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[EDO-TTF-CONH,|[TCNQF], triclinic system, space group

P-1, a=S8. 2479(12)A b=122822)A, c=12.6842(18)A,
a=113850(17)°, B =106.42017)°, 7= 90.284(19)°, V =
1116.8(4) A% and [EDT-TTF-CONH,LITCNQF,], triclinic

system, space group P-1, a=6. 5858(9)A bh=11. 699(2)A
c=12. 2281(18)A o = 104.000(19)°, p=93.611(17)°,
y = 98.279(19)°, ¥V = 899.9(3) A3 whose n-donor molecules,
(ethylenedioxo)-carbamoyltetrathiafulvalene and (ethylene-
dithio)-carbamoyltetrathiafulvalene, respectively, differ solely
by the nature of the chalcogen atoms in their outer ethylene
dichalcogeno bridge, yet form very different charge-transfer
complexes with the same m-acceptor. [EDO-TTF-CONH, "],
[TCNQF, ], is a diamagnetic insulating ionic salt with a three-
dimensional rock-salt-type structure based on discrete dimers
while in the semi-conducting mixed-valence complex,
[EDT-TTF-CONH,];, "[TCNQF; "], the mixed-valence dimers
aggregate into infinite chains interspersed within parallel rows of
non-interacting radical anions. It is shown how the robust and
adaptable supramolecular amide hydrogen bond tweezers-like
motifs common to the two solids simply comply to the 3-to-1
dimensionality reduction upon substitution of O for S. © 2002
Elsevier Science (USA)

Key Words: charge-transfer salts; crystal engineering; hydro-
gen bonding; tetrathiafulvalene.

1. INTRODUCTION

Changing the nature of the chalcogen atoms in TTF
derivatives with the perspective to modify their intermole-
cular HOMO-HOMO interaction energies is a strategy
which has essentially concerned substitutions of sulfur for
selenium and tellurium. Substitution of sulfur for oxygen
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only concerns those chalogen atoms outer to the TTF core
and had been demonstrated by the synthesis of BEDO-
TTF (1) and recently EDO-TTF (2,3), the oxo analogs of
BEDT-TTF (4) and EDT-TTF (5) (Scheme 1). As nicely
highlighted by Zorina et al. (6), BEDO-TTF salts are not
isostructural with their BEDT-TTF analogs. Furthermore,
radical cation salts of BEDT-TTF and BEDO-TTF with
the same anion have very often different stoichiometries. In
order to design and eventually control the patterns of
intermolecular interactions in these molecular materials,
another complementary approach is to make use of weak
intermolecular interactions such as hydrogen (7) or
halogen bonding (8), thus creating situations where the
latter will compete with the former manipulation of
intermolecular p,—p, overlap interactions (9). This is
exemplified by the series [EDT-TTF-Br,];"I; (10) and
[EDO-TTF-Br,]; " 15 (11) where different stoichiometries
and crystal structures are associated with different supra-
molecular Br---I interaction networks. However, to our
knowledge, no studies have been performed on how the
chalcogen modification and the functionalization of TTF
derivatives interplay. This may be achieved by comparing
the salts of functionalized EDT-TTF and EDO-TTF with
the same anion. In the case of hydrogen bonding, the recent
syntheses of the primary and secondary amide series, EDT-
TTF-CONR|R; (12) and EDO-TTF-CONR|R, (Ri» = H
Me) (3), make the comparison accessible.

Our first attempts to electrocrystallize EDO-TTF-
CONR|R; revealed that their salts are typically more
soluble than EDT-TTF-CONR; R, salts (9, 13) to the point
that no crystals could be obtained yet by this method (14).
In this paper, we describe the preparation and structural
characterization of charge-transfer complexes of the
primary amides EDO-TTF-CONH, and EDT-TTF-
CONH,, prepared by chemical oxidation by the strong
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SCHEME 1

n-acceptor TCNQF,, and discuss the interplay of factors
which are responsible for their strikingly different stoichio-
metries and electronic properties upon the substitution of
sulfur for oxygen in the ethylenedichalcogeno bridge.

2. EXPERIMENTAL

2.1. Syntheses

EDO-TTF-CONH, and EDT-TTF-CONH, were pre-
pared as described previously (3, 12). The stoichiometry of
both salts was first determined by EMPA on the
precipitates obtained by reacting a 1/1 mixture of each
donor with TCNQF, as follows:

(EDO-TTF-CONH,)(TCNQF,). Addition of
TCNQF,; (18mg, 0.065mmol) in THF (10mL) to a
solution of EDO-TTF-CONH, (20mg, 0.065mmol) in
THF causes a color change from orange to brown. The
mixture is left at 4°C overnight to afford shiny purple
platelets (24mg, 63%) suitable for X-ray. Calc. for
C21H7N503F4S42 C, 4337, H, 121, N, 1204, found C,
43.22; H, 1.27; N, 11.91. IR (KBr): 2176, 2196cm ™' (CN).

