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The 2:1 charge-transfer salt (HMTSF)(TCNQ) crystallizes (from mesitylene) in the
monoclinic system, space group P2,/c, with the following cell constants: 2 = 13.993(4) A,
b =10.723(3) A, ¢ = 13.032(3) A, B = 112.71(2)°, ¥ = 1803.8 A’, Dumeasa = 2.10(1) g
em™, Dested = 2.114 g cm™* (for two formula units per cell). The crystal structure of
(HMTSF)(TCNQ}) consists of linear chains of alternating donor diads and acceptor
monads propagating along the crystallographic b axis. Within these mixed stacks, the
donor/donor overlap is of the ring-over-double bond type (mean separation 3.72 A),
while the donor/acceptor overlap (mean separation 3.46 A) is such that the HMTSF
molecule is very nearly parallel to and directly centered above the adjacent TCNQ mole-
cule. Strong interstack interactions of the types Se(HMTSF):--Se(HMTSF), 3.64 A,
and Se(HMTSF) + - N(TCNQ), 3.29 A, serve to couple adjacent mixed stacks. The crystal
structure of this 2:1 salt is compared to that of its 1:1 stoichiometric congener,
HMTSF-TCNQ, whose crystal structure exhibits uniform segregated stacks of donor
and acceptor molecules.

INTRODUCTION

7,7,8,8-Tetracyano-p-quinodimethane (TCNQ)' and its analogs have
become frequently used electron acceptors in the synthesis of organic
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charge-transfer salts which exhibit diverse physical and structural
characteristics. Much of the interest in these salts has centered around
the quasi one-dimensional nature of their physical properties.?

Quasi one-dimensionality arises, at the most fundamental level,
from the nature of the crystalline motif. A well-known occurrence’ is
the presence in the solid-state structure of linear, segregated stacks of
donors (D) and acceptors (4), which can give rise through 77 molecu-
lar orbital overlap to narrow one-dimensional electronic bands. Partial
transfer of electron density from the donor band to the acceptor band
can lead to materials with nearly one-dimensional conductivities on the
order of 10° Q' cm™.2 Examples of segregated stack conductors for
heterofulvalene-TCNQ salts are TTF-TCNQ, TMTTF-TCNQ,’
TMTSF-TCNQ,* HMTTF-TCNQ’ and HMTSF-TCNQ.*® Alterna-
tively, transfer of one electron from the donor to the acceptor yields
half-filled donor and acceptor bands and leads to materials which are
Mott insulators (typified by HMTTF-TCNQF4'® and HMTSF-
TCNQF4'). Such systems with antiferromagnetic coupling between
adjacent spins are prone to the spin-Peierls’ instability,'* whereby the
spin energy may be lowered by a structural dimerization. Two mate-
rials have been reported (TTF-2,5-TCNQF2" and DBTTF-TCNQF4')
where the pair-wise coupling of neighboring spins is apparently strong
enough to produce dimerized segregated stacks of donors and accep-
tors at room temperature. In addition, it has recently been reported'’
that the salt DTTTF-TCNQF4 co-crystallizes from solution in two
forms. It is now known'® that both forms of DTTTF-TCNQF4 are
Mott insulators, with one form consisting of uniform segregated stacks
and the other exhibiting dimerized segregated stacks at room
temperature.

Quasi one-dimensionality can also be imparted to the physical prop-
erties of an organic charge-transfer salt through the formation of
stacks of alternating donor and acceptor molecules (i.e., mixed
stacks).'”'® Pertinent examples here are DBTTF-TCNQ," DBTTF-
2,5-TCNQF2,” and a second, insulating form of TMTSF-TCNQ.!

Such mixed stack arrays are not confined, however, to a simple
(***DADA ) repeat sequence. An alternative pattern (given the pres-
ence of mixed stacks) is expected for a salt of other than 1:1 stoichi-
ometry. Such a situation pertains to (TETTF) (TCNQ),,2 which exhib-
itsa(***DAADAA -+ ) repeat. It has also been reported, however, that
a 1:1 salt can show an “anomalous” sequence; for the salt NBP-
TCNQF4, Keller and coworkers?® found mixed stacks which contain
alternating diads of donors and acceptors (+<*DDAADDAA+-+).

