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Activation of chalcogen bonding in tetrathiafulvalene
derivatives with Se/S differentiation†‡

Maxime Beau,a Ie-Rang Jeon, *ab Olivier Jeannin, a Thierry Guizouarna and
Marc Fourmigué *a

Activation of s-holes on selenium atoms through the oxidation of the tetrathiafulvalene core in

selenomethyl-substituted TTFs was evaluated in comparison with the less activatable thiomethyl

moieties in 4,5-bis(methylseleno)-40,50-bis(methylthio)-tetrathiafulvalene 1. Three charge-transfer

complexes with TCNQ, TCNQF and TCNQF2 were structurally characterized, with all of them showing a

partial degree of charge transfer, r, in the range of �0.5–�0.6, with alternating stacks of DDAADDAA

patterns with TCNQ and DADADA patterns with TCNQF and TCNQF2. No ChB interactions were identi-

fied in the latter two co-crystals, where MeSe and MeS- were disordered in 50 : 50 distribution, as also

observed in the structure of neutral 1. Alternatively, in the co-crystal with TCNQ, dissymmetric Se/S dis-

tribution (69 : 31) was associated with a strong Se� � �NC ChB interaction involving the majority Se atom.

A similar preferential ChB interaction with Se was observed in the perchlorate salt (1)ClO4, where the

majority Se atom (71 : 29 Se/S distribution) interacts through Se� � �O ChB with the ClO4
� anion.

Introduction

The introduction of crystal engineering concepts1,2 in the field
of molecular conductors3,4 has mainly relied on the substitu-
tion of the electroactive tetrathiafulvalene core with hydrogen
bond (alcohols and amides) or halogen bond (iodine and
bromine) donors.5 These strategies are particularly successful
with halogen bonding (XB) as the (partial) oxidation of TTF
further activates XB donor groups (I and Br), even in solution,6

enabling them to engage in strong, linear interactions with XB
acceptors. This is observed in charge-transfer salts (with TCNQ
and analogs),7 as well as in cation radical salts with counterions
such as Br�,8 ClO4

�,7c,9 and I3
�,10 all acting as Lewis bases.

Besides XB, chalcogen bonding (ChB), which is based on
s-holes developed on a group 16 atom, has attracted interest
in recent years,11 initially toward anion recognition processes12

and catalysis applications.13 The demonstration that ChB can
also play a significant role in crystal engineering strategies14,15

prompted us and others to investigate its effects in molecular
conductors,16 radical anions17 and neutral radical species.18 In

our studies, we considered replacing the iodine atoms of
iodinated TTFs by seleno- or telluroalkyl substituents. Thus,
TTF oxidation is expected to selectively activate one of the two
s-holes in the chalcogen atom, which is located in the exten-
sion of the CTTF–Ch(Alk) bond.19 Our literature search showed
that only few TTFs substituted with selenium atoms interacted
with Lewis bases through ChB interactions,20 and some of
these examples are shown in Scheme 1a.

For example, the presence of the ethylenediseleno substituent
in BEDS-TTF (also called BETS) favors the formation of Se� � �N
ChB, although the overcrowding of the rigid six-membered ring
limits the extent of this effect. Accordingly, we recently reported
that the TTFs A and B (Scheme 1b) with geometrically well-
disposed selenomethyl substituents were indeed able to engage
in short linear Se� � �Br� ChB interactions in their cation radical
salts with bromide.21 Furthermore, a charge transfer complex of
A with redox-modified TCNQF2 as an electron acceptor was found
to organize into original segregated stacks with metallic
conductivity,22 providing the first example of a TTF�TCNQ analog
where ChB interactions play a dominant role in the structural
organization of its salt.