TABLE 1
Crystallographic Data

[EDT-TTF-CONH,],
[TCNQF,]

[EDO-TTF-CONHS,]
[TCNQF,]

Formula C30H]4N602F4S|2 C21H7N503F4S4

Formula mass 951.31 581.60
Temperature (K) 293 (2) 293 (2)
Crystal system Triclinic Triclinic
Space group P-1 P-1

a (A) 6.5858(9) 8.2479(12)
b (/DX) 11.699(2) 12.282(2)

¢ (A) 12.2281(18) 12.6842(18)
o (deg) 104.000(19) 113.850(17)
S (deg) 93.611(17) 106.420(17)
y (deg) 98.279(19) 90.284(19)
V(A% 899.9(3) 1116.8(4)
VA 1 2

dyie (g cm™3) 1.755 1.730

u (mm~) 0.792 0.497
Reflections collected 8806 11127
Independent reflections 3250 4025

Rint 0.057 0.053

Ry [I >20(D)] 0.0321 [1906] 0.0319 [2036]
WR, 0.0624 0.0503
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(EDT-TTF-CONH,),(TCNQF,). To a solution of
EDT-TTF-CONH; (20mg, 0.06 mmol) in THF (30mL),
TCNQF,4 (8.2mg, 0.03mmol) in THF (10mL) is added.
The solution then turns from yellow to dark brown. The
mixture is left at 4°C for 24h affording black platelets
(21mg, 75%) recovered by filtration. Calc. for
C30H14N602F4slzl C, 3788, H, 148, N, 883, found C,
37.83 ; H, 1.49; N, 8.62. IR (KBr): 2172, 2194cm ™" (CN).
A single crystal suitable for X-ray diffraction was obtained
by slow diffusion of the THF solutions of the donor and
acceptor in dichloromethane in a U-shaped cell.

2.2. X-Ray Crystallography

Data collection conditions and structure refinement
details are collected in Table 1. Data were collected on a
Stoe-IPDS diffractometer at 293 K. Structures were solved
using SHELXS-86 and refined by the full-matrix least-
squares method on F°, using SHELXL-93 (G. M.
Sheldrick, University of Gottingen, 1993) with anisotropic
thermal parameters for all non-hydrogen atoms. The
hydrogen atoms were introduced at calculated positions
and not refined (riding model). ORTEP representations
and numbering schemes for both structures are presented
in Fig. 1. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-186488/
186489. Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: 441223 336-033; E-mail: deposit@ccdc.
cam.ac.uk).

2.3. Magnetic Measurements

Magnetic susceptibility data were collected on a Quan-
tum Design MPMS5 SQUID magnetometer at 5000 Gauss
with polycrystalline samples of [EDO-TTF-CONH,]
[TCNQF,4] (20.27 mg) and [EDT-TTF-CONH,],[TCNQF,]
(20.83 mg). The data were corrected for molecular diamag-
netism and sample holder contributions.

3. RESULTS AND DISCUSSION

3.1. lonic Salt vs Mixed-Valence Complex

When engaged in charge-transfer complexes with the

strong m-acceptor TCNQF,; (Ewq =0.53V/SCE in
CH;CN), EDO-TTF-CONH, (Ex =0.40V/SCE in
CH;CN), casier to oxidize than EDT-TTF-CONH,

(Eox = 0.50 V/SCE in CH;CN), is more likely to form a
fully charge transferred salt (AE = 0.13V) than the latter.
In addition, given the near match of the redox potentials of
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FIG.1. ORTEP representations and atom numbering schemes for
the structures of (a) [EDT-TTF-CONH,,[TCNQF,] and (b) [EDO-
TTF-CONH,] [TCNQF,] (ellipsoids are drawn at 50% probability level).

BAUDRON ET AL.

EDT-TTF-CONH, and TCNQF, (AE = 0.03 V), a mixed-
valence complex is expected in this case. The observed
stoichiometries of the compounds, 1:1 in [EDO-TTF-
CONH,][TCNQF4] and 2:1 in [EDT-TTF-
CONH,],[TCNQF,], are consistent with these expecta-
tions. The analysis of the molecular structures in the
crystals (Tables 2 and 3), indeed confirms that
[EDO-TTF-CONH;"[TCNQF, ] is an ionic salt with
fully oxidized ions and [EDO-TTF-CONH,];*
[TCNQF, ], a mixed-valence complex, hence their respec-
tive formulations.

