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Five new charge-transfer (CT) complexes of structurally varied 1,2,5-chalcogenadiazoles (monocyclic, 6-5
bicyclic and 6-6-5 tricyclic; chalcogen = S, Se and Te) with tetrathiafulvalenes (TTF and its
bis(ethylenedithio) derivative BEDT-TTF) were obtained by co-crystallization of donor and acceptor
components and characterized by X-ray diffraction and UV-vis spectroscopy in combination with density
functional theory calculations. Bonding analyses were carried out with the quantum theory of atoms in
molecules and Hirshfeld surface and non-covalent interaction analyses, accompanied by calculations of
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model energies of molecular pairs. According to these calculations, the complexes are rather weakly
bonded by predominantly electrostatic interactions with significant contributions from dispersion
interactions. The main structural motifs are assigned to m-stacking interactions and o-hole driven hydrogen
and chalcogen bonding. CT magnitudes vary between 0.09 and 0.37 e, and the CT bands in the UV-vis
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Introduction

The charge transfer (CT) formalism® involving electron
relocation from one molecule (donor, D) to another (acceptor,
A) is a useful descriptor widely applicable in chemistry, crystal
engineering and materials science, despite reasonable
criticism by physics.” Charge transfer can be complete or
incomplete. Complete CT leads to the formation of radical-
ion pair salts, and incomplete CT leads to the formation of
polarized molecular complexes. Within the molecular orbital
(MO) theory framework, incomplete CT occurs via strong
coupling of the D's highest occupied MO (HOMO) with the
A's lowest unoccupied MO (LUMO) leading to their
hybridization.> Despite a long history of studying
intermolecular interactions, including those in crystalline CT
complexes, a higher-accuracy = numerical treatment,
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spectra of the complexes lie in the range of 550-750 nm.

particularly based on energy decomposition analysis, has only
recently been exploited as an option.*”

Tetrathiafulvalenes (TTFs) and 1,2,5-chalcogenadiazoles
(chalcogen = S, Se, Te) belong to the most frequently
exploited D**'® and A" families, respectively. The
electron-accepting ability of 1,2,5-chalcogenadiazoles is
caused by positive electron affinity meaning that their radical
anions (RAs) are thermodynamically more preferable than
neutral molecules. With stronger electron donors/reducing
agents, 1,2,5-chalcogenadiazoles afford thermally stable RA
salts, and with weaker donors/reducing agents, CT
complexes. Besides, these compounds reveal a unique
combination of Lewis ambiphilicity, chromophoric/
fluorophoric properties, and chalcogen bonding.'*">*

In contrast to RA salts (ref. 17, 23 and 24 and references
therein), CT complexes of 1,2,5-chalcogenadiazoles, including
those with TTFs, are poorly studied;** ' beyond the
complexes, hybrid TTF/1,2,5-chalcogenadiazole molecules are
of fundamental and applied interest in chemistry, crystal
engineering®>” and materials science as potential ambipolar
semiconductors.*®

Herein, we report on the synthesis and properties of new
crystalline CT complexes 1-5 and 5’ between tetrathiafulvalene
(TTF) (complexes 1-4) and its bis(ethylenedithio) derivative
(BEDT-TTF; complexes 5 and 5') and structurally varied 1,2,5-
chalcogenadiazoles 6-10 (chalcogen = S, Se and Te; Scheme 1);
related complexes between TTF and telluradiazole 8 and
bis(thiadiazole) 11 (Scheme 1) were reported earlier.*
Complexes 1-4 and 5’ are structurally defined by single-crystal
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Scheme 1 CT complexes 1-5 and 5’ between TTF and BEDT-TTF, and 1,2,5-chalcogenadiazoles 6-11.

X-ray diffraction (XRD), together with Hirshfeld surface (HS)
analysis,® accompanied by density functional theory (DFT)
calculations of the model energies of molecular pairs.*>*" Their
electronic structures and bonding situations are studied by DFT
calculations and quantum theory of atoms in molecules
(QTAIM) analysis™ as well as non-covalent interaction (NCI)
index calculations,”** and for 1-4 also by UV-vis spectroscopy
(for 5', measurements were impossible due to low solubility).
Despite numerous attractive secondary bonding interactions
(SBIs) observed in their crystal structures, the complexes are
rather weakly bonded; theoretically estimated CT magnitudes
are relatively low.

