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Abstract

Tetrathiafulvalenium perchlorate (TTF*.ClO7) is
orthorhombic, space group Pbca, with a = 16:762 (1),
b = 20-906 (2), c = 12-538 (1) A, Z = 16. The struc-
ture was solved by the direct method and refined by the
full-matrix least-squares method to an R of 0-064 for
2324 independent reflections. The TTF* ions form
dimers, which are arranged in pairs in the crystals. A
charge-transfer interaction between TTF* ions takes
place mostly within a dimer, but a weak interaction is
also possible between dimers. The polarized absorption
spectrum of a single crystal of TTF*.ClO; can be
interpreted according to the crystal structure.

Introduction

Tetrathiafulvalene (TTF, CH,S,) is an organic
molecule of low ionization potential, which forms solid
molecular complexes or charge-transfer salts with a
variety of electron acceptors. Some TTF complexes
exhibit behavior characteristic of one-dimensional
metals. The solid complex with tetracyano-p-quino-
dimethane (TCNQ) is a typical example of such an
organic metal. TTF.Bry, and TTF.I,,, are also
known to exhibit metallic behavior at room tem-
perature. All these highly conductive TTF complexes
have one-dimensional TTF stacks in their crystal

0567-7408/80/020358-06$01.00

structures, which have mixed valences, i.e. the TTF
molecules are partially in the state of a monopositive
ion (TTF*) and partially in the state of a neutral
molecule (TTF?. In our previous study on the
absorption spectra of the crystals of TTF halides and
related salts, we found that the spectrum of
TTF*.ClO; shows several features distinctly different
from those of the spectra of the mixed-valence TTF
halides (Sugano, Yakushi & Kuroda, 1978). Thus it
becomes necessary to determine the crystal structure to
interpret the observed spectrum. It is also of interest to
know the geometry of the TTF* ion. Although the TTF
geometries in several mixed-valence TTF salts have
been reported, the geometry of the TTF* ion in crystals
where TTF molecules are entirely in the form of mono-
positive ions has not been reported so far. Since
TTF*.ClO; is completely ionic, the analysis of its
crystal structure can provide data concerned with the
molecular geometry of the TTF* ion.

Experimental

TTF*.ClO; was prepared according to the method
reported by Wudl (1975). The dark-purple crystals of
TTF*.ClO; were grown by slowly cooling a solution
in acetonitrile; they were elongated along a, developing
the (001) crystal face. From Weissenberg photographs
the space group was determined to be Pbca, since the

© 1980 International Union of Crystallography
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following systematic absences of reflections were
observed: Okl when k = 2n + 1, h0l when | = 2n + 1
and hkO when & = 2n + 1. The lattice parameters and
the intensity data were obtained with a Rigaku four-
circle automatic diffractometer employing Mo Ka
radiation monochromatized with graphite. The dimen-
sions of the single crystal used for the intensity
collection were 0-5 x 0-3 x 0-05 mm.

Crystal data

a = 16-762 (1), b = 20-906 (2), c = 12:538 (1) A,
V = 4393.6 (8) A’. Formula: C{H,S}.ClO;, FW =
303-8, D, = 1-84, D,, = 1-82 Mg m~3 (by flotation),
Z=16,u=0-278 mm~! (Mo Ka).

Table 1. Fractional coordinates and their standard

deviations
X y z

TTE*(1)

S(1) 0-0062 (2) 0-1076 (1)  0-1432(2)
S(2) 0-1715 (2) 0-1140(1)  0-0769 (2)
S(3) 0-0131 (1)  —0-0449 (1)  0-1448 (2)
S(4) 0-1794 (1) —0-0420 (1) 0-0806 (2)
C(1) 0-0460 (9) 0-1824 (6) 0-1185 (8)
C(2) 0-1199 (8) 0-1860 (5) 0-0903 (8)
c@3) 0.0611(7) —0-1168(5)  0-1261 (8)
C(4) 0-1361(6) —0-1164(5)  0-0982 (7)
C(12) 0-0913 (5) 0-0676 (5) 0-1093 (7)
C(34) 0-0946 (5) 0-0003 (5) 0-1089 (6)
H(1) 0-011 (6) 0-211 (4) 0-124 (8)
H(Q) 0-156 (5) 0-216 (4) 0-079 (6)
H(3) 0-032 (5) —0-148 (4) 0-139 (6)
H(4) 0-171 (4) —-0-147 (3) 0-080 (6)
TTF* (2)