Building on these positive results, we wanted to assess whether
the ChB interaction in these systems was strong enough to dom-
inate over a weaker competing interaction involving sulfur rather
than selenium. For this purpose, we considered tetrathiafulvalene
derivatives (Scheme 2) simultaneously bearing thioalkyl and sele-
noalkyl substituents to evaluate the possible S/Se differentiation
through ChB in their salts. The corresponding BEDT-TTF analogs C
and D were already described23 but as reported for the BEDS-TTF
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salts (Scheme 1a), the rigidity of the six-membered ring limits the
accessibility of the s-hole on the Se atom in engaging in ChB
interaction; only one cation radical salt24 was reported from C and
none from D. Thiomethyl/selenomethyl-substituted TTFs 1 and 2
are unknown but offer more room and flexibility to allow the
chalcogen atom to engage in ChB with acceptor molecules (such
as TCNQ) or with anions (in cation radical salts).

Herein, we report here the first approach along these lines,
concentrating on the non-centrosymmetric TTF derivative 1. We
describe its synthesis, X-ray crystal structure, charge-transfer
complexes with TCNQ, TCNQF and TCNQF2, and its salt with
the ClO4

� anion.

Results and discussion
Synthesis, electrochemistry and crystal growth

TTF 1 was prepared (Scheme 3) through the phosphite coupling
procedure of bis(selenomethyl) thione25 3 and cyanoethyl-
protected dithiole-2-one26 4 to give 5, as reported elsewhere.27

Removal of the cyanoethyl protecting groups in 5 was

performed with CsOH, followed by alkylation with MeI to afford
1 in 83% yield. Cyclic voltammetry experiments (in CH2Cl2,
0.2 M Bu4NPF6 at 100 mV s�1) showed the two successive
reversible oxidation waves expected for this TTF derivative,
which were observed at +0.47 and +0.82 V vs. SCE, and compar-
able to that found for (MeS)4TTF (+0.48 and +0.80 V). Isolation
of charge-transfer complexes or cations radical salts of 1 proved
difficult given that the four chalcogenoalkyl groups endow 1
and its salts high solubility in many solvents.

Nevertheless, a charge-transfer complex of 1 with TCNQ was
obtained by cooling a solution resulting from the diffusion of a
solution of TCNQ in CH3CN over a solution of 1 in CH2Cl2. After
diffusion, no crystals appeared and cooling to �15 1C afforded
crystals of a 1 : 1 phase, (1)�TCNQ. Similar experiments were
conducted with TCNQF and TCNQF2. Crystals of the 1 : 1 phase
with TCNQF were obtained directly from the diffusion experi-
ments, while crystals with TCNQF2 were isolated after cooling
at �15 1C. Besides, electrocrystallization experiments were
conducted with different simple anions (Br�, PF6

�, and ClO4
�)

but systematically afforded highly soluble species. Performing
electrocrystallization in EtOH with Et4NClO4 as the electrolyte
allowed the isolation of high-quality crystals of the 1 : 1 phase
formulated as (1)ClO4.

Solid-state structures and properties

The neutral donor molecule 1 was found to crystallize in two
different crystal forms, as needles and thin plates. The structure
of the needle-like crystals was solved in the monoclinic system,
space group P21/c, with one molecule disordered on an inversion
center. Consequently, the central C6S4 TTF core is planar (Fig. 1a)
and the thiomethyl and selenomethyl moieties are disordered
with a 50 : 50 distribution. Alternatively, the structure of the plate-
like crystals was solved in the monoclinic system, space group
P21/n, with one molecule in the general position in the unit cell.
As shown in Fig. 1b, it adopts a boat-like conformation through
folding along the S� � �S hinges of the two dithiole rings by 23.5(4)1
and 24.4(5)1. Moreover, the thiomethyl and selenomethyl moi-
eties are still disordered, with a refined Se/S distribution close to
50 : 50 (52 : 48). The average intramolecular bond distances within
the central TTF core are presented in Table 1, which were used to
evaluate the degree of charge transfer in these compounds. In
both structures, Se� � �Se intermolecular contacts were identified
at 3.631(9) Å in 1-flat and at 3.548(8) and 3.630(7) Å in 1-boat, with
the associated RR values of 0.93–0.96.28 They lead to complex 3D
interaction networks, as shown in Fig. S1 in the ESI.‡

Scheme 1 Reported selenated TTFs engaged in ChB interactions in their
salts. The red arrow shows the direction of the expected ChB interaction
toward Lewis bases upon the activation of TTF through oxidation.