Experimental and computational
section
General

TTF and BEDT-TTF were obtained from Aldrich and
used as received. Compounds 6-10 were prepared by

392 | CrystEngComm, 2023, 25, 391-402

known methods.”>™*° Solvents were dried by common

drying agents and redistilled. Elemental analyses for C,
H and N were performed with a CHNS-analyzer Euro EA
3000. UV-vis spectra were measured with an SF 2000
instrument.

Synthesis

Complexes 1-4. A 1:1 mixture of compound 6, 7, 9 or 10
with TTF was dissolved in a minimal volume of chloroform.
The resulting dark colored solutions were evaporated under a
stream of argon. Complexes 1-3 were obtained quantitatively
in the form of black powders. Complex 1: found, %: C, 34.96;
H, 1.12; N, 17.15; calculated for C;,H,N,Ss5, %: C, 35.28; H,
1.18; N, 16.46. Complex 2: found, %: C, 29.42; H, 0.72; N,
19.57; calculated for C,,H,NgS,Se,, %: C, 29.48; H, 0.71; N,
19.64. Complex 3: found, %: C, 35.00; H, 1.02; N, 6.75;
calculated for C,,H,F,N,Ss, %: C, 34.94; H, 0.98; N, 6.79.
Complex 4 could not be obtained in pure form according to

This journal is © The Royal Society of Chemistry 2023
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elemental analysis due to partial decomposition of 10 in
solution during the crystallization process both under
ambient and anaerobic conditions. Single crystals of 1-4
suitable for XRD were obtained from dichloromethane
solutions at —4 °C.

Complexes 5 and 5. Under argon, a 1:1 mixture of
compound 8 and BEDT-TTF (0.12 mmol) was refluxed in 2
ml of chloroform for 15 min. The resulting black precipitate
was filtered off and washed with chloroform. Complex 5
(92%); found, %: C, 27.06; H, 1.30; N, 9.48; calculated for
C14HgN,SgTe, %: C, 27.28; H, 1.31; N, 9.09. Slow evaporation
of either 1:1 or 1:2 suspensions of BEDT-TTF and 8 in
acetonitrile gave a mixture of complex 5’ with the starting
materials; crystals of 5 suitable for XRD were separated
mechanically.

X-ray diffraction

Single-crystal XRD measurements of complexes 1-4 and 5’
(see the ESIt) were carried out with a Bruker Venture D8
diffractometer using graphite-monochromated Mo Ko
radiation (2 = 0.71073 A). The structures were solved by direct
methods using SHELX-97 and Olex2 1.2 programs®>®' and
refined by the full-matrix least-squares method against all F*
with anisotropic displacement parameters for non-hydrogen
atoms using the SHELXL-2018/3 program.” The hydrogen
atoms' positions were calculated with the riding model.
Absorption corrections were applied using the empirical
multiscan method with the SADABS program.’® The crystal
structures obtained were analyzed for shortened contacts
between non-bonded atoms using the MERCURY program.>*
CCDC 2192018 (1), 2192019 (2), 2192020 (3), 2192021 (4) and
2192022 (5') contain the supplementary crystallographic data
for this paper.

Powder XRD data were collected with a Bruker D8 Advance
instrument equipped with a Lynx-Eye detector (Cu K,
radiation, 1 = 1.54184 A). Data were collected within the 20
range of 5-40° with a scanning step of 0.03° and an
accumulation time of 1 s. Modeling of the diffraction
patterns from the single-crystal structures was performed
using the MERCURY program.™