S(5) 0-0755 (2) 0-1230 (1) 0:3939 (2)
S(6) 0-2414 (2) 0-1189 (1) 0-3298 (2)
S(D 0-0730 (2) —0-0325 (1) 0-4034 (2)
S(8) 0-2379 (1) —0-0350 (1) 0-3356 (2)
C(5) 0-1228 (8) 0-1952 (6) 0-3702 (8)
C(6) 0-1988 (8) 0-1936 (6) 0-3429 (9)
C(7) 0-1181 (8) —0-1054 (6) 0:3903 (8)
C(8) 0-1924 (7)  —0-1069(5)  0-3586 (8)
C(56) 0-1583 (5) 0-0773 (5) 0-3661 (6)
C(78) 0-1571 (5) 0-0104 (5) 0-3696 (6)
H(S) 0-088 (6) 0-225(5) 0-387 (8)
H(6) 0-233(7) 0-222 (5) 0:332(9)
H(7) 0-082 (5) —0-131 (4) 0-394 (7)
H(8) 0-220 (5) —0-140 (4) 0-351 (7))
ClO; (1)

CI(1) 0-1218 (1) 0-3640 (1)  0-1857(2)
o(l) 0-1882 (5) 0-3338 (4) 0-1393 (8)
0(2) 0-0512 (4) 0-3326 (4)  0-1546 (6)
0@3) 0-1191 (6) 0-4284 (4)  0-1507(7)
O(4) 0-1273 (5) 0-3640 (4)  0-2988 (6)
Clo; (2)

Cl(2) 0-3763 (2) 0-2040 (1) 0-1368 (2)
0(5) 0-4445 (5) 0-2263 (4)  0-0840 (9)
0(6) 0-3065 (5) 0-2208 (4) 0-0807 (9)
o7 0-3794 (6) 0-1363 (4)  0-1419 (8)
0(8) 0-3737(7) 0-2302 (6) 0-2380 (9)
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We obtained 2324 independent reflections with |F,|
> 30(F,) by measuring all reflections with 26 < 55°.
No corrections were applied for absorption or
extinction.

Structure determination and refinement

The structure was solved by the direct method using the
program DP35 written by S. R. Hall. Among 594
reflections with £ > 1-00, 12,6,1, 317 and 10,9,6 were
chosen to determine the origin. To obtain an E map, it
was necessary to assume the signs of three other
reflections. We chose the reflections, 772, 213 and
7,14,2 for this purpose, and obtained E maps corre-
sponding to all possible combinations of the assumed
signs. Among the eight (= 2% E maps, we found one
that clearly showed the Cl and S atoms at reasonable
positions. All the remaining atoms appeared in a
Fourier map computed using the positions of S and Cl
atoms. At this stage R was 0.28. The parameters were
refined by the block-diagonal least-squares method, and
subsequently by the full-matrix least-squares method,
including the anomalous-dispersion terms of the atomic
scattering factors of the S and CI atoms. The final R
value was 0-064. The value of [} w(IF,| — IF,I)?*/
(n —m)]¥? was 1-11 with the weighting scheme w =
[6%(F,) + (0-06F,)*]~!, where n and m are respectively
the numbers of reflections and parameters. Atomic
scattering factors for C, O, S and Cl were taken from
International Tables for X-ray Crystallography (1974),
and those for H were from Stewart, Davidson &
Simpson (1965).

