modifications in the band structures and physical properties(4849]. This has been
measured, for example, in thin films of diindenoperylene by a combination of UPS, IPES
(inverted photoemission spectroscopy), low-energy electron diffraction (LEED), and
XPSBYL. In order to understand the differences induced in the band structure of the DBTTF-
TCNQ polymorphs, we performed both UV-Vis-NIR absorption spectroscopy and UPS
measurements. Details about these measurements and their results are included in the
supplementary information (Figure S3). The optical absorption measurements show that the
a-polymorph CT band peaks at 0.78 eV, while the p-polymorph peaks at 0.73 eV. Each of
these absorption bands results from the CT excitations from the HOMO level of the DBTTF
to the LUMO level of TCNQ and thus provide an estimate for the band-gap of each DBTTF
TCNQ polymorph, suggesting a narrower value for the p-polymorph. These results
demonstrate that (1) polymorphism in molecular crystals results in changes in HOMO/
LUMO levels which may impact charge injection, and (2) the band-gap formation of the CT
salt is more complex than simply mixing the levels of the donor and acceptor species. Based
on the UPS results, we find a HOMO shift with respect to the Fermi energy level of 1.03

+ 0.07 eV for the a-polymorph and 1.10 +£0.05 eV for the B-polymorph, which implies that
the different polymorphs have different hole-injection barriers when contacted to Au source/
drain electrodes. While we cannot unambiguously quantify the difference in HOMO
between the two structures because the standard deviations in these measurements are of
similar magnitude to the energy shift value (AEqomo=0.07eV), the UPS measurements
suggest that the shift is present. Such a small shift, however, is not sufficient to explain the
differences observed in charge transport, as it can be overcome by band bending.

The existence of distinct unit cells implies that the molecular overlap between the donor
(DBTTF) and the acceptor (TCNQ) is different between the two polymorphs (see Figure 5).
Calculations and experimental work previously performed on mono-molecular crystals
showed that very small changes in the intermolecular overlap of the adjacent organic
semiconductor molecules can yield dramatic changes in intermolecular electronic coupling,
which directly impact charge transport properties1-531. In order to evaluate this effect in
CT complexes, in parallel to our experimental measurements aimed at understanding the
electronic structure of the polymorphs, we performed DFT calculations on the derived -
structure and compared the results with those previously reported on the a.-polymorph. For
the B-polymorph, the effective electron coupling values for holes and electrons along the
stacking directions are estimated to 8 meV and 18 meV, respectively. In addition to the
electronic interaction along the stacking directions, significant direct electronic coupling was
estimated between neighboring donor molecules (t;, =14 meV) and between neighboring
acceptor molecules (t. = 11 meV). Overall, the electronic interaction for holes and electrons
is comparable. Thus, the band structure calculations (see Figure S4) indicate that the
conduction band and valence band widths are nearly equal (150 meV and 138 meV,
respectively). The calculated electronic couplings result in an effective mass for holes of
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0.94 mq (the effective mass calculations for electrons have not converged), where mg
represents the electron mass in vacuum. The couplings derived for the p-polymorph are
much smaller compared to the reported values for the a-polymorph, where the effective
electronic couplings along stacking directions for holes and electrons were estimated as 85
meV and 71 meV, respectivelyl®l. As result, the effective masses for holes and electrons for
the a-polymorph were found to be about two times smaller than the value estimated here for
holes in the B-polymorph. To conclude, the electronic structure results suggest a more
efficient charge transport in the a-polymorph, in agreement with our experimental results. In
addition, they also point to an intrinsic balanced transport in both polymorphs, i.e. similar
mobilities for electrons and holes in each type of crystal. In devices, however, the presence
of extrinsic factors such as the injection barriers formed at the metal/semiconductor interface
or polarization at the semiconductor/dielectric interface may, and indeed have, led to
different results. Takahashi, ef a/, showed that in OFETS fabricated on the a.-polymorph,
[7.47] electron-only transport, ambipolar transport, and hole-only transport can be achieved
by selecting source-drain electrodes of different work functions. Since we used the same
type of metal (gold) to contact both polymorphs in the present study, contact choice alone
did not cause the differences we observed. A possible reason for the unbalanced electrical
properties of the two crystalline structures may be related to their different responses to the
presence of the trap states and defects, as we have demonstrated for another system[48l. A
more significant contribution to these differences was suggested by a recent theoretical
study, which showed that the effect of molecular overlap on electronic coupling in CTs is not
necessarily mirrored for holes and electrons — i.e, their transfer integrals and therefore their
mobilities, do not increase and decrease simultaneously[6l. Consequently, the bulk material
may exhibit primarily hole, primarily electron, or ambipolar transport, depending on the
strength of interactions of molecular orbitals participating in charge transport. For example,
if the electronic coupling is dominated by the interaction between the donor HOMO and the
acceptor LUMO, balanced electron/hole transport is expected. Otherwise, electron or hole
dominant transport, or even unipolar transport may be achieved. In addition, the shifts in
molecular overlap induce modulation of p, as proposed by Sini, et aA23, and confirmed here
experimentally. The higher degree of charge transfer observed in the a-DBTTF-TCNQ
suggests a higher crystal binding energy in the a-polymorph than the B-polymorph, as these
two features are directly related®4. Therefore, we attribute the differences in transport —
electron-favored transport in the a-polymorph and hole-favored transport in the p-
polymorph — to different D/A electronic coupling and the presence of different degrees of
charge transfer between the D and A species, both caused by differences in the D/A overlap.