In this study, the crystal structure of the semiconducting salt
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(HMTSF)(TCNQ) is examined and found to contain mixed stacks of
donor diads and acceptor monads (*+*DDADDA-++), consistent with
its 2: 1 stoichiometry. Of particular interest is the fact that the HMTSF
donor and the TCNQ acceptor also form a 1 : 1 salt (HMTSF-TCNQ),
which is highly conductive to very low temperatures and exists as seg-
regated stacks of donors and acceptors.®

EXPERIMENTAL

The 2:1 charge-transfer salt (HMTSF),(TCNQ) appeared to be the
only product after slow cooling of a hot mesitylene solution containing
the neutral components“* in a sealed ampule. This result is, however,
not highly reproducible as under identical experimental conditions the
1:1salt can predominate. The obtained crystals of (HMTSF)(TCNQ)
were small, dark-green platelets, while those of HMTSF-TCNQ were
black, acicular needles.

The crystal of the 2: 1 salt employed in our X-ray diffraction analy-
sis was free of any observable imperfections and measured 0.08 X
0.20 X 0.07 mm>. X-Ray photographic data indicated that the crystal
system was monoclinic and the space group P2,/c. A neutral buoyancy
measurement (CCls/CHBr;) gave an experimental crystal density of
2.10(1) g em™.

The following unit-cell dimensions and associated standard devia-
tions were derived from a least-squares fit to the setting angles of 15
carefully-centered reflections measured on a Syntex Pl automated dif-
fractometer: a = 13.993(4) A, b =10.723(3) A, ¢ =13.032(3) A,
B = 112.71(2)° and ¥ = 1803.8 A’. The calculated crystal density, as-
suming two formula units per cell, was 2.114 g cm™, requiring that
only acceptor molecules lie on sites of special symmetry (1, C). In the
+h hemisphere to 260 = 60°, 10,742 reflections were surveyed on the
diffractometer, employing graphite-monochromatized MoKa radia-
tion (A = 0.71069 A) and the 6/26 scan mode. A constant scan rate of
1.5°/min (in 20) was maintained for each diffraction profile. After
every 100 reflections, three standard reflections were monitored and
their intensities showed no unusual variation throughout data collec-
tion. The measured intensities and their estimated standard deviations
were corrected for Lorentz and polarization effects. An absorption
correction was also applied based on the crystal dimensions given
above and the associated linear absorption coefficient (u = 87.5 cm™)
[maximum and minimum transmission factors were 0.60 and 0.38, re-
spectively]. Averaging of the two independent quadrants of data re-
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sulted in an Raye value of 0.060
N 2 N
(Rm =Y Y |F4—F) /Y F} forN observations).
=1 =1 i=!

The averaged, non-zero Fy's (4868) formed the basis for the structural
solution and refinement and were scaled according to the method of
Wilson.?

Standard Patterson methods were used to locate the Se atom posi-
tions and the relative orientations of the HMTSF and TCNQ mole-
cules. This vector synthesis confirmed that the acceptors occupy 1
symmetry sites and that the donors lie in general positions. All other
non-hydrogen atom positions were obtained by Fourier and differ-
ence-Fourier techniques. At an intermediate stage of the refinement,
the 14 unique hydrogen atoms were located on the basis of a difference-
Fourier synthesis, but positioned via calculated coordinates (fixed iso-
tropic temperature factors were used for the H atoms).

TABLE 1
Final non-hydrogen atom positional parameters (X 10*) for (HMTSF);(TCNQ)

Atom x y z

Se(1) —1135(1)" 1650(1) —1574(1)
Se(2) —555(1) 1585(1) 1068(1)
Se(3) 1375(1) 2089(1) —1150(1)
Se(4) 2005(1) 1968(1) 1503(1)
c(n —2182(5) 1500(7) —1025(6)
C(2) —3311(5) 1301(8) —1660(6)
C(3) —3777(6) 1408(9) =769(7)
C4) —2884(6) 1231(8) 358(7)
C(5) —1955(5) 1448(7) 62(6)
C(6) —68(5) 1758(7) —99(5)
c(n 914(5) 1915(6) 34(5)
C(8) 2784(5) 2287(7) —164(6)
(o)) 3964(6) 2456(9) —481(7)
C(10) 4577(6) 2602(13) 644(8)
cn 4157(6) 2384(9) 1541(6)
C(12) 3018(5) 2226(7) 936(6)
N(1) —3519(5) 4661(8) —2455(6)
N(2) —2837(6) 4397(8) 1054(6)
C(13) —693(5) 4966(7) —1104(6)
C(14) —314(6) 4884(7) 892(6)
C(15) —=1072(5) 4839(7) —240(6)
C(16) —2114(6) 46747) —461(6)
C(17) —2880(6) 4691(8) —1581(7)
C(18) —2505(6) 4522(8) 391(7)