Results and discussion

Arrangement of molecules

Atomic coordinates are given in Table 1.* A
projection of the crystal structure along the c axis is
illustrated in Fig. 1. The molecules drawn with broken
lines lie at positions ¢/2 above those drawn with solid
lines. As shown in this figure, the long axis of the TTF
molecule is almost parallel to the b axis. The arrange-
ment of the TTF molecules projected along the b axis is
schematically drawn in Fig. 2. The crystal structure is
composed of TTF cation dimers and perchlorate
anions; the unit cell contains eight TTF cation dimers.
The charge-transfer interaction is likely to take place
mostly within the dimer, but an interaction is also

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Lending Division as
Supplementary Publication No. SUP 34824 (20 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
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Fig. 1. A projection of the molecular arrangement along the ¢ axis.
The molecules drawn with broken lines lie at positions ¢/2 above
those drawn with solid lines.

y ¢

Fig. 2. A schematic drawing of TTF molecules projected along the
b axis. The molecules drawn with broken lines lie at positions b/2
above those drawn with solid lines.

possible between TTF cations belonging to neigh-
boring dimers, for example between molecules 4 and 5,
which are related to each other by a center of
symmetry. In this sense, we could consider molecules 3,
4, 5 and 6 to form a tetrameric group, and the unit cell
to contain four of these tetrameric groups which are
crystallographically equivalent to each other.

The molecular overlap in the TTF dimer is shown in
Fig. 3(a). The average intermolecular separation in the
dimer is 3-41 A and the dihedral angle between the
molecular planes is 0-4°. The intermolecular distances
between S atoms are significantly shorter than the sum
of the van der Waals radii (3-70 A): 3-555 (3) for
S(1)-S(5), 3-382(4) for S(2)-S(6), 3-405 (3) for
S(3)—S(7) and 3-347 (3) A for S(4)—S(8). The geom-
etry of the dimer is almost the same as that in the
TTF-Br crystal (Scott, La Placa, Torrance, Silverman
& Welber, 1977), where the intermolecular separation
in the dimer is 3-35 A. The intermolecular separation
mentioned above is much shorter than those of the
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Fig. 3. (a) Molecular overlap in a TTF dimer, e.g. molecules 3 and
4. (b) Molecular overlap between TTF dimers, e.g. molecules 4
and 5.

highly conductive TTF halides: 3-57 A for TTF—Br,.,¢
(Scott et al., 1977), 3-56 A for TTF-1,,, (Johnson &
Watson, 1976), 3-61-3-63 A for TTF-SCNy.55_g.58
(Kobayashi & Kobayashi, 1977; Somoano et al,
1977; Wudl et al., 1977). In these highly conductive
crystals, TTF molecules are uniformly stacked
although the overlap between the neighboring TTF
molecules is almost the same as that in the TTF dimer
of TTF*.ClO;. The overlap between dimers (e.g.
molecules 4 and 5) in TTF+.ClOy is shown in Fig.
3(b). The shortest interatomic distance between
molecules 4 and 5 is 3-564 (10) A for S(1)—C(3"), and
the average intermolecular separation is 3-54 A. These
results suggest that the charge-transfer interaction
between dimers must be considerably weaker than
those within the dimer.

Another distance significantly shorter than a van der
Waals contact is that between an S atom of the TTF
cation and an O atom of the perchlorate anion. It
appears that there is a relatively strong interaction
between these atoms.

Molecular geometry

The TTF* ion is almost planar. The equations of the
least-squares planes of the two TTF* ions {TTF*(1)
and TTF*(2)] in the TTF*.ClOj; crystal are given in
Table 2, together with the deviations of atoms from the
planes. The molecular geometries of TTF*(1) and
TTF*(2) are shown in Fig. 4. There is no significant
and/or systematic difference between the determined
geometries of TTF*(1) and TTF*(2). In both cases, the
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Table 2. Least-squares planes and deviations (A)

In each of the equations of the planes X, Y and Z are coordinates
(A) referred to the crystal axes a, b and c. The atoms used to define
the plane have been equally weighted.

(a) TTF* (1) molecular plane
—0-2794X + 0-0250 Y + 0-9598 Z = —0-3129

c(12) 0-010 C(34) —0.015
(1) 0-040 S@3) 0-012
S(2) 0-020 S(4) 0-021
c(1) ~0-031 ci) —0.025
c(2) —0-023 c(@) —0-009

(b) TTF* (2) molecular plane
—0-2843X + 0-0290Y + 0-9583 Z = 3-0949

C(56) 0-026 C(78) 0-022
S(5) —0-019 S(7) 0-001
S(6) 0-011 S(8) ~0-030
C(5) —0.-022 c(n 0.014
C(6) 0-010 c@®) -0-014

Fig. 4. Molecular geometry (A and deg) of (a) TTF* (1) and (b)
TTF* (2).

deviations of the molecular geometries from D,,
symmetry are negligible if the standard deviations are
taken into account. Therefore, in Table 3, we have
averaged the determined atomic distances of the bonds
which are equivalent to each other when TTF* is
assumed to have D,, symmetry, and compared them
with the corresponding bond distances in the crystals of
TTF (Cooper, Kenny, Edmonds, Nagel, Wudl &
Coppens, 1971), TTF-TCNQ (Kistenmacher, Phillips
& Cowan, 1974) and TTF-DETCNQ* (Schultz,

* 2,5-Diethyltetracyano-p-quinodimethane.