Quantum chemical calculations

The geometries of complexes 1-4 and 5’ were optimized at
the B97-D3 level of theory®>>® with the def2-tzvp basis set>”>®
with an effective core potential (ECP) for Te. The Becke-
Johnson damping function was used in all dispersion-
corrected calculations.®® The Grimme geometrical counterpoise
(gCP) correction scheme was applied for a semiempirical
account of the basis-set superposition error (BSSE) effects.®
The energy of the bonding interaction E;, was calculated as
the difference between the energy of the complex (Ep,) and
the sum of the energies of the corresponding 1,2,5-
chalcogenadiazole (En.) and TTF/BEDT-TTF (Ey) units
corrected for the BSSEs and zero-point vibrational energies

This journal is © The Royal Society of Chemistry 2023
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(ZPEs) using the following equation: Ey, = ~(Ecpix — Ehe — Eus +
Egpssg + AEzpg). The CT value was calculated as the loss of the
net charge on the TTF/BEDT-TTF moieties.

The UV-vis spectra of the complexes were calculated using
their optimized geometries at the TD-DFT level of theory®
with the double-hybrid B2PLYP method,®” the def2-tzvp basis
set and an ECP for Te by applying the COSMO solvation
model.*>** The RIJCOSX approximation was used to speed
up computations with hybrid functionals.®>®®  All
aforementioned DFT calculations were performed with the
ORCA suite of programs (version 4.0.1.2).%

The B3LYP functional®® 7 and def2-tzvp basis set with an
ECP for Te were used for vertical ionization energy calculations
performed with the Gaussian 09 (ref. 71) suite of programs.

The B97-D3/def2-tzvp densities were used in QTAIM and
NCI index analyses, performed with the Multiwfn program
(version 3.2).”> The NCI isosurfaces of the complexes were
plotted using the VMD software for s(r) = 0.5, color range of
Jop from —0.03 to 0.03.73

HS analyses were performed with the CrystalExplorer
program.”® The DFT calculations of the model energies of
molecular pairs were carried out with Gaussian09 (ref. 71) as
interfaced with CrystalExplorer at the B3LYP level of theory””
with 6-31(d,p)”® and dgdzvp’®’” basis sets.

Results and discussion
Synthesis

For the synthesis of new CT complexes, TTF and BEDT-TTF
were used as D's, and 1,2,5-chalcogenadiazoles 6-10 as A's
(Scheme 1). The complexes 1-4 were prepared by co-
crystallization of the components from chloroform. In the
case of BEDT-TTF and 8, fast precipitation afforded 1:1
complex 5 even when the initial molar ratio of the
components in solution was 1:2, whereas slow evaporation
gave the expected 1:2 complex 5' (cf ref. 30).

According to the DFT calculations at the B3LYP level of
theory, the first adiabatic ionization energy of TTF and BEDT-
TTF is 6.20 and 5.91 eV, respectively, whereas the first
adiabatic electron affinity of chalcogenadiazoles varies from
1.57 for 9 to 2.21 eV for 10."” For the CT complexes of S and
Se containing A's 6, 7, 9 and 10, a normal 1:1 stoichiometry
should be expected, whereas for the complex of Te containing
8, a 1:2 stoichiometry is expected due to the special
propensity of telluradiazoles to c-hole driven SBIs in the form
of chalcogen bonding via shortened Te--N intermolecular
contacts (see ref. 18-21 and 30 and references therein).

XRD, HS and NCI analyses

Complexes 1-4 and 5’ were structurally characterized by single-
crystal XRD (Fig. 1, Table S1, ESIf); complex 5 was unsuitable
for XRD, and its stoichiometry was determined by elemental
analysis. The structural authenticity of low-crystalline bulky
samples was controlled with powder XRD (ESI}). Crystalline
complexes 1-4 and 5' reveal layered structures with alternating
D and A molecules forming n-stacks; the peculiarity of 4 is that

CrystEngComm, 2023, 25, 391-402 | 393
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the n-stacks are formed by an A-D-A motif (Fig. 1). In 1, the
layers contain alternating infinite ribbons of TTF and head-to-
tail arranged molecules of 6 with S--*N contacts equal to
3.135(5) and 3.267(5) A (the sum of van der Waals (vdW) radii
is 3.55 A).”® Hydrogen bonds are observed between H atoms of
TTF and N atoms of CN groups (2.738 and 2.533 A) or the
heterocycle (2.574 and 2.705) of 6; the interlayer distances are
equal to 3.27-3.39 A (the interlayer distances in graphite are
equal to 3.35 A).”°

