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A quinoxaline-fused tetrathiafulvalene (TTF) derivative 1 has been synthesized to form a compact and planar st-conjugated donor-
acceptor (D—m—A) ensemble, and its single crystal structure has been determined by X-ray diffraction. The inherent redox activity of 1
has been probed by cyclic voltammetry, and UV-vis spectroscopy revealed the typical broad and intense intramolecular charge-transfer
(ICT) absorption occurring for such compactly fused D-n—A molecules. Reaction with iodine led to a 2:1 semiconducting charge-
transfer salt {(1),I;}, whose single crystal structure investigation, however, underlined the occurrence of a pronounced charge
localization for the organic lattice. Consequently, the electrical conductivity of {(1),I5}, measured with the four contacts method on
single crystals, gave only a limited value of about 1 x 10 Q' cm™, and the activation energy was determined to be on the order of 470 —
480 meV.

Introduction molecular conformations.?'?® In contrast to D—0—A ensembles,

) ) L. sterically controlled and compactly fused D—n—A systems exhibit
Tetrathiafulvalene (TTF) and its derivatives are strong st-donors . .. .
. . . : ) pronounced photo-induced charge-transfer processes giving rise

capable of forming, upon oxidation, persistent cation radical

. . . . to interesting photophysical phenomena such as long-lived
species leading to a wide variety of charge-transfer (CT) salts 39 .
Lo . 7 charge-separated states.” Moreover, such m-conjugated systems
which include semiconductors, metals and superconductors.

. allow the combination of an energetically high-lying HOMO
Among these salts, those comprising a formally half-charged TTF . . . . :
. 054 . . (highest occupied molecular orbital) localized on D with a low-
unit (TTF™") and 2D conducting and cationic donor sheets are

Iy th ductive." It has also been d trated that lying LUMO (lowest unoccupied molecular orbital) localized on
usually the most conductive. as also been demonstrated tha s A, resulting in small HOMO-LUMO energy gaps,” which are of

current interest in molecular (opto)electronics. With these
considerations in mind, a quinoxaline-fused TTF derivative 1
comprising two redox active centers has been synthesized and
structurally characterized. By cyclic voltammetry and optical
spectroscopy measurements, the various redox states and the
electronically excited states were determined. Notably, also a CT
salt of formula {(1),I3} has been obtained and structurally
characterized; its electrical conductivity and magnetic
susceptibility data are reported.
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symmetry and size of the counterions strongly determine the
transport properties of these salts. As a conseqence, much effort
has been devoted to the chemical modification of the donor atoms
(S) of tetrathiafulvalene series™ or the attachment of functional
groups to the core of the donor frameworks'®? ’

3

for an
enhancement of the intermolecular interactions among electron
donors and acceptors (or counter anions). The latter is essential to
stabilize the conducting and superconducting states (suppressing
the Peierls distortions) at low temperature. For instance,

Results and discussion
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important role in the molecular arrangement and physical
properties of the CT complexes.'*?” In this context, a promising Synthesis and crystal structures of 1 and {(1),13}
strategy for fine-tuning the electronic states, molecular
arrangements, and solid-state physical properties of CT salts can
be the direct annulation of m-electron acceptors to the TTF core.
In 2006, for the first time we developed an efficient synthetic
approach to  5,6-diamino-2-(4,5-bis(propylthio)-1,3-dithio-2-
ylidene)benzo[d]1,3-dithiole (Scheme 1).*' With this key
precursor in hand, the Schiff-base reaction has been successfully

As illustrated in Scheme 1, the target compound 1 was obtained
by a phosphite-mediated cross-coupling reaction of 4,5-
bis(propylthio)-1,3-dithiole-2-one with the key precursor 2, the
synthesis of which was accomplished in 70% yield via direct
condensation of 5,6-diaminobenzene-1,3-dithiole-2-thione with
1,4-dioxane-2,3-diol. Alternatively, the direct condensation
reaction of  5,6-diamino-2-(4,5-bis(propylthio)-1,3-dithio-2-
ylidene)benzo[d]1,3-dithiole with 1,4-dioxane-2,3-diol afforded 1
75 in 96% yield. By slow evaporation of a solution of 1 and iodine in
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ensembles, which inherently show structurally rigid and planar
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Scheme 1 Synthetic routes to the target compound 1

Compound 1 crystallises in a solvate free form in the triclinic
space group P-1 (Table 1) and the red colored crystals have a
plate-shaped morphology. The asymmetric unit comprises one
complete molecule, thus all atoms lie on general positions. An