* Estimated deviations in the least significant figures are enclosed in parentheses.
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Full-matrix least-squares refinement of all non-hydrogen positional
and anisotropic thermal parameters resulted in a final R value
[R = 3||Fo| — | F.||/%| Fo| of 0.066 for the 3315 data with Fy > 3a(F),
and 0.098 for the full 4868 data set. The final weighted R value (full
data) [R = {Sw(|Fo| — | F.|)*/3w| Fo]*}"*] and goodness-of-fit [GOF =
{Sw(| Fo| — | F|)*/(NO-NV)}"* where NO = 4868 observations and
NV = 217 variables] were 0.060 and 1.86, respectively. The quantity
minimized in the least-squares refinement was Sw(|Fo| — |F.|) where
w = 4F}/o*(F}) with o*(F}) derived from counting statistics plus an
applied correction term of [(0.03)F3]. A final difference-Fourier map
contained residual density peaks of £1.65 e/A” in the vicinity of the Se
atoms,

Neutral scattering factors for the nonhydrogen®* and hydrogenm
atoms were taken from common sources. The scattering curves for the
nonhydrogen atoms were corrected for the effects of anomalous dis-
persion.”® Final derived position parameters for the nonhydrogen
atoms are given in Table I. Tables of nonhydrogen atom anisotropic
thermal parameters, hydrogen atom positional and isotropic thermal
parameters, intramolecular bond angles, and final observed and calcu-
lated structure-factor amplitudes have been deposited. The crystallo-
graphic computations were carried out with a standard set of computer
programs,”’ including Johnson’s algorithm"b from which all illustra-
tions were prepared.

RESULTS AND DISCUSSION

The crystal structure of (HMTSF),(TCNQ), as illustrated in Figure 1,
consists of stacks of alternating donor diads and acceptor monads, ex-
tending along the crystallographic b axis. Within these columns, the in-
terplanar separations between two donors and between donor and ac-
ceptor are 3.72 A and 3.46 A, respectively. The donor-donor spacing
is somewhat long compared to a HMTSF uniform-stack separation as
found in the crystal structures of HMTSF-TCNQ? (3.60 A) and
HMTSF-TNAP? (3.58 A), but near to that observed in HMTSF-
TCNQF4'! (3.68 A). The donor-acceptor interplanar distance within a
stack is on the same order as that observed (ca. 3.5 A) in the structures
of the insulating form of TMTSF-TCNQ? and (TETTF) (TCNQ),,?
the only other heterofulvalene-TCNQ mixed-stack systems reported
to data. Crystallographic symmetry requires that the components of
the donor diads be parallel; the interplanar dihedral angle between the
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FIGURE | Two views of the molecular packing in the crystal structure of
(HMTSF)XTCNQ). (LEFT) A projection onto the (100) crystallographic plane; (RIGHT)
The (++*DDADDA + ++ ) columnar stack viewed along the short in-plane molecular axis of
the HMTSF donor. Intermolecular interactions of the types Se(1):+*N(2; x, 1/2 — y,
=172 + z) at 3.29 A and Se(3)+*-Se(4; x, 172 — y, —1/2 + 2) at 3.64 A are indicated.

tetraselenaethylene moiety of the HMTSF donor and the quinone ring
of the TCNQ acceptor at 0.01° indicates nearly parallel donor diads
and acceptor monads as well. In Table II, selected mean planes are
given, which demonstrate the general planarity of the TCNQ molecule
and the slight boat-shaped conformation of the HMTSF molecule.

The donor-donor interactions within a mixed stack are weak, with
all Se---Se contacts greater than or equal to 4.08 A (which is some
0.08 A larger than twice the van der Waals radius (vdW) of Se,
2.0 A).”’ The observed molecular overlap pattern within donor diads
(see Figure 2A) is the common ring-over-bond motif? found in uniform
HMTSF stacks. The uniform stack systems exhibit, however, some-
what shorter intrastack Se+*Se contacts: HMTSF-TCNQ® (3.89 A);
HMTSF-TNAP? (3.92 A); and, HMTSF-TCNQF4'' (4.02 A).