3.2. Dimensionality Reduction

[EDO-TTF-CONH,][TCNQEF,] crystallizes in the tricli-
nic system, space group P-1. The unit cell contains one =-
donor and one molecule of TCNQF,, both in the general
position (Fig. 1b). In the crystal structure (Fig. 2), both
molecules form discrete centrosymmetric dimers (Fig. 3)
and any [EDO-TTF-CONH; "], ion sees six [TCNQF, ],
nearest neighbors of opposite charge and vice versa, with
essentially no interaction between like dimers. Thus,
[EDO-TTF-CONH;"L,[TCNQF; ], can be viewed as a
fully ionic, three-dimensional rock salt analog. In
[EDO-TTF-CONH; *],, the radical cations adopt a some-
what eclipsed pattern of intradimer overlap (Figs. 3¢ and
3d) with a short plane-to-plane distance of 3.374(2) A,
typical of a fully oxidized, discrete diamagnetic dimer
configuration (15). Likewise, within [TCNQF,; "], dimers,
the radical anions are essentially eclipsed with a short
interplanar distance of 3.154(3) A.

[EDT-TTF-CONH,],[TCNQF,] crystallizes in the tricli-
nic system, space group P-1. The unit cell contains one 7-
donor in the general position and one half-molecule of
TCNQF,4 on an inversion center (Fig. 1a). Bond length
analysis for EDT-TTF-CONH, (Table 2) and TCNQF,

TABLE 2
Bond Lengths (10&) in EDO-TTF-CONH, (X = O) and EDT-TTF-CONH, (X = S) in Their Neutral and Oxidized Forms

X _-Sd.b
a
(T
X S

0
S%NHZ
S

EDT-TTF-CONH,* [EDO-TTF-CONH,][TCNQF,]

EDTTTFCONHY?" [EDT-TTF-CONH,], [TCNQF,]

a 1.32(3) 1.387(3)
b 1.77(2) 1.724(3)
¢ 1.76(2) 1.730(3)
d 1.75(2) 1.715(3)
e 1.75(2) 1.723(3)

1.371(9) 1.3723)
1.723(8) 1.739(3)
1.748(8) 1.743(3)
1.752(8) 1.729(3)
1.733(8) 1.7373)

“From Ref. (12).
®In (EDT-TTF-CONH,)sAsFs (9).
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TABLE 3
Bond Lengths (A) in TCNQF, and Nitrile Frequencies in the Two Salts and Some Reference Compounds

E

F

NC p ON
c d
NC CN
F F
TCNQF, [EDO-TTF-CONH,][TCNQF,] [EDT-TTF-CONH,},[TCNQF,] TCNQF; ™ ¢ TCNQF?™ *
a 1.335 1.352(4) 1.360(4) 1.36 1373
b 1.439 1.411(4) 1.410(4) 1.42 1.398
c 1.373 1.410(4) 1.416(4) 1.42 1.457
d 1.440 1.423(5) 1.423(5) 1.435 1.403
C=N 1.142 1.145(5) 1.137(5) 1.14 1.154
Ve 2215, 2230 2176, 2196 2172, 2194 2179, 2195 2133, 2167
Ref. (16) This work This work 17 (18)

“In [FeCp,][TCNQF,].
"In [FeCp,],[TCNQF,].

(Table 3) (16-18) indicates that the complex can be
formulated as [EDT-TTF-CONH,];"[TCNQF,; ]. The
charge on the TCNQF, is further confirmed by the

the mixed-valence dimers [EDT-TTF-CONH,];", the
molecules adopt a slipped, bond-over-ring type of
conformation (Figs.3a and 3b) with a plane-to-plane

value of its nitrile stretching frequency (Table 3). Within distance of 3.457(2) A, typically longer than in
0 o
o S: :SJ)LNH S S: :s])kNH
2 | I 2
E*:porrr = 0.40 V/SCE E®prrrr = 0.50 V/SCE
with TCNQF,
[f AE=-0.03V
AE=-0.13V
llsasidihe o it O@QW
"%‘?g SIS ”ﬁ?‘ e@n O@
b
DI T | e T
C
a % SBISE !S%?? j\\ a @‘?
C
p = 1, ionic, rock-salt structure p = 0.5, mixed valence, parallel chains
3D 1D
FIG.2. An overview of the thermodynamic and structural features of [EDO-TTF-CONH;*],[TCNQF; ], (left-hand side) and

[EDT-TTF-CONH,]; "[TCNQF, ] (right-hand side). The structures are viewed down the n-donor long molecular axis.
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FIG. 3.

