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Abstract

The electronic properties of a charge-transfer (donor-acceptor) semiconducting organic co-crystal,
Perylene:F4-TCNQ (PE:F4) (the donor, D, is PE, the acceptor, A, is 2,3,5,6-Tetrafluoro-7,7,8,8 tetracyano-
quinodimethane (F4)) in its 3:2 stoichiometry, are experimentally and theoretically studied. This is done by
means of electron paramagnetic resonance (EPR) and solid state electrochemical, cyclic voltammetry (CV),
measurements on single crystals. In particular, solid state electrochemistry proves to be an effective tool to
probe, on a macroscopic scale, the electronic characteristics of the co-crystal. While, EPR highlights the pres-
ence of spin 2 radicals localized on F4 molecules, possibly linked to defects. The experimental findings are
discussed on the basis of density functional theory (DFT) based calculations: carried out both using the pro-
jector augmented waves (PAW), with “periodic boundary conditions” (pbc), method and the localized orbit-
als, molecular cluster, approach. In particular, a satisfying agreement is found between the experimental, 0.336
eV (electrochemical), and theoretical, 0.303 eV (PAW), band gap. Differences with the reported optical
bandgap are discussed considering excitonic effects.
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Introduction

The interest in the study of charge transfer (CT) co-crystals is due to their peculiar electrical and magnetic
properties.? Initially developed as synthetic metals, i.e. conductors based on molecules that can be synthe-
sized in the laboratory, charge transfer co-crystals have recently seen renovated interest as semiconductors
with potential ambipolar properties.>* Interest arises from the many applications of semiconductors in devices
capable of convert electrical power into light, OLEDs, with a broad spectrum of tunability enabled by the
donor or acceptor chemistry, and also electrical devices based on semiconductors such as field effect transis-
tors.> In addition, the optical properties of such co-crystal semiconductors, combined with their needle like
crystal habit, allows for potential applications in photonics as waveguides, where light from an external light
source with energy below the gap, or the luminescence of the co-crystal can be guided.’” Crucial to the many
possible applications of these materials as semiconductors are the energy values of the frontier orbitals, i.e.
the energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO).2!! In a parallelism with conventional inorganic semiconductors, these correspond to the valence
and conduction band, respectively. As for single component organic semiconductors, e.g. pentacene, rubrene,
oligo-thiophenes, etc., the energy of the HOMO and LUMO levels are crucial since, not only they determine
the electronic gap of the material itself, but also represent the energetics barriers with respect to the electrode
work-functions in metal-semiconductor junctions and thus they are parameters that strongly influence the
contact resistance and performance in the devices. Photoemission spectroscopy and inverse photoemission
have been extensively used to determine HOMO and LUMO levels of organic semiconductors in the form of
thin films.'?. However, single crystals, being the most ordered system with minimal concentration of grain
boundaries, remain a benchmark in terms of studying the intrinsic properties of a new molecular material and
often display the best performance in terms of charge carrier transport..>!* There are only few photoemission
studies on organic single crystals and even fewer on charge transfer co-crystals one of the reasons being the
likelihood of surface charging effect in the photoemission experiment, giving spurious effects.!*!> Charge
transfer co-crystals arise from the combination of two closed shell neutral molecules in which the HOMO and
LUMO levels that are offset to promote a transfer of charge from a donor, D, to the acceptor, A. This occurs from
having the energy of both these frontier orbitals close to the vacuum level for D compared A. The transfer of charge
from D to is the process responsible for the formation of a D-A pair.!®!” Then semiconducting properties of D:A
co-crystals are mainly connected to the presence of a delocalized n-conjugated systems, and by the presence
of hetero-atoms and/or substituent groups able to suitably modulate the energy offset of molecular orbitals of
D and A, hence the overall electronic structure and degree of charge transfer, p.!%!°