In complex 2, neighboring stacks of infinite ribbons of
TTF and 7 are tilted by 44.9°. Ribbons of 7 consist of pairs of
heterocycles forming [Se:--N], tetragons with intermolecular
Se--'N contacts of 2.833(1) and 2.891(1) A (the sum of vdW
radii is 3.52 A).”® Hydrogen bonds are observed between H
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atoms of TTF and N atoms of CN groups (2.471 and 2.570 A)
of 7; the interlayer distances are 3.21-3.42 A. In complex 3,
neighboring n-stacks are tilted by 53.3% D and A molecules
alternate in the stacks and layers, and the interlayer distances
are 3.42-3.55 A. Shortened contacts are observed between an
S atom of 9 and two F atoms from the neighboring stack, the
contact distances are 3.079(2) A (the sum of vdW radii is 3.35

A).”® Hydrogen bonds are observed between H atoms of TTF

and N atoms of the heterocycle (2.565 and 2.713) of 9.

In complex 4, n-stacks are tilted by 30.2° with a small offset
of neighboring molecules; the interplanar separations in the
stacks are 3.37-3.40 A. Shortened contacts are observed
between an S atom of 10 and an N atom of the pyrazine ring of
10 from the neighboring stack. The contact distance is 3.222(2)

2, CCDC 2192019
L=

o
S %1
- T

4, CCDC 2192021

5’, CCDC 2192022

Fig. 1 XRD crystal structures of CT complexes 1-4 and 5, H atoms are omitted for clarity. Color code: C - grey, F - green, N - blue, S - yellow, Se

- orange, Te - dark orange.
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A (the sum of vdW radii is 3.55 A).”® Hydrogen bonds are
observed between H atoms of TTF and N atoms of the pyrazine
ring of 10. The contact distance is 2.609 A, and between the H
and N atoms of the heterocycle of 10, the contact distance is
2.575 A. The packing of complex 5' featuring infinite ribbons of
BEDT-TTF and 8 is similar to that of a previously studied
complex between TTF and 8 (ref. 30): molecules of 8 form

View Article Online

Paper

chains with Te---N contacts of 2.727(2) and 2.680(2) A (the sum
of vdW radii is 3.65 A)”® where they are slightly shifted out of
the mean layer plane (CN groups, by 0.1 A). Hydrogen bonds
are observed between H atoms of BEDT-TTF and N atoms of
the CN groups (2.526 and 2.615 A) of 8. The interlayer distances
in 5' are equal to 2.93-3.22 A, being slightly shorter than those
in the complex of 8 with TTF.*°

Fig. 2 HSs of complexes 1-4 and 5 mapped With dnorm. 5t together with the closest neighbors (left column, for color code see Table 1) and
together with those neighbors that have the highest interaction energies (shown in k3 mol™) with the reference molecule. The HS colour code:
red - the distance R between the closest atoms inside and outside a surface point is smaller than the sum of their vdW radii; blue - R is larger than
the sum of the vdW radii; white - R is approximately equal to the sum of the radii.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Interaction energy and its components (kJ mol™) for complexes 1-4 and 5' calculated at the B3LYP level of theory with 6-31(d,p)/dgdzvp basis
sets.“> The reference molecule below the HS and the color-coded neighboring molecules are depicted in Fig. 2, left column