10 ORTEP drawing is shown in Fig. la. A large part of the m-
conjugated skeleton is virtually planar and only along the S3—S4
“axis” occurs a slight bending which is, however, typical for
neutral TTF units. Fig. 1b highlights the mutual arrangement of
the molecules in the crystal structure. A noticeable feature is the
parallel head-to-tail alignment of dimers which stack along the a
axis with some close contacts of 3.300 (C1:--C5) and 3.330
(C2---C4) A. The shortest interdimer contact is 3.462 (C4---S2)

a

20 Fig. 1 (a) ORTEP view of molecule 1 (the thermal ellipsoids are shown at
the 50% probability level); hydrogen atoms have been omitted for clarity.
(b) Projection of the crystal structure on the ac plane.

Table 1 Data collection and refinement parameters for 1 and its charge
transfer salt {(1).1;}

1 {115}
Formula C]gH]gNgSﬁ C3(,H3(,I3N4Slz
Formula weight 454.70 1290.11
Color red black
Crystal system Triclinic Triclinic
Space group P-1 P-1
a[A] 7.15364(18) 7.59591(8)
b[A] 7.3059(2) 11.61481(13)
c[A] 19.4670(5) 25.9543(3)
al°] 91.284(2) 83.0995(10)
B°] 90.918(2) 84.6415(9)
7[°] 102.456(2) 89.8152(9)
VA% 992.99(5) 2263.22(4)
VA 2 2
Peate [g/cm’] 1.521 1.893
u[mm™] 0.695 2.659
Rint 0.0229 0.044
No. Refl. 24762 161756
Independent reflections 4913 13791
Goodness-of-fit on F* 1.046 1.165
Ry; wR, [I>20(D)] 0.0274; 0.0666 0.0297; 0.062
Ri; wR; (all data) 0.0331; 0.0702 0.0362; 0.0661
APrmax; Aomin [€ A7) 0.332;-0.252 1.516;-1.31

25

The charge transfer salt {(1),I5} crystallises in a solvate free
form in the triclinic space group P-1 (Table 1) and the black
crystals exhibit an elongated plate-shaped morphology. The

3 asymmetric unit comprises two crystallographically independent
molecules 1A and 1B which bear in total one positive charge and
one triiodide anion. An ORTEP drawing is shown in Fig. 2a. In
contrast to the neutral compound 1, there is a parallel head-to-
head arrangement of adjacent molecules leading to stacks with an

35 -+1A-+1B--1A--1B- arrangement along the @ axis (Fig. 2b). The
crystal structure reveals close C---S contacts of 3.486 (C6---S8),
3.492 (C29---S3) and 3.436 (C23---S8) A, as well as a S4---S10
contact of 3.585 A. Intermolecular CH-N hydrogen bonds of
3.224 (C19---N1) and 3.243 (C1:--N3) A link the donor stacks

« along the b direction. However, triiodide anions separate the
donor units along the b direction and also no short S---S contacts
occur along the b axis.

The molecular n-conjugated skeletons of 1A and 1B in the CT

2 | Journal Name, [year], [vol], oo—oo
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salt are planar; the rms deviation from a least-squares plane
through all atoms, excluding the two peripheral propyl groups, is
0.063 A (1A) and 0.050 A (1B), respectively. Similarly, a least-
squares plane through the atoms of the TTF cores alone reveals a

srms deviation of only 0.036 A (1A) and 0.041 A (1B),
respectively.

Fig. 2 (a) ORTEP view of the charge transfer salt {(1),I5} (the
thermal ellipsoids are shown at the 30% probability level);

10 hydrogen atoms have been omitted for clarity. (b) Representation
of the crystal structure with a view on the ac plane.

Moreover, the two crystallographically independent and
partially charged molecules 1A and 1B possess distinctly
15 different structural parameters, as e.g. confirmed by differences
in the C=C double bond length and the C-S distances of the
dithiole rings (labelled as a...d in Fig. la, Table 2). These
distances depend most sensitively on the oxidation state or degree
of partial charge of the TTF moiety in the molecule. For instance
2 for TTF, the average bond length of the central C=C bond is 1.32
A in the neutral state and 1.38 A in the fully oxidised
monocationic state.’ Thus, it can be inferred that in the salt
{(1),13} the molecule 1B exhibits approximately a fully charged
state and consequently molecule 1A remains essentially in the
25 neutral state. As a result, the single crystals show a relatively high
electrical resistance (see below).