We and other research groups have demonstrated how p is also a function of the molecular geometrical arrange-
ment in the crystalline structure and by the stoichiometry of the co-crystal.!®!® In principle, Dn:Am could assume
any stoichiometric value.?*! Charge transfer complexes with semiconducting properties show the most com-
mon 1:1 stoichiometry and a stacking geometry in which D and A alternate in sandwich fashion along the

stacking direction (A-D-A-D). This is known as an alternated stack co-crystal.?»?* The high electron affinity
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(EA) of the acceptor and the low ionization energy (IE) of the donor generate a dimer, or pair, characterized
by a band-gap, defined as a first approximation by the difference between the energy of the acceptor’s LUMO
and the donor’s HOMO.?*%6 But in an energetically more complex system characterized by long range perio-
dicity, such as a co-crystal, the electronic coupling between the HOMO of D and the LUMO of A plays a
major role in determining p, which may result in partial ionicity of the system DP*-AP", i.e. 0 < p < 1. This is
a parameter that is widely used to classify these molecular material class. Charge transfer co-crystals with low
charge transfer degree p < 0.5, thus partially ionized molecules, typically show semiconducting proper-
ties.?”!%17 Single component organic semiconductors show band gap energies (Esg) between 0.8 and 3 eV
which is limiting when considering applications in infrared optoelectronics or thermal imaging. Semiconduct-
ing co-crystal can overcome such limitations since the bandgap can be tuned by a judicious choice of the D
and A molecules, but ways to characterize their electronic bandgap in the solid state and the degree of charge
transfer are still a very important topic at the centre of the development of such materials. In this work we
characterize the electronic structure of the charge transfer co-crystal obtained from pairing 2,3,5,6-Tetra-
fluoro-7,7,8,8 tetracyanoquinodimethane (F4) as A and perylene (PE) as D.!32%2° PE:F4 crystallizes in the
uncommon, and structurally non trivial 3:2 stoichiometry. The main aim is to provide information on the
electronic bandgap via solid state electrochemical measurements, such as cyclic voltammetry (CV) performed
in solution and on the single crystals. We report a quasi-reversible behaviour in CV, which is consistent with
valuable conductive properties. The solid state electrochemistry approach allows to extract information di-
rectly on the solid and thus relevant for solid state devices.**? The energy of HOMO, LUMO and the related
band-gap are compared with the experimental optical band gap reported by us in literature'® and to theoretical
calculations. showing a fairly good agreement. EPR experiments show the presence of a doublet state, which
can be assigned to F4 radical anions. Results are compared to a similar study on dibenzotetrathiafulva-
lene/2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (DBTTF:F4) co-crystals, where the degree of

charge transfer correspond to one, i.e. a fully ionic system.>>

Experimental
Chemicals

Perylene 99% purity (PE) was purchased from Sigma-Aldrich, and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane 98% purity (F4) was purchased from TCI-UK. The materials were purified by vacuum sub-
limation. Acetonitrile anhydrous, ACN (<99 % purity), tetrabutylammonium hexafluorophosphate, TBAPF6
(99% purity) and Nafion 117 solution 5% were obtained from Sigma-Aldrich and were used for electrochem-
ical studies. During all electrochemistry analyses alumina powder was used to renew electrode surface. All
the glassware was boiled in nitric acid and then cleaned by rinsing in high purity water, Millipore (resistivity

>20 MQ cm).
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Charge Transfer (CT) co-crystal growth.

PE:F4 co-crystals were grown using a horizontal tube furnace under argon stream. Argon gas was obtained
from BOC-UK with a purity of 6 N. A 2 m long quartz tube was filled with smaller diameter tubes of 10 cm
length each. Those were used to harvest the crystals at the end of the growth procedure. The small tubes were
cleaned by ultrasonication in successive steps with deionized water, 2-propanol and acetone. About 150 mg
of each material were placed in a Carbolite EHC 12/600B three zone furnace with the hot zone at 537 K, the
centre of the furnace at 460 K and the cold zone at 410 K. Further details on the crystal growth system can be

found in previous works.>*3

EPR

Room temperature X-band (9.8 GHz) CW-EPR spectra were collected on a Bruker EMX equipped with a
super-high Q resonator (ER4122 SHQE). Low temperature Q-band (33.8 GHz) CW-EPR spectra were col-
lected on a Bruker ELEXSYS E580 using an EN 5107D2 Bruker resonator housed in an Oxford CF935 cry-
ostat. All samples were finely grinded in order to obtain a powder averaged spectrum. Spectra simulations
were performed using EasySpin 5.2.28 toolbox>’ within the Matlab 2019b software suite (The Mathworks
Inc., Natick, MA).