Scheme 2 Molecular structures of the target compounds. The red arrow
shows the direction of the expected ChB interaction toward Lewis bases
upon TTF activation through oxidation.

Scheme 3 Synthetic route to TTF 1.
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Comparison with the structures reported for the symmetric
tetrakis(thiomethyl)- and tetrakis(selenomethyl)-tetrathiafulvalenes
(MeS)4TTF and (MeSe)4TTF showed that (MeS)4TTF is reported
to crystallize into two different polymorphs,29 with one of them
isostructural with 1-boat.29a,b Alternatively, (MeSe)4TTF is
reported to crystallize into two polymorphs,30 both with a flat
TTF core, where one has a short intermolecular Se� � �Se contact
at 3.671(6) Å (RR = 0.97), and the other has two contacts at
3.639(5) and 3.619(5) Å (RR = 0.95). Altogether, these structures
demonstrate the absence of highly directing interactions able to
favor a specific supramolecular organization, with no clear
differentiation between the S- and Se-containing moieties.

TCNQFn charge transfer complexes. Co-crystallization of 1
with TCNQ afforded a 1 : 1 phase crystallizing in the triclinic
system, space group P%1, with both molecules in the general
position in the unit cell. The central TTF core in 1 is essentially
planar, with the folding angle along the S� � �S hinges of the two
dithiole rings of 5.3(2)1 and 1.8(2)1. The thiomethyl and sele-
nomethyl moieties are also disordered, but with a 69 : 31
distribution, which is the first indication of preferential orga-
nization. The overall structural organization is formed by the
stacking of inversion-centered homo-dimers, DDAADDAA, as
shown in Fig. 2.

The degree of charge transfer between the donor and
acceptor was evaluated from the intramolecular bond lengths

within TTF derivative 1 (Table 1) as well as within the TCNQ
molecule (Table 2), following correlations established earlier.7a

The charge on 1 was determined by two methods, rTTF from the
linear extrapolation of the geometric parameter dTTF = (b – a)
according to rTTF = (d � dneutral)/(dcation � dneutral), and r0TTF
from the formula reported for BEDT-TTF, with the geometric
parameter d0 = (b + c) – (a + d).31 Both methods gave a TTF
charge close to +0.5 in (1)�TCNQ. For the evaluation of the
TCNQ charge, two formulas were also used, one based the
linear extrapolation of the geometric parameter dTCNQ = c/(b + d)
between the neutral and anionic compounds based on the
equation rTCNQ = (d � dneutral)/(danion � dneutral),

32 and the other
derived from the Kistenmacher formula33 and developed for
TCNQFn derivatives with the same dTCNQ parameter.7a,34 They
gave a TCNQ charge of �0.41/�0.45, confirming the partial
charge transfer with (1)�TCNQ, which can be tentatively written
as an alternating stack of mixed-valence homo-dimers,
[(1)2]+[(TCNQ)2]�[(1)2]+[(TCNQ)2]�, with r = �0.5. In accordance
with this charge state, the compound exhibits semiconducting
behavior (Fig. S3 in ESI‡), with room temperature conductivity
of sRT = 1.1 � 10�5 S cm�1 and an activation energy of 0.36 eV,
indicating strong charge localization.

Perpendicular to the stacking axis, the molecules organize
into layers in the (b + c) plane, where they associate by ChB. As
shown in Fig. 3, the very short Se� � �NRC ChB interaction of
3.081 Å (RR = 0.81) involves mainly the selenium atom Se2A
with occupation of 69%, while the minor component Se2B
develops a much weaker interaction at 3.772 Å, well above the
van der Waals contact distance (3.45 Å). Therefore, this struc-
ture offers the first illustration of the differentiation between S
and Se atoms through ChB interaction, albeit it appears to be

Fig. 1 Detailed molecular structure of 1 in the two polymorphs: (a) 1-flat
and (b) 1-boat.