Table 2 Selected bond lengths (A)* of 1 and {(1),15}

1 HEYNEY
Molecule 1A Molecule 1B
a 1.3446 (19) 1.353(3) 1.380 (3)
b 1.757 (2) 1.755 (3) 1.725 (3)
c 1.763 (2) 1.751 (3) 1.735 (3)
d 1.347 (2) 1.351 (3) 1.372 (3)

“ Labels a...d refer to Fig. 1; average values are used for b and c.

3 Redox and photophysical properties of 1

The electrochemical properties of 1 in CH,Cl, were investigated
by cyclic voltammetry. In analogy to the previously reported
TTF-dppz22 (dppz = dipyridophenazine), 1 can be oxidized to its

s radical cation (1') and dication (1?") sequentially and reversibly
at E1,™' =0.71 V and E;,” = 1.08 V vs Ag/AgCl, respectively.
Moreover, 1 exhibits one reversible reduction wave at E;,™ = -
1.52 V vs Ag/AgCl, corresponding to the reduction of the
quinoxaline moiety.

s  The optical absorption spectrum of 1 in THF solution is shown
in Fig. 3. In analogy to a similarly fused quinoxaline-TTF
compound,31 the intense absorption bands at 250 nm and 330 nm
are assigned to mzt* transitions which are mainly localised on the
quinoxaline and TTF moieties. The absorption pattern in the

45 visible spectral region is dominated by a broad and intense band

centered at 458 nm with a molar extinction coefficient of 10* M

cm™. This electronic excitation is typical for fused D-m-A

molecules,? and essentially it corresponds to an intramolecular

charge-transfer transition (ICT), being a one-electron excitation
from the HOMO localized on the TTF moiety to the LUMO
localized on quinoxaline fragment. Moreover, 1 shows a weak
fluorescence from its CT state, peaking at 656 nm with a quantum
yield of 0.6%. The fluorescence excitation spectrum, measured at

620 nm emission wavelength, agrees well with the corresponding

s absorption profile. Taking the crossing-point of the absorption

and emission spectra (557 nm), an optical HOMO-LUMO gap of
223 eV is calculated which matches perfectly with the
electrochemical HOMO-LUMO gap of 2.23 eV (Egp = E -
El/zred)_
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Fig. 3 Absorption and emission spectra (Aex = 460 nm) of 1 in THF
solution at room temperature.

Electrical conductivity and magnetic susceptibility of {(1),15}

s The electrical resistance for several single crystals of the CT salt
{(1),I3} was measured with the four contacts method, and their
room temperature values were all relatively high, namely > 10°
Q, but they decrease with increasing temperatures (Fig. 4). This
rather high resistance results in a limited conductivity of the order

nof 1 x 10% Q@' em™. In order to estimate the activation energy (at
least around room temperature) the samples were heated up to
348 K and the In R vs 1/T relation gives values in the range of

This journal is © The Royal Society of Chemistry [year]
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470 — 480 meV.
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Fig. 4 Plot of electrical resistance vs temperature for two crystals of
{(1),15}. Inset: the Arhenius plot of electrical resistivity as a function of
5 the reciprocal temperature.

The magnetic susceptibility data of a polycrystalline sample of
{(1),15} are displayed in Fig. 5 as y,,7 vs T plot. According to the
equation, T = yripl + C, one can deduce that the magnetic
behaviour is dominated by a temperature independent
10 paramagnetism (TIP = 2.6 x 10™ emu mol™) originating from the
Pauli paramagnetism of the organic lattice. There is also an
additional and substantial paramagnetic contribution (C = 0.13
emu K mol'l). Notably, the y,,T vs T behaviour as well as the TIP
and C values correspond quite closly to a semiconducting
s bis(ethylendithio)tetrathiafulvalene (ET) type of CT compound.*
The latter compound comprises three different types of ET
molecules, whereby two of them are almost completely oxidized
and one appears to be almost neutral. It turns out that the actual
compound with an analogous charge localization on the organic
2 lattice exhibits a quite similar magnetic behaviour.
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Fig. 5 Magnetic susceptibility of {(1).15} as ymT vs T plot.

Conclusion

We have synthesised a compact new donor-acceptor (D-n—A)
s type molecule 1 while annulating the m-electron donor
tetrathiafulvalene to the m-electron acceptor quinoxaline.
Consequently, the planar m-conjugated molecule possesses two
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redox active sites and shows an intense, broad and energetically
low-lying charge-transfer absorption in the visible spectral
region, which is quite remarkable for a small m-conjugated
molecule. A semiconducting charge-transfer salt of formula
{(1),15} resulted from a reaction of 1 with iodine. Due to a
pronounced charge localization on the organic lattice, the single
crystals show only a limited electrical conductivity.