4. Conclusions

In conclusion, we discovered a new polymorph of the charge transfer complex DBTTF-
TCNQ, which we refer to as the p-polymorph. The existence of two distinct crystalline
structures with the same D/A ratio provides us with a unique system for the study of the
impact of the donor-acceptor interactions on the optoelectronic properties of organic charge-
transfer complexes. We find that the a.-polymorph shows a large degree of charge transfer
between the constituent molecules of about 0.5¢, while in the B-polymorph the charge
transfer is weak, quantified by a degree of charge transfer of about 0.1e. Interestingly, while
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both crystals exhibit ambipolar transport, electron-transport dominates in the a.-polymorph,
whereas hole-dominant charge transport is observed in the B-polymorph. The changes in the
position of the HOMO/LUMO levels as a result of different crystalline structures are
minimal as determined by UPS. We conclude that the differences detected in the electrical
properties are a result of the interplay between the effect of the varying degree of charge
transfer and electronic coupling between the donor and acceptor. These differences likely
result in a variance in the molecular orbitals contributing to transport due to differing band
structures between the two polymorphs.

5. Experimental Section

Selected Area Electron Diffraction (SAED)

SAED experiments were performed in a Zeiss Libra 120 transmission electron microscope at
120kV using a LaBg filament and low electron dose conditions. Al (111) of 0.234 nm d
spacing was used as the electron diffraction calibration standard.

X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed in a commercial instrument (base pressure 1 x 1072 Torr
or better) equipped with a hemispherical electron energy analyzer and monochromatized Al
Ka photons (1486.6 eV)[1. Crystals of both polymorphs were laminated onto gold
substrates and contacted to the substrate using silver epoxy.

IR Spectroscopy

IR spectra were measured by using a Thermofisher Scientific continuum IR microscope
equipped with an iS50R FT-IR spectrometer. The anisotropy of the spectra were measured
by polarizing the incident light with a wire-grid polarizer. For the spectral assignment, key
vibrations were simulated by using GAUSSIANOQ9 with the 6-31G(d) basis set at the B3LYP
level.

Raman Spectroscopy

The measurements were performed using a Renishaw inVia Raman microscope with a 532
nm excitation laser polarized along different crystal axes. As with the IR spectroscopy,
spectral assignment was accomplished by simulating key vibrations using GAUSSIANOQ9
with the 6-31G(d) basis set at the B3LYP level.

Electrical Measurements

To fabricate the field-effect transistors, source/drain electrodes (5 nm Ti/45 nm Au) were
patterned by photolithography and deposited by e-beam evaporation on a 200 nm SiO,
substrate that served the role of an insulating substrate. Following cleaning with hot acetone,
hot isopropanol, and a UV/ozone treatment, the crystals were laminated by hand onto the
substrate as they were thin enough to stick by electrostatic adhesion. The crystals were
aligned with the contacts so that the charge-transfer stack axis was directed across the OFET
channel. To achieve the top-gate configuration, 300-750 nm N-parylene (e, = 2.65, thickness
determined from capacitance measurements) was deposited onto the crystals following a
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procedure described elsewherel56:571 and silver (60 nm) was thermally evaporated to act as a
gate contact. Electrical properties were measured in air and in the dark by using an Agilent
4155C semiconductor parameter analyzer.