The donor~acceptor interactions for ( HMTSF)(TCNQ) are stronger
than those within the donor diad (Figure 1 and Table III). The direct
overlap of HMTSF and TCNQ molecules (Figure 2B) permits Se
atoms of the donor to interact with C atoms of the quinone framework
of the acceptor, Table I11. The result is the presence of Se -+ C contacts
as close as 3.57 A or ca. 0.2 A less than the expected vdW sum.”’ Sim-
ilar Se -+ - C contacts (3.5-3.6 A) are found between alternating TMTSF
donors and TCNQ acceptors in the insulating form of TMTSF-TCNQ.?!

Strong interactions also serve to couple together the mixed
(+»*DDADDA - - +) stacks in the crystal structure of (HMTSF)(TCNQ),
Table I1I. Contacts of particular note in this regard (see Figure 1) in-
clude Se(3)'--Se(4) at 3.64 A (vdW = 4.0 A) and Se(l):'*N(2) at
3.29 A (vdW = 3.50 A). These close contacts couple molecules of dif-
ferent stacks which are near to coplanarity, with a dihedral angle be-
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TABLE 11

Some least-squares planes and deviations (A) of individual atoms from these planes

In each of the equations of the planes, X, ¥ and Z are coordinates (A) referred to the or-
thogonal axis X along a, ¥ parallel to b, and Z along ¢*. Atoms indicated by an asterisk
(*) were given zero weight in calculating the plane; all others were equally weighted.

(a) HMTSF central, fulvalene plane (0.1304X — 0.9914Y — 0.0130Z = —1.8788 A)

Se(1) 0.046(1) C(8) —0.031(8)
Se(2) 0.006(1) C(12) —0.013(8)
Se(3) 0.003(1) C(2) 0.027(9)*
Se(4) 0.030(1) C(3) —0.245(10)*
C(1) —0.031(8) C(4) 0.015(9)*
C(5) —0.022(8) c9) —0.019(10)*
C(6) 0.006(8) C(10) —0.014(14)*
c 0.007(6) C(11) —0.022(10)*
(b) HMTSF interior plane (0.1325X — 0.9911Y — 0.0108Z = —1.8610 A)
Se(1) 0.023(1) C(3) —0.274(10)*
Se(2) —0.012(1) C4) —0.01009)*
Se(3) —0.013(1) C(5) —0.045(8)*
Se(4) 0.021(D) C(8) —0.041(8)*
C(6) —0.012(8) (o)) —0.026(10)*
(o[§))] —0.008(6) C(10) —0.107(14)*
C(l —0.056(8)* C(11) —0.025(10)*
C(2) —0.003(9)* C(12) —0.020(8)*
(¢) TCNQ molecular plane (0.1298X — 0.9908Y — 0.0371Z = —5.3124 A)
N F0.009(9) C(15) 10.003(8)
N(2) F0.009(9) C(16) +0.013(8)
C(13) 10.032(8) C(17) F0.021(9)
C(14) F0.032(8) C(18) $0.010(9)
(d) TCNQ central, quinone plane (0.1284X —0.9917Y — 0.0110Z = —5.3168 A)
C(13) F0.003(8) C(17) F0.066(9)*
C(14) F0.003(8) C(18) +0.028(9)*
C(15) F0.003(8) N(I) F0.081(9)*
C(16) +0.003(8) N(2) 10.049(9)*

tween molecular planes (either D+++D or D -+« 4) of 15.3°. Significantly
weaker interchain contacts couple together the alternating donor-
acceptor stacks in the insulating form of TMTSF-TCNQ (Se - - Se at
3.76 A and Se-**N at 3.56 A).*!

In fact, Se - Se interchain interactions as short as those exhibited
by (HMTSF),(TCNQ) are rarely found in selenafulvalene-acceptor
salts. The closest example known to us is that found in the uniform-
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(B)

FIGURE 2 (A) Intradiad molecular overlap pattern for two HMTSF donors; the view
direction is along the normal to the molecular plane and the mean separation is 3.72 A.
(B) Donor diad/acceptor monad overlap pattern; the view direction is again along the
normal to the molecular planes and the mean separation is 3.46 A.