Experimental
Materials and measurements

Air- and/or water-sensitive reactions were conducted under
nitrogen using dry, freshly distilled solvents. Unless otherwise
stated, all reagents were purchased from commercial sources and
used without additional purification. The precursors, 1,4-dioxane-
2,3-diol,** 4,5-bis(propylthio)-1,3-dithiole-2-one,***> 5,6-
diaminobenzene-1,3-dithiole-2-thione?** and  5,6-diamino-2-
(4,5-bis(propylthio)-1,3-dithio-2-ylidene)benzo[d][1,3]

dithiole®"* were prepared according to the literature procedures.

s Elemental analysis was performed on a Carlo Erba Instruments

EA 1110 Elemental Analyzer CHN. Infrared spectra were
recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer
using KBr pellets. 'H and *C NMR spectra were recorded at 300
and 75 MHz, respectively. Chemical shift in ppm is quoted
relative to residual solvent signals calibrated as follows: CDCl;
8y (CHCl;) = 7.26 ppm, 8¢ = 77.0 ppm. Multiplicities in the 'H
NMR spectrum are described as: s = singlet, d = doublet, t =
triplet, m = multiplet; coupling constants are reported in Hz.
High-resolution mass spectrum was recorded with ESI

s (electrospray ionization) on a Thermo Scientific LTQ Orbitrap

XL in the positive mode. Optical absorption spectra were
recorded on a Cary 5000 UV/vis spectrophotometer. Emission
and excitation spectra were measured on a Horiba Fluorolog 3.
The luminescence quantum yield @r of 1 was determined by
relative measurements’® with respect to the standard value of a
solution of Rhodamin 6G in EtOH (@r = 95%) at the excitation
wavelength 480 nm.*’

Cyclic voltammetry was conducted on a PGSTAT 101
potentiostat. An Ag/AgCl electrode containing 2 M LiCl (in

s ethanol) served as reference electrode, a glassy carbon electrode

as counter electrode, and a Pt-disk as working electrode. Cyclic
voltammetric measurements were performed at room temperature
under Ar in CH,Cl, (1><10‘4 M) with 0.1 M n-BuyNPF¢ as
supporting electrolyte at a scan rate of 100 mV/s.

The powder X-ray diffraction pattern was recorded on a STOE
spellmann generator type DF4 with a Cu anode.

Electrical resistivity measurements of {(1),I3} were performed on
several single crystals using a standard four-probe dc-method.
Four annealed platinum wires (20 um in diameter) were attached
to the crystals by a conductive graphite paste. All four contacts
were placed on the same elongated surface of the crystals.
Magnetic susceptibility data of {(1),I;} were recorded using a
Quantum design MPMS-5XL  SQUID magnetometer as a
function of temperature (1.9-300 K) at a magnetic field of 0.5 T.
Experimental data were corrected for sample holder and
diamagnetic contributions calculated from -0.45 X molecular
weight x 10 cm® mol™’. The polycrystalline sample, whose
crystalline phase was checked by its powder X-ray diffraction
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pattern to be identical to the single crystal structure was pressed
into a pellet to obtain a uniform shape.

Syntheses

Preparation of [1,3]dithiolo[4,5-g]quinoxalin-2-thione (2).
Acetic acid (20 mL) was added to a solution of 5,6-
diaminobenzene-1,3-dithiole-2-thione (428 mg, 2 mmol) and 1,4-
dioxane-2,3-diol (288 mg, 2.4 mmol) in EtOH (30 mL) under Ar.
The mixture was refluxed for 16 h. After cooling to room
temperature and filtration, the crude product was collected and
purified by column chromatography on neutral AL,O; using
dichloromethane as eluent to afford 2 (330 mg, 70%) as a light
yellow solid. m.p. >270 °C (dec.); 'H NMR (300 MHz, CDCl3) 8
(ppm): 8.87 (s), 8.19 (s); *C NMR (300 MHz, CDCL3) & (ppm):
211.7, 145.8, 143.9, 141.4, 121.2; IR data (KBr pellet) v (cm™):
3436, 2960, 1635, 1454, 1355, 1337, 1179, 1079, 1013, 930, 894,
886, 602; Elemental analysis of CoH4N,S;: caled C 45.74, H 1.71,
N 11.85%; found: C 45.80, H 1.76, N 11.69%.