Table 1 Averaged bond distances (a–d in Å) in the TTF core of 1 and
calculated charges, rTTF from the linear extrapolation of the geometric
parameter dTTF = (b � a) with rTTF = (d � dneutral)/(dcation � dneutral), and r0TTF
from the formulae developed for BEDT-TTF, with the geometric para-
meter d0 = (b + c) – (a + d) (see text)

Compound a b c d d (Å) d0 (Å) rTTF r0TTF

1-flat 1.319 1.759 1.750 1.349 0.440 0.8405 0 +0.07
1-boat 1.327 1.757 1.755 1.337 0.430 0.8487 0 +0.01
(1)�TCNQ 1.365 1.746 1.749 1.348 0.381 0.7830 +0.49/0.59 +0.50
(1)�TCNQF 1.356 1.743 1.745 1.341 0.387 0.7905 +0.43/0.53 +0.45
(1)�TCNQF2 1.366 1.740 1.744 1.348 0.374 0.7702 +0.56/0.66 +0.60
(1)ClO4 1.384 1.724 1.735 1.536 0.340 0.7197 +1 +0.98

Fig. 2 Projection view along a of the unit cell of (1)�TCNQ showing the
DDAADDAA stacking motif.

Table 2 Average bond distances (a–d in Å) in the TCNQFn molecules and
calculated charges, rTCNQ from the linear extrapolation of the geometric
parameter dTCNQFn

= c/(b + d) with rTCNQFn
= (d � dneutral)/(danion � dneutral),

and r0TCNQFn
from the formulae developed earlier (see text)

Compound b c d dTCNQFn
rTCNQFn

r0TCNQFn

(1)�TCNQ 1.435 1.391 1.428 0.486 �0.45 �0.41
(1)�TCNQF 1.422 1.395 1.424 0.490 �0.62 �0.58
(1)�(TCNQF2) 1.420 1.393 1.427 0.489 �0.65 �0.64
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not strong enough to drive the preference for the Se atom
to 100%.

Considering the first oxidation potential of 1 at +0.47 V vs.
SCE and the reduction potential of TCNQ at +0.17 V, the negative
but limited difference DE = Ered � Eox = �0.30 V can explain the
partial charge transfer in this complex.35 Replacing TCNQ with
the stronger oxidant TCNQF (Ered = +0.28 V vs. SCE) or TCNQF2

(Ered = +0.36 V vs. SCE) with the associated calculated values of
DE of�0.19 and�0.11 V, respectively, should favor larger charge
transfer between the donor and acceptor, and possibly enhance
the ChB interactions through charge activation, as already
demonstrated in halogen-bonded systems.7a,36,37 (1)�TCNQF
and (1)�TCNQF2 were found to be isostructural, crystallizing in
the triclinic system, space group P%1, with both molecules in the
general position in the unit cell. The thiomethyl and seleno-
methyl moieties in (1)�TCNQF are disordered, with a 55 : 45
distribution, the first indication of the absence of a predominant
intermolecular interaction. The same MeSe/MeS disorder with a
very similar distribution (54 : 46) was found in (1)�TCNQF2.
Concerning the acceptor molecules, the fluorine atom in TCNQF
is disordered on four possible positions, with a 53 : 26 : 11 : 10
distribution, while in the TCNQF2 compound, the fluorine atoms
are also disordered with a 66 : 34 distribution. In the solid state,
the molecules form alternating stacks DADADA, organized into
layers in the (a,c) plane (Fig. 4). No characteristic ChB interac-
tions can the found here, besides short S/Se� � �S/Se contacts
involving only the outer MeS/MeSe substituents, between the
donor molecules along the b axis. The partially positively charged
S atoms of the TFF core are essentially surrounded by TCNQF or
TCNQF2 molecules (Fig. 4b). Evaluation of the degree of charge
transfer in both salts (Tables 1 and 2) gave a value close to �0.50
in (1)�TCNQF and a larger transfer in (1)�TCNQF2 of around
�0.60.38 The temperature dependence of the conductivity could
not be determined for (1)�TCNQF2 given that its crystals were too
small but in (1)�TCNQF, it showed semiconducting behavior
(Fig. S4 in ESI‡), with sRT = 3 � 10�5 S cm�1 and an activation
energy of 0.35 eV, which is comparable to that determined for (1)�
TCNQ and indicates the presence of strongly localized radical species.