Electrochemical set-up

The electrochemical measurements were performed using a PalmSens3 portable potentiostat (PalmSens,
Houten, Netherlands), driven by using the PSTrace 4.6 software. The latter was used both to set the process
parameters and record the experimental data. A conventional three electrode cell was used for electrochemical
studies of pristine solutions. The working electrode (WE) was a glassy carbon electrode (GCE) with a diam-
eter of 3 mm. The counter electrode (CE) was a Pt electrode. The potentials were measured against an
Ag/AgCl/KClsy reference electrode (RE). A peculiar arrangement was adopted in the case of co-crystals to
preserve their solid state: a cylindrical Teflon cell featuring a hole (0.8 cm diameter) in the bottom was used
in a vertical configuration. A glassy carbon electrode (size: 25 mm x 25 mm x 0.5 mm) was tightened from
below to a copper plate as the electrical contact (WE); a Teflon ring was used to ensure no solution leakage
from the cell. While a Pt wire and an Ag/AgCl/KClsy were used as CE and RE, respectively. The co-crystals
were placed on the WE and covered with a Nafion membrane. The latter was maintained in air contact for 5
minutes, eventually the electrolytic solution was added. The Nafion membrane is exploited to prevent direct
contact between the solid co-crystal and the electrolytic solution avoiding the dissolution of the co-crystals,
but preserving the ion transfer. In fact, if dissolved in solution, the co-crystals would dissolve yielding the

pristine neutral PE and F4species. Further details on the solid state electrochemical setup can be found in ref.

[51].
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Calculation details

Theoretical results presented and discussed in the main manuscript are obtained by using the VASP 5.4.4
program. Calculations are run within the General Gradient Approximation (GGA) of the density functional
theory with periodic boundary conditions (pbc).*®*° We use projector augmented waves (PAW)* pseudopo-
tentials with exchange correlation functionals as parameterized by Perdew-Burke-Ernzerhof (PBE), with a
cut-off energy of 400 eV. Atomic coordinates were relaxed using the conjugate-gradient method starting from
the structural parameters obtained by x-ray,'® with Monkhorst-Pack k-point samplings of 5 x 3 x 3. For com-
parison, localized orbitals calculations are carried out within the framework of ab-initio linear combination of
atomic orbitals (LCAO) using FireFly, GAMESS and ORCA suite of programs.*'~* This localized orbitals
approach has been performed using the BALYP and CAM-B3LYP functionals, and post-HF MP2 method, 6-
31G(d) as basis-set. Localized orbitals calculations concerning the crystal were performed by extraction of a
“cluster” of molecules (a trimer formed by two perylene and one F4ATCNQ molecules) maintaining fixed the
experimental geometrical disposition exactly as obtained by X-rays diffraction data analysis. Results obtained
by using localized orbitals calculations are reported, and concisely assessed, in the Supporting Information.
Plane waves post-scf data elaboration and graphs are obtained by using the XCrySDen,*** VESTA,*

mcu0.2*” and Bader packages.*>°

Results and Discussion
Electrochemical behaviour of pristine F4 and PE

Figure 1 sets out CVs of PE in bulk solution. A first weak and shallow current peak showing a quasi-reversible
behaviour is present at about +0.5 V in the forward oxidation curve. As the potential is scanned more positive,
a much more complicated pattern is observed in the +1.0 to +1.8 V potential range. Moreover, the current
potential curves result a function of the scan rate: two oxidation peaks, of irreversible nature, are evident at
slow scan rates, they merge in a single current peak centred at about 1.2 V with a 100 mV s™! potential scan
rate. The latter oxidation peak is likely due to follow-up chemical reactions, possibly leading to the formation
of a PE-based polymer, and indeed the WE surface appears covered by a thin film, whose study relating to the
film-formation and characterization is in progress in this lab. Figure 1 inset shows CV curves recorded in a
narrower potential window, the potential is scanned between 0.1 and 0.8 V, showing a quasi-reversible elec-
trochemical behaviour, which is thus limited to the first oxidation step. Indeed, in the case of PE few electro-
chemical studies are present in the literature and this paper reports for the first time perylene CV curves.’!
Table I summarizes the electrochemical results of the pristine PE and F4 compounds, at 50 mV s’ potential
scan rate (negligible variations are found at 20 and 100 mV s’!, please compare the Supporting Information

section). CVs of pristine F4 were reported previously.>?