[EDO-TTF-CONH;"],, as expected. The most salient
consequence of the stabilization of a mixed-valence
configuration of the m-donor dimers is perhaps, by
comparison to the former ionic rock-salt solid, the
profound reconstruction of the overall architecture to
form one-dimensional chains, {{EDT-TTF-CONH];"}! |
where the mixed-valence dimers aggregate and overlap
along their transverse direction, as shown in Fig. 2. These
discrete chains of dimers run parallel to discrete chains of
essentially non-interacting TCNQF, ™~ molecules.

3.3. Adaptability of the Supramolecular Pattern of the
Amide Hydrogen Bond Tweezers

As exemplified in Fig. 4, the robust, recurrent centro-
symmetric cyclic hydrogen bond R3(8) (19) dimer motif,
common to a great many primary amides (20, 21) including
neutral EDT-TTF-CONH, (12), is identified in both
[EDO-TTF-CONH;"L[TCNQF,"], and [EDT-TTF-
CONH,]; F[TCNQF;"]. Comparing the supramolecular
hydrogen patterns shown in Fig. 4 and whose geometrical
characteristics are given in Table 4, one discloses the
remarkable adaptability of the precise intermolecular,
robust tweezers-like hydrogen bond motif identified pre-
viously in [EDT-TTF-CONH;]¢[AsF¢] (9) and [EDT-TTF-
CONHMe),[CI-H,0O] (13), where the remaining amide
N-H hydrogen bond donor and the adjacent, hydrogen
bond donor vinylic C-H of the TTF core cooperate and
reach out differently towards the nitrile hydrogen bond
acceptors of TCNQF,.

Consider first the pattern for [EDO-TTF-CONH; ],
[TCNQF, ], in Fig. 4b. Here, the amide functionalities
and the TTF cores rotate away from ecach other by

(a) and (b) Intradimer pattern of overlap in [EDT-TTF-CONH,];"; (c) and (d) intradimer pattern of overlap in [EDO-TTF-CONH; *],.

+23.6(2)° across the centrosymmetric dimer motif in such
a way that any pair of hydrogen bond tweezers grasp two
nitrile acceptors of two TCNQF,’s pertaining to the same
dimer. In [EDT-TTF-CONH,]; "[TCNQF;, "] (Fig. 4a), the
amide functionalities and the TTF cores remain coplanar
since it is necessary for any pair of tweezers to capture one
nitrile of one single TCNQF, only. The latter resulting
cyclic motif is then R}(7) as already encountered in radical
cation salts of EDT-TTF-CONH, (13).

Note that in both [EDO-TTF-CONH;"],[TCNQF; ],
and [EDO-TTF-CONH,];"[TCNQF; "], the hydrogen
bond network also includes a weak ethylenic C-H---NC
interaction ((sp°)-Co—Hog---N, and (sp*)~Cg—Hga -~ N3,
respectively, Table 4), a likely explanation of the absence
of disorder of the flexible ethylene dioxo and ethylene
dithio bridges in the solids.

3.4. Magnetic and Electronic Properties

In the case of [EDT-TTF-CONH,];*[TCNQF;, ], the
2:1 stoichiometry and the mixed-valence character lead to
the possibility of conductivity in this salt. Extended Hiickel
calculations is a valuable method to evaluate the
HOMO:--HOMO overlap interaction in such systems
(22). The main interaction is found within
[EDT-TTF-CONH,];* dimers (Binwa = 0.45¢V). These
dimers are only weakly coupled (Fig.2) along «
(Binter = 0.05 and 0.02eV). As a consequence, the possibi-
lity of metallic conductivity is ruled out. This is confirmed
by single-crystal conductivity measurement revealing a
semi-conducting behavior with a room-temperature con-
ductivity of 3 x 107°Sem™'. The magnetic susceptibility
of [EDT-TTF-CONH,];"[TCNQF; "] (Fig. 5) exhibits a
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FIG. 4. Illustration of the common, R%(S) cyclic dimer hydrogen bond
pattern and different intermolecular hydrogen bond tweezers expression
in (a) [EDT-TTF-CONH,],[TCNQF,4] and (b) [EDO-TTF-CONH,],
[TCNQF4).