Cation radical salt with ClO4
�. The 1 : 1 cation radical salt of

1 obtained by electrocrystallization in EtOH crystallized in the
triclinic system, space group P%1, with both the cation and ClO4

�

anion in the general position in the unit cell. The thiomethyl
and selenomethyl moieties are disordered, but with a 71 : 29
distribution, which is comparable to that observed in the TCNQ
salt and most probably associated here with a structuring
intermolecular interaction. Indeed, as shown in Fig. 5, one of
the two main selenium atoms forms a short Se� � �O interaction

(RR = 0.91) with the oxygen atom of the ClO4
� anion (also

disordered), with the structural characteristics establishing
unambiguously a strong ChB interaction. Furthermore, in
contrast with the TCNQ charge transfer complex (cf. Fig. 3),
the S/Se atoms on the other side of the molecule are not
engaged in S/Se� � �O interactions. In the solid state, the cations
organize into face-to-face diamagnetic dimers, as often encoun-
tered in r = +1 cation radical salts (Fig. S5, ESI‡).

Altogether, this work demonstrates that Se s-hole activation
in the extended CTTF–Se bond can be strong enough to compete
with similarly substituted sulfur atoms, but full ordering of the
MeSe- and MeS-moieties with a 100% selective ChB on the Se
atom is not achieved, at least in the two TCNQ and ClO4

� salts
described here where ChB interactions occur. The origin of this

Fig. 3 Details of the ChB interaction in (1)�TCNQ.

Fig. 4 Structure of (1)�TCNQF2: (a) projection view of the unit cell along a
and (b) details of one layer in the (a,c) plane with alternating DADA stacks.
Hydrogen atoms were omitted for clarity.

Fig. 5 Details of the ChB interaction in (1)ClO4, with the following
structural characteristics: Se2A� � �O4 3.110(15) Å (RR = 0.91), C8–
Se2A� � �O4 164.5(4)1; Se2A� � �O3A 3.131(18) Å (RR = 0.91), C8–Se2A� � �O3A
176.5(4)1.
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behavior can be also found in the calculations of the electro-
static potential (ESP) surfaces (Fig. S6, ESI‡) of 1 and its cation
radical 1+�. As shown in Fig. 6a, the optimized geometry of
neutral 1 gives a bent molecule (Fig. 1), with each dithiole ring
containing one SMe (alternatively SeMe) group in the dithiole
plane and one with the methyl group out-of-plane. In all cases
(S vs. Se, in-plane vs. out-of-plane methyl group), the Vs,max

values are small, with the maximum values of +3.9 kcal mol�1

on the S side and +9.5 and +19.1 kcal mol�1 on the Se side, with
the largest s-hole in the extension of the CTTF–Se bond. These
values indicate effective S/Se differentiation in the neutral state.
Upon oxidation to the cation radical state, these values strongly
increase as anticipated, but the S/Se differentiation appears
much more limited (Fig. 6b). Indeed, for the in-plane MeS/
MeSe groups, the largest s-hole in the extension of the CTTF–
S(Se) bond is 78.7 and 81.8 kcal mol�1, while for the out-of-
plane MeS/MeSe groups, the largest s-hole in the extension of
the CTTF–S(Se) bond is 70.8 and 76.7 kcal mol�1, respectively.
These data offer a rationale for the absence of full S/Se ordering
in the TCNQFn and ClO4

� salts reported herein, given that the
s-hole activation upon charge transfer also affects the S atoms
of the SMe substituents to a large extent compared with the
more polarizable Se atoms. Besides, the fact that the strongest
s-hole is found on the selenomethyl groups coplanar with the
TTF core is also confirmed by the two experimental structures
where this differentiation takes place, i.e., the strong Se� � �N and
Se� � �O ChB in the TCNQ and ClO4

� salts, respectively, indeed
involving the coplanar selenomethyl groups (Fig. 3 and 5).