60+ PE/PE"

40+

—20mV/s

—— 50 mV/s
—— 100 mV/s
_20 T T T
0.0 0.5 1.0 1.5

E vs(Ag/AgClgat)/V
Figure 1. Cyclic voltammetry of pristine PE in 0.1 TBAPFs ACN solution containing: 1 mM PE. WE: GCE,
RE: Ag/AgCl/KClsa, CE: Pt wire. Black, red and blue curves were obtained at 20, 50, 100 mV s™! scan rate,
respectively.

Table 1. Anodic peak potential (Epa), cathodic peak potential (Ej.), the relevant difference
(AE),and HOMO/LUMO energy values. Electrochemical values obtained by elaborating CVs
obtained at a 20 mV s™! potential scan rate.

20 (mV s scan rate Epa (V) Epe (V) AE (V) HOMO (eV) LUMO (eV)

Fa(on +e™ = Fhigy 0.640 0,543 0.097 -5.167
Faon + €7 = Fals,) 0.153 0.062 0.091
PEgoy = PESoy + €7 0613 0.546 0.067 -5.052

Solid-state electrochemistry

Figure 2 shows CV voltammograms recorded in the case of the PE:F4 co-crystal. A carbon-paste electrode
(CPE) is used as WE, a Pt wire the CE, Ag/AgCl KCl is the RE.

Examination of CV curves reported in Figure 2 allow for a close comparison between the electrochemical
behaviour of the pristine F4 and PE compounds in solution (Figure 2a) and the CV pattern obtained in the
solid-state electrochemistry setup (Figure 2b). CVs of PE in the solid state are also shown in Figure 2c.

In the +0.7 to +1.8 V range (black line, Figure 2b), the PE:F4 CV parallels the pristine PE results (red line,
Figure 2c). Two broad oxidation current peaks are present in the oxidative scan at around +1 and +1.3 V. The
latter CV peaks show a totally irreversible nature. In the -0.5 to 0.8 V potential range (black line, Figure 2b)
very shallow broad shoulders are present, the relevant current values are almost negligible with respect to the
current of the oxidation peaks.

CVs recorded starting at the open circuit potential (OCP) are also shown in Figure 2b: red and blue curves are
the anodic and cathodic scans, respectively. Previous studies showed that the PE:F4 co-crystal features a lim-

ited charge transfer character (p < 0.5) ref '8. Where PE is found positively charged and complementarily F4
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has negative charge density with p of about 0.3. This is different with respect to the fully ionic co-crystal
DBTTF:F4.°2 Due to the known limited charge transfer in the PE:F4, the peak in the anodic scan at about
+0.65 V (red line, in Figure 2b) can be tentatively assigned to the PE oxidation (which corresponds to swallow
current features found in the -0.5 to 1.6 V CV — black line in Figure 2b). The reduction of the F4 to the F4-
anion species is the redox process underlying the reduction peak at about -0.05 V (blue line in Figure 2b).
While the couple of broad peaks found at about +1.0 and +1.25 V in the wide range potential scan (black line
in Figure 2b) can be assigned to the PE oxidation. The latter peaks are extremely similar to the couple present
in the pristine PE CVs, compare with Figure 2(b) black curve (20 mV/s potential scan rate). In addition, we
stress that the peak-to-peak current difference in the blue CV, Figure 2b, is about four time the peak-to-peak
current difference in the red CV. This suggests a more efficient redox process concerning the reduction of the
F4 species compared to the PE oxidation. Such an experimental evidence can be due to a much more efficient
intermolecular charge transmission along the PE network of molecules (which forms a continuous sub-lattice
within the PE:F4 crystal), with respect to the possible oxidation of the F4™ anion (F4 sites within the PE:F4
crystal are isolated as further discussed in Figure 4). Moreover, F4 is present as a species bearing a slightly

negative charge F4%~ rather in its anionic form.
10
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Figure 2. a) CVs of the pristine F4 and PE compounds in TBAPFs ACN solution with GCE as the WE. b)
CVs recorded of the PE:F4 co-crystal, same condition as in Figure 1. ¢) CV of the pristine powder PE cov-
ered with a Nafion membrane, TBAPFs ACN solution, GCE is the WE, a Pt wire is the CE, Ag/AgCI/KCl is
the RE. 20 mV s’! is the potential scan rate.