Eele Epol Eais Erep Etot
1
29.1/-408  —44/-47  —43.6" 577/72.6  —36.4/-39.8
B 62258 38/40 35 427/550  —24.6/-274
70/-106  -08/-0.8  —12.2° 9.1/14.5 _13.0/-13.5
| 49/82  07/08 o7 62/113 ~103/-10.7
2
212/316  -3.6/-38 38.0 413/581  —32.7/-335
- _144/-230  —22/-24 3.3 31.9/463  —175/-17.7
97/-115  -1.6/-1.6 9.3 143/17.0  -10.7/-109
| 85/99  09/-08 9.8 1287151  —-10.2/-102
3
_169/-33.0  2.5/-28  —49.0° 51.7/69.5  —30.5/-36.6
_146/-252  2.1/-23 417t 388/512  —293/-33.0
_109/-137  —14/-1.6 114 163/19.8  —12.5/-13.3
_10.1/-125  -1.5/-1.6 9.9t 137/167  —12.0/-12.7
57/-72  —0.9/-09 9.5 8.1/10.5 10.0/-10.0
4
_125/-278  —23/-23  —50.4° S3.1/739  —26.0/-29.3
79/-100  —26/-28  —102° 11.7/143  —11.9/-12.7
59/-75  —0.9/-09 8.9 72192 _10.1/-10.6
o
D R 44 435 78.4 47
221 3. 9.6 369 287
212 32 283 438 192
- 137 15 _14.0 18.5 164
144 26 65 13.1 147
[ 82 14 103 72 142

? Eyor is the total interaction energy (only values >|10| k] mol™" are shown; for the full version of this table, see the ESI{); Eje, Epoly Edis and Eyep,
are energies of the electrostatic, polarization, dispersion and Pauli-repulsion interactions, respectively. Ecie, Epol, Eais and Erp, are given as
absolute values without scale factor, whereas Ey is the sum of the scaled*’ components. b The dispersion energies are independent of the level
of theory as they are taken as sums of tabulated atomic Grimme terms. ¢ For 5', only B3LYP/dgdzvp data are given because for the element Te,
the basis set 6-31G(d,p) is not defined.

396 | CrystEngComm, 2023, 25, 391-402 This journal is © The Royal Society of Chemistry 2023
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In crystalline complex 1, the geometry of acceptor 6 does
not differ from that in its homocrystals.*® For complexes 2
and 4, however, the C-N bond lengths in the
chalcogenadiazole rings of acceptors 7 and 9 are shortened
by 0.013 A and 0.033 A, respectively, as compared with the
XRD structures of the individual heterocycles.®”*' In complex
5, the Te-N bond length of 8 is shortened by 0.010 A, while
all other parameters remain almost the same as in the
individual telluradiazole.**

While in TTF homocrystals, terminal C atoms are coplanar
with the neighboring S atoms and deviate from the plane
containing all four S atoms of the molecule by only 2.1°,** in
complex 1, TTF molecules have an asymmetrical boat-shape
conformation with the aforementioned angle equal to 10.67°
and 12.59°. In complex 2, one of the crystallographically non-
identical TTF molecules has the same conformation with C
atoms deviating by 9.52° and 4.45° at its opposite sides. A
similar pattern is observed for complex 3 featuring deformation
angles of 3.09° and 6.11°. In complex 4, the geometry of the
TTF molecules is close to planarity with a deformation angle of
1.08°. In complex 5, BEDT-TTF molecules are flattened as
compared with BEDT-TTF homocrystals.®*

Hirshfeld surface (HS) analysis®*® ™ of the XRD
structures of complexes 1-4 and 5’, conducted with TTF as

View Article Online
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the reference for 1-4 and BEDT-TTF for 5', revealed that the
closest contact between the two components in all complexes
is the classical N---H hydrogen bond.*>°° This bond is quite
strong but it is not the strongest SBI observed in the crystal
packing of 1-4 and 5'. According to the DFT calculations of
the model energies of molecular pairs (taken as the sum of
scaled electrostatic, polarization, dispersion and Pauli-
repulsion interaction terms: Eyo¢ = Ecle + Epor + Egis + Erep)40
(Fig. 2, Table 1), for complexes 1-3 and 5’, the strongest SBIs
are n-stacking interactions. This can also be observed in NCI
iso-surfaces as long-ranging light-green regions between the
molecules (Fig. 3); S-*S (1, 3), Se:='S (2) or Te:--S (5)
chalcogen bonding interactions (i.e., incarnations of c-hole
driven SBIs)'®2"91"%7 are also significant. For complex 4, the
strongest SBI is also m-stacking but there are no S---S
intermolecular contacts in distances less than the sum of the
vdW radii.