Preparation of 2-[4,5-bis(propylsulfanyl)-1,3-dithiol-2-
ylidene][1,3]dithiolo[4,5-g]quinoxaline (1). Method 1: Triethyl
phosphite (6 mL) was added to a solution of 2 (236 mg, 1 mmol)
and 4,5-bis(propylthio)-1,3-dithiole-2-one (532 mg, 2 mmol) in
toluene (10 mL) under Ar. The mixture was refluxed for 3 h.
After cooling to room temperature and removal of toluene, the

s resulting mixture was poured on a silica gel column, initially

using hexane as eluent to remove unreacted triethyl phosphite and
then dichloromethane/THF = 1:1 to afford 1 (220 mg, 43%) as an
orange solid. Method 2: To a suspension of 5,6-diamino-2-(4,5-
bis(propylthio)-1,3-dithio-2-ylidene)benzo[d]1,3-dithiole (40 mg,
92.4 umol) in ethanol (30 mL) and glacial acetic acid (3 mL)
under reflux was added 1,4-dioxane-2,3-diol (14.4 mg, 120
umol). The mixture was stirred overnight. After evaporation of
the solvent, the crude product as a reddish oil was purified by
chromatography on silica gel using dichloromethane/hexane (1/2,

s v/v) as eluent to afford the analytically pure 1 (40 mg, 96%) as an

orange solid. M.p. 140-142°C; 'H NMR (300 MHz, CDCl3) 6
(ppm): 8.69 (s, 2H), 7.88 (s, 2H), 2.80-2.85 (t, J = 7.30 Hz, 4H),
1.58-1.79 (m, 4H), 1.00-1.05 (t, J = 7.30 Hz, 6H); '*C NMR (300
MHz, CDCl3) d (ppm): 144.7, 142.1, 127.9, 120.5, 115.7, 108.4,
38.5,23.3, 13.3; IR data (KBr pellet) v (cm™): 3435, 2964, 2922,
2869, 1632, 1452, 1419, 1374, 1351, 1334, 1293, 1237, 1170,
1094, 1022, 963, 925, 885, 869, 776, 731, 679; HRMS (ESI):
caled for C gH gN,Sg m/z = 453.9794, found 453.9783; Elemental
analysis of C gH gN,S¢: caled C 47.54, H 3.99, N 6.16%; found C
47.15, H 3.82, N 6.01%. Single crystals suitable for X-ray
analysis were obtained by slow evaporation of a
dichloromethane/methanol (1/1) solution of 1.

Preparation of the charge-transfer salt {(1),I5}. In a typical
experiment, a solution of I (0.02 mmol) in CH;CN (5§ mL) was
mixed with a solution of 1 (0.01 mmol) in dichloromethane (5
mL). The mixture was kept in the dark and black single crystals
(18 mg, 27.9%) were formed after two weeks. M.p. 170-172°C;
IR data (KBr pellet) v (cm™): 3436, 2965, 2922, 1633, 1453,
1229, 1146, 1098, 885; Elemental analysis of C;3sH36IsN4Si,:

s caled C 33.51, H 2.81, N 4.34%; found C 33.50, H 2.80, N

4.20%.
Crystal structure determination

Crystal structures were measured on a Oxford Diffraction
SuperNova area-detector diffractometer using mirror optics
monochromated Mo K, radiation (A = 0.71073 A) at 173 K. Data
reduction was performed using the CrysAlisPro®® program. The
intensities were corrected for Lorentz and polarization effects and
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a numerical absorption correction based on gaussian integration
over a multifaceted crystal model using CrysAlisPro®® for 1, or an
absorption correction based on the multi-scan method using
SCALE3 ABSPACK in CrysAlisPro®® for {(1),15} were applied.
Data collection and refinement parameters are given in Table 1.
The structures were solved by direct methods using SIR97,%
which revealed the positions of all not disordered non-hydrogen
atoms. The non-hydrogen atoms were refined anisotropically. All
H-atoms were placed in geometrically calculated positions and
refined using a riding model where each H-atom was assigned a
fixed isotropic displacement parameter with a value equal to 1.2
Ueq of its parent atom (1.5 Ueq for methyl). In the case of
{(1),15}, the geometries of the two sites of the disordered propyl
group were restrained to be similar (SHEXL SAME instruction).
Its adp’s were restrained with SHELXL DELU, SIMU
instructions. Refinement of the structure was carried out on F~
using full-matrix least-squares procedures, which minimized the
function Tw(F,> — F2)* The weighting scheme was based on
counting statistics and included a factor to downweight the
intense reflections. All calculations were performed using the
SHELXL-97*" program. CCDC reference numbers: 1 — 958950,
{(1),13} —958951.
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