Table II summarizes the solid-state electrochemistry Epq, Epe, AE, HOMO- LUMO and band gap values ob-
tained by elaboration of the PE:F4 CVs shown in Figure 1 and Figure 2, respectively. This together with the
estimated HOMO, LUMO and band gap values.



Table II. Potential of anodic peak (Ep.), potential of cathodic peak (E,.), the correspondent differ-
ence (AE), and HOMO/LUMO energy values obtained using a scan rate of 20 mV s\,
Epa Epe AE HOMO | LUMO | band gap

) ) ) (eV) (eV) (eV)
PE: F4(soiiay = PE: DB oyqy + €7 | 0.640 | 0533 | 0.107 | -4.832

20 (mV s scan rate

0.336

PE: F4(solid) +e” = PE: F4€SOlid) 0.238 | -0.046 | 0.284 -4.496

We compare the results of the performed CV measurements with the optical band gap reported for the 3:2
stoichiomorph of PE:F4 reported in our previous work.'® As shown previously the structure is characterized
by a dimer stack D-A along the crystal growth direction corresponding to the a axis and a trimer stack DAD
almost parallel to the ¢ axis. Thus the 3:2 stoichiomorph shows two, perpendicularly polarized to each other,
optical absorption having onset of the charge transfer excitons at 0.68 eV for the dimer and 0.77 eV for the
trimer. The band gap from CV measurements is 0.336 eV, thus lower with respect to what has been estimated
by optical spectroscopy. Such difference is not surprising considering that in optical experiments the energy
difference across the gap is obtained through the observation of a neutral excitation, excitons, while in CV

charges are injected at the interface of the crystal with possible polarization effects.

EPR characterization

The EPR powder spectrum of the PE:F4 co-crystals was recorded in the X-and Q-band frequencies ranges,
both at room temperature and at 50 K (Figure 3) and proved to be independent of temperature in this range.
At both frequencies the spectrum is characterized by a nearly isotropic resonance line centred at g = 2.00.
Computer simulation of the spectrum at the two frequencies (red lines in Figure 3) indicates a small anisotropy
of the g tensor (g=[2.0033 2.0033 2.0037]£0.0001) in line with computed values for the F4 radical anion,
which represents the defective trapping sites in this system. No evidence is found for spin states higher than
S=1/2 up to room temperature (Figure 3a). Taken together these evidences point to the existence of ground-
state F4 radical anions within the PE:F4 co-crystal. Possibly the existence of F4 radical anions is connected

to defective sites within the crystal.
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Figure 3 Experimental (black) and simulated (red) CW-EPR spectra of PE:F4 recorded at a) X-band fre-
quency (9.8 GHz) and room temperature. The magnified portions of the spectrum in panel a) demonstrate
that no spin states higher than 2 are detectable. Experimental parameters: microwave power = ImW; modu-
lation amplitude = 0.1 mT. b) Q-band frequency (33.8 GHz) and 50 K. Experimental parameters: microwave
power = 0.01 mW; modulation amplitude = 0.1 mT.

Theoretical results

Theoretical calculations are exploited to gain physical insight on the interactions active between the donor-
acceptor molecular partners, within the co-crystal. We will pay particular attention to the band gap and the
intermolecular (donor-acceptor) charge distribution. The electrochemical behaviour provides a direct infor-
mation on the band gap, while charge separation properties will be compared to our previous estimates based
on IR spectroscopy and the EPR measurements reported above. Modelling of the PE:F4 co-crystal electronic
properties is carried out by using both the projector augmented wave (PAW) method and localized orbitals
(molecular cluster model reported in the Supporting Information section). PAW calculations for geometry
optimization are carried out considering a 5x3x3 Monkhorst-Pack k-point sampling and in the following con-
ditions: 7) the geometry parameters fixed to those obtained by single crystal x-ray diffraction i7) relaxing the
PE and F4 atomic positions, with unrelaxed, i.e. experimental, unit cell lattice parameters iii) full relaxation
of the system allowing for both optimization of atomic position, as well as unit cell lattice parameters. Upon
full geometry relaxation, the unit cell volume varies from 2854 A3to 2731 A3 which appears a reasonably
small-scale variation. For “final” electronic structure calculation 6x6x6 Monkhorst-Pack k-point sampling
was chosen yielding a band gap value of 0.414, 0.346 and 0.303 eV for cases i), ii) and iii), respectively. This
outcome compares rather well with the 0.336 eV electrochemical result (vide supra, Table II). Figure 4 shows
in panel (a) the band structure for the fully relaxed geometry, while in panel (b) a 2D charge density projection
on the PE and F4 molecular planes is shown. A clear localization of negative charge surrounding the nitrogen