Electronic Structure Calculations

Following our recent work[58], the geometry optimization of the B-polymorph was
performed by means of the aPBE functional with 30% nonlocal Hartree-Fock exchange
contribution and using the 6-31G basis set. The calculations were performed using a 6 x 8 x
6 Monkhorst-Pack A-point mesh with a semi-empirical dispersion correction. This correction
is based on the Grimme’s D2 model[®°], but uses standard van der Waals radii as reported by
Bondil6% with the exception of hydrogen(61l. For the sake of comparison with the reported
results for the a-polymorphl®], the electronic structure of the B-polymorph was computed at
the B3LYP/6-31G level of theory using a 8 x 8 x 10 Monkhorst-Pack A-point mesh. All
periodic boundary condition calculations were performed using the CRYSTAL14
program(®2]. The electronic couplings between the frontier orbitals of the donor and of the
acceptor (th(p)-L(a))-the effective couplings (t,e", 1) along the stacking direction and the
electronic couplings between neighboring donor and acceptor molecules were evaluated at
the B3LYP/6-31G level with the GAUSSIANO9 packagel53].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structure of (a) the donor, DBTTF, and (b) the acceptor, TCNQ. (¢) Rectangular

a-DBTTF-TCNQ crystal. (d) Elliptical B-DBTTF-TCNQ crystal.
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a-DBTTF-TCNQ
b=0.848 nm
c=0771 nm

B-DBTTF-TCNQ
b=0.997 nm
c=0.652

Figure 2.
SAED patterns for the a-DBTTF-TCNQ (left panel) and B-DBTTF-TCNQ (right panel).

Measured lattice parameters are listed below the corresponding patterns.
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XPS for a-DBTTF-TCNQ (top) and B-DBTTF-TCNQ (bottom). The S-2p spectra are
shown in (a), and N-1s spectra in (b). Data (open circles) and spectral fits (as solid lines) of
neutral and CT moieties as well as the shake-up satellite are shown. The horizontal arrow
line in (b) indicate the estimation of the HOMO-LUMO transition, in the presence of a core-

hole, of the TCNQ moiety in each polymorph.
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Figure 4.

IR spectra for each type of crystal, polarized along both the long and short axes. Vibrations
a-g are identified within the spectra, and pictured at the right. CN stretching (f) frequency
shifts with respect to TCNQ charge.
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Molecular orientation of DBTTF and TCNQ, respectively with respect to the crystal surface,
and long and short bulk crystal axes. The xy plane is drawn as a guide, and is oriented to the
crystal face. The a-polymorph crystal structure is used here, while the p-polymorph

structure is approximated based on spectroscopy.
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Figure6.
The Raman spectrum for each polymorph from 1000 to 1500 cm™1. The v, C=C stretching

for neutral TCNQ occurs at 1454 cm~ and for the TCNQ anion at 1395 cm™2, and is
assumed to shift linearly based on acquired charge. The spectrum obtained for the a-
DBTTF-TCNQ is shown in red and for the B-DBTTF-TCNQ in black.

Aalv Electron Mater. Author manuscript; available in PMC 2018 January 29.




1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Goetz et al.

(a)

252107

2.0x10”

1.5x10°

T J’A“;

" o 10x10

f.

5.0x10°

0.0

-B0) 50 -40 -20 Q 20

2010 - _
V..
o5
— s -BD B0 A0 20 O |
o4.0x10 .. =
- - 77 1H
-5.0x10°| A1
-B.0x10" - - | (L
Za-10x10| ATIH |
| { -1»".' |1 ]
. asao’t A1 (] ]
B.0x10° b ey I
40 6D 40 20 0
Vs IV

Figure7.

10"
<
_LQ
4107
Vos
_U'U'
_.1{)\}
—'0
—"MV
_'413\4'
_5{)\"
RS
i

(b)

250107

2.0x10”

z

154107

A

]

w

-] .
1.0x107
5.0x10*

oo

(d)

1.2x10% |
1.0x10"
B.0x107 |

< .
£.0x107

4 0107

2.0x107

0.0

Page 21

60

Electrical characteristics for the a-polymorph, with device structure shown as an inset of
plot (a). The channel geometry is L/W = 0.85. The transfer characteristics for negative drain

voltage are shown in (a) and for positive drain voltage in (b), with the black axis showing the

square root of the drain current versus the voltage and the blue axis showing a log-scale plot

of the drain current versus voltage. The output characteristics for the a-polymorph are

shown for negative and positive gate voltage are shown in (c) and (d) respectively, indicating
electron-favored transport. The inset in plot (c) shows the output characteristics scaled to
lower current values to show the hole accumulation, which is about one order of magnitude
smaller than the ambipolar current demonstrated when |Vgs-V1| < [Vp|.
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Electrical characteristics for the p-polymorph. The channel geometry is L/W = 0.75. The
transfer characteristics for negative drain voltage are shown in (a) and for positive drain
voltage in (b). Panels (c) and (d) show the output characteristics for the B-polymorph.
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