TABLE 11

Some intermolecular interactions for the crystal structure of (HMTSF)(TCNQ)

Contact Distance (A) vdw (A)

(A) Interstack Interactions

(1) Donor-++Donor:

Se(3)--Se(4; x, 172 — y, —1/2 + 2) 3.64 4.00
Se(2):* Se(3: x, 172 —p. 172+ 2) 3.86 4.00
Se(1):++Se(2; x, 172 — p, —1/2 + 2) 3.95 4.00
(2) Donor-++Acceptor:

Se(l)***N(2: x, 1/72—y, —1/2 + 2) 3.29 3.50
(B) Intrastack Interactions, [Donor -+ Acceptor, only]

Se(2)---C(14; x, y, 2) 3.57 3.75
Se(1):--C(13: x, 3, 2) 3.62 3.75
Se(3)---C(14; —x, 1 — y, —2) 3.64 375

Se4):-+C(13; =x, 1 — y, —2) 3.70 3.75
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stack salt HMTSF-TNAP (Se+-+Se at 3.76 A and Se -+ N at 3.05 A).*
For (HMTSF)(TCNQ) and HMTSF-TNAP, these interchain interac-
tions increase the dimensionality of the system. The influence of
Se + -+ Se interactions on the dimensionality of stacked organic systems
is particularly evident for the superconducting salts of TMTSF:
(TMTSF).X (X = PFs, AsFs and C103).” In these systems, Se *++ Se in-
terchain interactions, which are considerably weaker (ca. 3.9 A) than
those found here, are likely contributors® to the three-dimensional na-
ture of their superconductivity.®'

Less noteworthy are the Se---N interchain interactions in
(HMTSF)(TCNQ). As in the case of HMTSF-TNAP alluded to
above, the Se+:<N contacts here are also longer than in HMTSF-
TCNQ®(3.16 A); however, this latter segregated stack structure shows
no intercolumn Se -+ - Se contacts of any consequence.

Finally, the direct mode of overlap between donor diads and accep-
tor monads (Figure 2B) ought to yield a near zero charge-transfer inte-
gral given the nature of the frontier molecular orbitals on the HMTSF
donor (b1, in point group Dz) and the TCNQ acceptor (b in point
group D2). If the overlap integral between donor diads and acceptor
monads is really zero, then the transfer of charge from the donor to the
acceptor cannot be fractional—indeed, it must be identically zero or
unity.

In an attempt to estimate the actual degree of charge transfer in
(HMTSF),(TCNQ), the molecular geometries of the constituents have
been analyzed, particularly those features which are expected to be
sensitive to charge transfer.?! The bond lengths within the HMTSF
donor and the TCNQ acceptor are depicted in Figure 3. Bond angles
have been deposited. Corrections to the derived molecular geometries
for rigid-body librational effects®® were on the order of the esd’s, but
are not applied to the parameters given here. The interior and exterior
Se—C bond lengths for the HMTSF donor (which average 1.92 and
1.88 A, respectively) are more divergent than those for the HMTSF
donor in HMTSF-TCNQ (1.89 and 1.90 A)® and HMTSF-TCNQF4
(1.88 and 1.87 A),"! both of which are known to have high degrees of
charge transfer. In addition, the central C=C bond of the donor
(1.33 A) is shorter in (HMTSF)(TCNQ) than in HMTSF-TCNQ
(1.36 A) and HMTSF-TCNQF4 (1.38 A). Both of these observations
suggest a low degree of charge transfer for the 2:1 salt.

Similarly, variations in molecular geometry with charge transfer for
the TCNQ acceptor have been thoroughly studied.> ¢ From the ob-
served molecular geometry of the TCNQ acceptor in (HMTSF)(TCNQ)
displayed in Figure 3B and applying a recent empirical method,”’ a
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FIGURE 3 Molecular topology and intramolecular bond lengths for the HMTSF
donor (TOP) and the TCNQ acceptor (BOTTOM).

charge transfer of ca. 0.3e to the TCNQ acceptor is estimated. The
charge on each donor molecule would in this case be 0.15e. If the
charge transfer in (HMTSF),(TCNQ) is indeed other than zero, then it
is likely®! that excited states of g symmetry of the HMTSF donor con-
tribute significantly to the realization of a non-zero charge-transfer
integral.

In summary, the crystal structure of the weakly ionized salt
(HMTSF){TCNQ) is composed of mixed stacks of alternating donor
diads and acceptor monads. Strong interactions of the types Se-*-Se
and Se+*N serve to couple weakly-interacting mixed stacks into a
two-dimensional network. Quite opposite conditions prevail in its 1: |
congener HMTSF-TCNQ, where intrachain interactions within segre-
gated stacks are fairly strong, interstack interactions are weaker and
charge transfer is high.
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Supplementary Material

Tables of nonhydrogen atom thermal parameters, hydrogen atom parameters, intramo-
lecular bond angles, and observed and calculated structure factor amplitudes have been
deposited. This material may be obtained by contacting Gordon and Breach, One Park
Avenue, New York, NY 10016,
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