For both n-stacking and chalcogen bonding interactions,
the dispersion energy term dominates over the electrostatic
term (Table 1). This dominance of dispersion interactions is
also obvious in the NCI representations (Fig. 3). In general,
chalcogen bonding is an attractive interaction featuring
contributions of electrostatic, CT and dispersion terms to
variable extents; the CT contribution is associated with an

Fig. 3 NCI iso-surfaces at s(r) = 0.5 for complexes 1-4 and 5' (color code for Z,-p ranges from —0.03 to 0.03; blue = attractive, red = repulsive,

green-brown = weakly attractive vdW type).

This journal is © The Royal Society of Chemistry 2023
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interaction of the occupied MO of the D molecule (the in the respective crystals. According to the calculations, CT
chalcogen bond acceptor) with the virtual 6*-MO of an A  from TTF/BEDT-TTF onto chalcogenadiazoles varies from
molecule (the chalcogen bond donor);*® ¢f. Alcock model.”® 0.09 e in 3 to 0.37 and 0.33 e in 4 and 5, respectively. These
CT values correlate with previously reported calculated
electron affinities of the corresponding chalcogenadiazoles."’
The energies of bonding interactions in the complexes lie in
For 0.1 M chloroform solutions of complexes 1-4, a new the range E, = 58-192 k] mol™" (Table 2; ¢f Table 1). They are
broad long-wavelength absorption band (around 550 nm for  lower than Ej of 102-328 kJ mol ™" in the anionic complexes
1 and 3, 600 nm for 2, and 750 nm for 4) was observed in  of 7 and 8 featuring E---X (E = Se, Te; X = PhS", F, I')
the UV-vis spectra in comparison with those of the chalcogen bonding.*"%"%*% The QTAIM'*"'%* analysis
individual components (Fig. 4; for complex 5" measurements  reveals bond critical points'®® (BCPs) between D and A
were impossible due to low solubility). On diluting to 0.05  moieties in all complexes (Fig. 5) characterized by low values
M, this band disappears in the spectrum of complex 3, and  of electron density py, and its Laplacian V?py, (Table 2). Values
on further diluting, in the spectra of complexes 1, 2 and 4, of p, < 0.1 and small and positive values of V>p,, characterize
indicating that they are weakly bonded in solution. interactions of molecules with closed-shell electronic
According to TD-DFT calculations (Table 2), the discussed  configurations, ie., mostly electrostatic interactions.'®**®
band mostly corresponds to the electron promotion from  Additionally, for all BCPs, |V}|/G, < 1 (Table 2), which is
the HOMO localized mostly on the TTF molecule onto the  typical of SBIs'°® and corresponds to predominantly
LUMO localized mostly on 1,2,5-chalcogenadiazole (Fig. 5), electrostatic interaction. These values are in the same range
ie., it is the CT band. Numerical agreement between theory  as for complexes of 8 with various anions.”>'%’"'% Overall,
and experiment is, however, satisfactory only for 1 and 3, QTAIM, HS and NCI analyses jointly suggest that the most
whereas for 2 and 4 the calculated icr values are too large important contributions to Ey, are Eg;s and E. with varied
(Table 2). relative significance (Tables 1 and 2, Fig. 2, 3 and 5).

In vacuo structures of complexes 1-4 and 5' optimized at  m-Stacking arrangements and the dominance of dispersion
the B97-D3 level of DFT (Fig. 5) are close to their structures interactions are typical for CT complexes.'"

CT and QTAIM analyses

A B 3,04 C 3,0

3,01 3,04

2,54 2,5 2,54

2,04 2,04 2,04

1,51 1,5 1,5

1,04 1,0 1,0

0,5 0,5 0,54

0,0 . : : = 0,04 ’ : : : : : 0,04 . . .

500 600 700 800 500 600 700 800 500 600 700 800 500 600 700 800
A, NM A, NM A, NM A, NM

Fig. 4 UV-vis spectra of 0.1 M chloroform solutions of individual TTF (red lines) and compounds 6, 7, 9 and 10 (A-D, respectively; black lines), and
their mixtures at 0.1 and 0.05 M concentrations (solid and dashed blue lines, respectively).