TABLE 4
Geometrical Characteristics of the Hydrogen Bonds
in the Two Salts

D-A@A) H-A@A) oD-H-A) (deg)

[EDT-TTF-CONH,],

[TCNQF,]
Ni-H;x---O, 2.915(3) 2.057 174.2
N;-Hig---N, 3.132(4) 2.306 160.8
(sp*)-C5-H;---N, 3.405(5) 2.587 147.1
(sp>)-Cs—Hga ---Nj 3.329(4) 2421 155.6
[EDO-TTF-CONH,]

[TCNQF,]
Ni—Hja---O, 2.891(3) 2.066 160.4
N-Hp---N; 3.083(4) 2.035 150.7
(sp?)-C5-Hj---Ny 3.318(3) 2.461 1533
(sp>)~Co-Hop---N, 3.306(4) 2.599 129.9
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FIG.5. Temperature dependence of the magnetic susceptibility in
[EDT-TTF-CONH,],[TCNQF,].

weakly temperature-dependent paramagnetism compatible
with the semi-conducting character of the salt, albeit the
absence of contribution of the almost isolated
[TCNQF,]”" anions to the susceptibility is not clear at
this stage of the work. Preliminary EPR experiments
performed on a polycrystalline sample of
[EDT-TTF-CONH,]; *[TCNQF, ] at room temperature
show the presence of a single broadened line which can be
decomposed as the sum of two components, one at g =
2.0048 with AH =4G and another at g = 2.0070 with
AH = 5G. Based on analogous TTF and TCNQ deriva-
tives (23), the former can be tentatively attributed to the
[TCNQF, ] moieties while the latter is attributed to the
[EDT-TTF-CONH,]; * dimers.

On the other hand, [EDT-TTF-CONH; "],[TCNQF; 1,
is diamagnetic in the whole temperature range explored.
This is well correlated with the strong intradimer interac-
tion within both [EDO-TTF-CONH; ], and [TCNQF; "],
dimers. Indeed, the intradimer HOMO---HOMO interac-
tion in (2)%+ amounts to 0.92eV while it is only 0.21¢V
for the interdimer interaction. In the case of [TCNQF, ],,
the intra- and interdimer interactions amount to 1.11
and 0.04 eV, respectively.

4. CONCLUSION

We have described the synthesis, crystal structures,
conducting and magnetic properties of [EDO-TTF-
CONH;*L[TCNQF;"], and [EDT-TTF-CONH,];*
[TCNQF, ], two new charge-transfer salts between pri-
mary amide-functionalized n-donors and TCNQF, shown
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to exhibit different stoichiometries and degrees of charge
transfer. The salient manifestation of the substitution of
sulfur for oxygen in the outer ethylenedichalcogeno bridges
of the n-donor molecules is to favor the stabilization of a
2:1 mixed-valence complex with TCNQF,, a consequence
of the higher oxidation potential (by 0.1 V) of the sulfur
analog and of its near match with the reduction potential
of TCNQF,4 (AE = 0.03 V). The change from a full charge-
transfer to a mixed-valence configuration imposes a
profound reconstruction of the overall architecture of the
I:1 ionic rock-salt solid to form one-dimensional
{[EDT-TTF-CONH,];"}!  chains, where the mixed-va-
lence dimers aggregate and overlap along their transverse
direction. Remarkably, the supramolecular amide hydro-
gen bond tweezers-like motifs common to the two solids,
simply comply to the dimensionality reduction by captur-
ing one nitrile of one single TCNQEF, only per pair of
hydrogen bond tweezers in [EDO-TTF-CONH,];"
[TCNQF, ] instead of two pertaining to the same
TCNQF, dimer in the three-dimensional ionic solid
[EDO-TTF-CONH; *],[TCNQF; " ],. This nicely illustrates
both the robustness and adaptability of hydrogen bond
motifs in redox-amide-based systems and confirms their
usefulness as supramolecular construction elements in
TTF-based materials.

[EDO-TTF-CONH;*,[TCNQF; ], and [EDO-TTF-
CONH,];*[TCNQF, ], having different stoichiometries
and crystal structures, have different electronic properties.
The former is insulating and diamagnetic while
[EDO-TTF-CONH,];*[TCNQF, ] exhibit a sizeable
conductivity at room temperature (3 x 107*Scm™'). The
semi-conducting {[EDT-TTF-CONHQ];F}Zc chains are
interspersed amongst essentially non-interacting TCNQF, ™~
anion radicals. The system exhibits a single composite
electron spin resonance of the radical cation and anion
spins at room temperature.
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