and fluorine ions can be noticed on the F4 molecules. Further viewpoints are shown in panels (c¢) and (d). The
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elaboration of the charge density distribution, following the charge density decomposition method of Ba-
der®®#%-33 allows to calculate the net charge localized on the F4 molecule. The latter results indicate a charge
density of —0.69 electrons, after molecular geometries and cell lattice constants relaxation (i.e. full relaxa-
tion); —0.58 and —0.63 values are obtained for the experimental un-relaxed and molecular-only relaxed ge-
ometries, respectively. The calculated net charge localized on F4 molecule is just larger than the experimental
one, -0.3, estimated by IR spectroscopy ref.!8. Figure 4 summarizes “at-a-glance” the essential electronic
properties of the PE:F4 co-crystal, calculated by using the PAW based density functional method. Figure 4a
shows the band-structure as a function of the k-path distance, the minimum band-gap energy is at I', Figure
4b sets out the relevant high-symmetry points. Figure 4 ¢ and d show two-dimensional projections of the
electron localization function (ELF). In particular, Figure 4c shows ELF 2D projections on two planes copla-
nar with facing F4 and PE molecules, whilst Figure 4d shows ELF 2D projections on a plane roughly orthog-
onal to the previous ones. The latter is passing through sp> carbons of a PE-F4-PE cluster, red area are evident
between carbon carbon double bonds (intramolecular covalent bonds), remarkably the intermolecular area is
deep blue indicating the absence of any significant intramolecular chemical interaction (i.e. there is no evi-

dence of any & 7 stacking chemical interaction).
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Figure 4. a) Band structure plot vs. K-point distance, Y-—L-X-I'-R-K—-Z-I" K—path b) Details of the selected
high symmetry K-points.** ¢) 6x6x6 Monkhorst—Pack PBE full-relaxed geometry: 2D projected ELF plot,
red colour bonding (or lone couple) region, deep blue ELF = 0, i.e. low electron density.

Conclusions

Integration and comparison of the information obtained by x-ray, EPR and CV experimental results, with
theoretical DFT based calculations allowed us for obtaining some thoroughly insights on PE:F4 electronic
structure and the degree of charge-transfer in the solid-state. The comparison of the experimental overall pic-
ture and theoretical outcome suggests that PE:F4 features a degree of charge transfer certainly lower than one.
From calculations a singlet ground state is the most stable, where the F4 appears negatively charged, with
values in the range — 0.58 to -0.7 and the material shows an electronic bandgap in good agreement with what
is measured as the HOMO LUMO separation by electrochemistry. However, EPR experiments point towards
a localized spin Y4 radical. In light of the crystal structure with F4 molecules essentially isolated when com-
pared to the network of PE molecules, mainly because of the trimers, it is not unreasonable that some F4
molecules in structural defects may take a charge of -1 and dominate the EPR signal. We speculate that the
PE network substructure may be characterized by a very efficient charge transport mechanism, as the analysis
of the electrochemical data suggest.

Peculiar differences emerge between PE:F4 co-crystals and the DBTTF:F4 cocrystals studied by our group
with similar techniques.’? Such differences can be related to the electronic characteristics of the molecular
arrangement in the solid-state. The comparison between DBTTF:F4 and PE:F4 co-crystals electronic proper-
ties as inferred from the analysis of experimental and theoretical data strongly indicates a decisive role played
by the crystal structure, segregated stack in DBTTF:F4 compared to the alternating almost herringbone ar-
ranged stacks in PE:F4.
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