Table 2 DFT-calculated” energies of bonding interactions E,, CT between D and A components, Jcr of the electronic transitions in comparison with
measurement, and QTAIM topological descriptors of the complexes

By, K Aer,’ nm QTAIM descriptors?
Complex mol ™ CT) e DFT UV-vis Dby € 0 ° VZpp, € a0 > |Vi| /G,
1 65.6 0.15/0.13 616 550 0.005-0.009 0.016-0.025 0.685-0.764
2 127.1 0.29/0.29 1068 600 0.005-0.011 0.017-0.029 0.681-0.857
3 58.1 0.09/0.04 453 550 0.004-0.008 0.014-0.021 0.670-0.785
4 130.4 0.37/0.35 1391 750 0.005-0.009 0.017-0.023 0.656-0.812
5' 191.9 0.33/0.36 864 — 0.003-0.012 0.014-0.039 0.605-0.867

¢ B97-D3/def2-tzvp with ECP for Te. ? Taken as the difference of ATM/Mulliken charges of D and A components of a complex, for complexes 1
and 3 with 1:1 stoichiometry, per molecule, and for 2, 4 and 5’ with 1:2 stoichiometry, per one D molecule and two A molecules. © Measured
and calculated at the TD-B2PLYP/def2-tzvp level with ECP for Te for solutions in CHCl;. @ Electron density py, its Laplacian V?p;,, and absolute
values of the ratio of potential (V},) and kinetic (Gy) energy densities at bond critical points of the complexes’ bond paths.
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HOMO

LUMO

Fig. 5 In vacuo structures of complexes 1-4 and 5’ optimized at the B97-D3/def2-tzvp level, and their frontier MOs. Dashed lines indicate bond

paths with BCPs between D's and A's.

Previously studied CT complexes between TTF and 8 as
well as 11 displayed semiconductor properties with an
activation energy of 0.40 and 0.34 eV, respectively, in the
single-crystalline state and photoconductive effects with
increased conductivity under white-light illumination in the
polycrystalline-film  state.®®  Polycrystalline  films  of
complexes 1-3, whose authenticity was confirmed by powder
XRD, were unstable over time, i.e., decomposed while being

This journal is © The Royal Society of Chemistry 2023

kept under ambient conditions within several days. Freshly
prepared, they revealed weak semiconductor conductivity
(orr ~ 1077 S ecm™') slightly increasing upon white-light
illumination. Complex 3 displayed a small positive gate
voltage effect suggesting p-type behaviour. The structural
variability of both TTFs and 1,2,5-chalcogenadiazoles,
together with the possibility of fine tuning their
stereoelectronic properties, supports the relevance for
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further synthetic and crystal engineering efforts in this
field.

Conclusions

Five new crystalline CT complexes between
tetrathiafulvalenes (TTF and its bis(ethylenedithio) derivative
BEDT-TTF) and structurally varied 1,2,5-chalcogenadiazoles
(mono-, 6-5 bi- and 6-6-5 tricyclics; chalcogen = S, Se and Te)
have been prepared and structurally and functionally
characterized to join this recently established family of CT
complexes. Despite numerous attractive secondary bonding
interactions, the complexes are rather weakly bonded by
predominantly electrostatic interactions (mostly hydrogen
bonds) with significant contributions from dispersion
interactions (mostly n-stacking and chalcogen-bonding
interactions). The charge transfer varies between 0.09 and
0.37 e, and the corresponding absorption band in the UV-vis
spectra lies in the range of 550-750 nm. In the form of
freshly-prepared polycrystalline thin films, the complexes
revealed weak, dark photosemiconductor conductivity. The
large structural variability of both tetrathiafulvalene donors
and 1,2,5-chalcogenadiazole acceptors suggests that further
synthetic and crystal engineering efforts in this field might
be fruitful. The most straightforward lead will be the
stabilization of CT complexes via SBI strengthening. To this
end, a priori quantum chemical modeling is the most
important technique. A particular attention can be paid to
heavier chalcogen-associated dispersion interactions''"''? as
the driving force, and to Se and Te congeners of TTFs'" and
1,2,5-selena/telluradiazoles as D and A structural blocks.
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