These observations contrast with similar experiments
reported by Aakeroy et al. on halogen-bonded systems,39 where
the introduction of competition between iodine and bromine, for
example in cocrystals involving 1-iodo-4-bromo-tetrafluoro-
benzene or its biphenylene analog (Scheme 4), systematically
led to complete I/Br disorder with 50 : 50 distribution in their
co-crystals with symmetric bidentate XB acceptors such as

tetramethylpyrazine. Moving to a single pyridine such as 4-
dimethylaminopyridine promoted a preferential XB with iodine
with a 81 : 19 I/Br distribution.

Conclusions

Activation of s-holes on selenium atoms through the oxidation
of the tetrathiafulvalene core in selenomethyl-substituted TTFs
was evaluated from the comparison with the less activatable
thiomethyl moieties in molecule 1 bearing both MeSe- and MeS-
substituents. Three charge-transfer complexes with TCNQ, TCNQF
and TCNQF2 were structurally characterized, with all showing a
partial degree of charge transfer, r, in the range �0.5/�0.6, with
alternating stacks of DDAADDAA patterns with TCNQ and
DADADA with TCNQF and TCNQF2. No ChB interactions were
identified in the two latter co-crystals, where the MeSe and MeS are
disordered in a 50 : 50 distribution, as observed also in the
structure of neutral 1. Conversely, in the co-crystal with TCNQ,
the asymmetric Se/S distribution (69 : 31) is associated with the
strong Se� � �NC ChB interaction of the main Se atom with the
TCNQ cyano group. A similar preferential ChB interaction with Se
was observed in the perchlorate salt (1)ClO4, where the majority Se
atoms (71 : 29 Se/S distribution) interact through Se� � �O ChB with
the ClO4

� anion. A rationale for this limited differentiation effect
can be found in the calculated electrostatic potential (ESP) surfaces
on 1+�, which show sizeable Vs,max values on the outer S atoms, and
larger ones only on the Se atoms belonging to selenomethyl groups
fully coplanar with the TTF core. The comparison with reported
halogen-bonded systems with Br/I competition and full disorder
showed that the 70 : 30 distribution observed here in the two
TCNQ and ClO4

� salts provides a clear signature of efficient
differentiation between Se and S. Further work along these lines
will focus on the other selenomethyl/thiomethyl-substituted TTF 2
mentioned in Scheme 2, where Se/S disorder can also compete
with possible Z/E isomers.

Experimental

Chemicals and materials were obtained from commercial
sources and used without further purification. All reactions
were performed under an argon atmosphere. NMR spectra were
recorded in CDCl3 unless indicated otherwise. Chemical shifts
are reported in ppm, 1H NMR spectrum was referenced to

Fig. 6 Localization (pink dots) and maximum values of Vs,max in the
vicinity of the outer S and Se atoms in (a) 1 and (b) 1+� determined on
geometry-optimized molecules (DFT, B3LYP/def2TZVP/D3).

Scheme 4 Reported XB co-crystals with full I/Br disorder.39
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residual CHCl3 (7.26 ppm) and 13C NMR spectrum referenced
to CHCl3 (77.2 ppm). Melting points were measured on a Kofler
hot-stage apparatus and are uncorrected.

Synthesis of 1

A solution of 2,3-bis(methylseleno)-6,7-bis(2-cyanoethyl)-tetra-
thiafulvalene27 (760 mg, 1.36 mmol) in air-free dimethylforma-
mide (15 mL) was cooled to 0 1C, and then a solution of CsOH�
H2O (660 mg, 3.93 mmol) in MeOH (5 mL) was added dropwise
under an argon atmosphere. The red/orange solution was stirred
for 90 min. Iodomethane (0.30 mL, 4.75 mmol) was added in one
portion at 0 1C and stirring was maintained for 45 min. An orange
precipitate appeared and was filtered. The filtrate was concen-
trated and the crude residue was solubilized in dichloromethane,
washed with water and dried over MgSO4. The solvent was
evaporated under reduced pressure and the compound was
separated by flash chromatography on a 24 g silica gel column.
Elution with a gradient 0 - 20% of dichloromethane in petro-
leum ether gave compound 1 as a red powder (540 mg,
1.12 mmol, 83%). M.p. 98–100 1C. 1H NMR (300 MHz, CDCl3) d
2.42 (s, 3H), 2.34 (s, 3H). 13C NMR (300 MHz, CDCl3) d 127.72,
118.79, 19.34, 9.96.

Crystallography

Suitable crystals for X-ray diffraction single crystal experiments
were selected and mounted on the goniometer head of a D8
Venture (Bruker-AXS) diffractometer equipped with a CMOS-
PHOTON70 detector, using Mo-Ka radiation (l = 0.71073 Å,
multilayer monochromator). X-ray analyses were conducted each
time on a single sample. Crystal structures were solved by dual-
space algorithm using the SHELXT program,40 and then refined
with full-matrix least-squares methods based on F2 (SHELXL
program).41 All non-hydrogen atoms were refined with anisotro-
pic atomic displacement parameters. H atoms were finally
included in their calculated positions and treated as riding on
their parent atom with constrained thermal parameters. The
crystallographic data from the X-ray data collection and structure
refinements are given in Table S1 in ESI.‡

Resistivity measurements

The resistivity measurements were performed along the long
axis of needle-shaped crystals of (1)�TCNQ and (1)�TCNQF. Gold
wires were directly glued with silver paste on the single crystals.
The measurements were conducted using a high-precision LCR
meter (Keysight E4980A) at a frequency of 1000 Hz. The sample
temperature was controlled using a physical property measure-
ment system (PPMS, Quantum Design).

Theoretical calculations

Electrostatic potential calculations were carried out on the
optimized geometry of the molecules (with density functional
theory using the Gaussian 16, Revision C.01 software, the
B3LYP functional and the def2TZVP basis set and D3 empirical
dispersion correction for all atoms). GaussView 5.0.9 was used
to generate the figures. The calculated ESP maps are presented

in 0.001 e Bohr�3 isosurface (1 Bohr = 1 atomic unit (a.u.) =
0.529177249 Å).
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Chem., 2006, 16, 162–173; (b) T. Imakubo, H. Sawa and R. Kato,
Synth. Met., 1995, 73, 117–122; (c) O. Jeannin, E. Canadell,
P. Auban-Senzier and M. Fourmigué, Chem. Commun., 2016,
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A. Dhaka, Coord. Chem. Rev., 2020, 403, 213084.

17 (a) T. Shimajiri, H.-P. Jacquot de Rouville, V. Heitz,
T. Akutagawa, T. Fukushima, Y. Ishigaki and T. Suzuki,
Synlett, 2023, 1978–1990; (b) T. Suzuki, C. Kabuto,
Y. Yamashita, T. Mukai, T. Miyashi and G. Saito, Bull. Chem.
Soc. Jpn., 1988, 483–493.

18 (a) C. D. Bryan, A. W. Cordes, R. C. Haddon, R. G. Hicks, D. K.
Kennepohl, C. D. MacKinnon, R. T. Oakley, T. T. M. Palstra

and A. S. Perel, J. Am. Chem. Soc., 1994, 116, 1205–1210;
(b) A. Mailman, S. M. Winter, X. Yu, C. M. Robertson, W. Yong,
J. S. Tse, R. A. Secco, Z. Liu, P. A. Dube, J. A. K.
Howard and R. T. Oakley, J. Am. Chem. Soc., 2012, 134,
9886–9889; (c) D. Tian, S. M. Winter, A. Mailman, J. W. L.
Wong, W. Yong, H. Yamaguchi, Y. Jia, J. S. Tse, S. Desgreniers,
R. A. Secco, S. R. Julian, C. Jin, M. Mito, Y. Ohishi and
R. T. Oakley, J. Am. Chem. Soc., 2015, 137, 14136–14148.

19 A. Dhaka, I.-R. Jeon and M. Fourmigué, Acc. Chem. Res.,
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