361

Table 3. Comparison of averaged bond lengths in
TTE®, TTF?* and TTF*.ClO; (A)

<

TTF" TTF-TCNQ® TTF-DETCNQ® TTF+.ClO;®

a 1.349 1.369 1.367 1-404
b 1.757 1.743 1.750 1.713
c 1.730 1.737 1-720 1-725
d 1314 1.323 1-343 1306

(1) Cooper et al. (1971). (2) Kistenmacher, Phillips & Cowan
(1974); TCNQ = tetracyanoquinodimethane. (3) Schultz et al.
(1976); DETCNQ = diethyltetracyanoquinodimethane. (4) This
work.

Stucky, Craven, Schaffman & Salamon, 1976). Com-
pared with the neutral TTF molecule (TTF?) in crystals
of TTF, bond a is significantly elongated and bond & is
significantly shortened in TTF* in TTF*.ClOj. This
is in accord with the results of the quantum-mechanical
calculation of bond orders in TTF®’ and TTF*
(Zahradnik, Carsky, Hunig, Kiesslich & Scheutzow,
1971). In the cases of TTF-TCNQ and TTF-
DETCNQ, TTF is known to be in a mixed-valence
state as the result of an incomplete charge transfer
between TTF and TCNQ (or DETCNQ). The amount
of charge transfer has been determined to be 56% in
TTF-TCNQ from the analysis of the neutron and
diffuse X-ray scattering (Comes, Shirane, Shapiro,
Garito & Heeger, 1976; Kagoshima, Ishiguro & Anzai,
1976) as well as from the analysis of the X-ray photo-
electron spectrum (Ikemoto, Sugano & Kuroda, 1977).
Thus the geometry of TTF in TTF-TCNQ is expected
to be intermediate between those of TTF® and TTF*.
This is actually the case, as shown in Table 2. Although
the amount of charge transfer in TTF-DETCNQ has
not been experimentally determined, it is probably
slightly lower than in TTF—-TCNQ as indicated by the
observed bond distances in the TTF-DETCNQ
crystal.

The bond lengths and bond angles of the perchlorate
ion (ClOy) are listed in Table 4. The average CI-O
lengths are 1-413 A in C1O; (1) and 1-403 A in CIO;
(2). The above values are slightly smaller than the
average Cl—O length in the ClOj ion in Wurster’s blue
perchlorate (1-426 A). As for the observed bond
angles, the largest deviation from the tetrahedral angle
(109-5°) amounts to 2.6°, which is about three times
the standard deviation. Accordingly, the ClO; ions are
slightly deformed in the TTF*.ClO; crystal.
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Table 4. Bond lengths (A) and bond angles (°) in the
ClO; groups with their standard deviations

Cl0; (1) ClO; (2)
CI(1)-0(1) 1.406 (9) CI1(2)-0(5) 1-401 (9)
CI(1)-0(2) 1-408 (7) Cl1(2)-0(6) 1-409 (10)
CI(1)-0(3) 1.416 (9) Cl1(2)-0(7) 1-419 (8)
CI(1)-0(4) 1.422 (8) CI1(2)-0(8) 1.382 (12)
O(1)-CI(1)-0(2) 110-0(5) O(5)-C1(2)—-0(6) 111-0(6)
O()—CI(1)—O(3) 108-9 (5) O(5)—C1(2)-0(7) 108-8(5)
O(1)-CI(1)-0@4) 111-1(5) O(5)—C1(2)—-0(8) 109-1(7)
0(2}-CI(1)-0(3)  109-3 (5) 0(6)—-C1(2)-0(7) 107-6 (5)
0(2)-CI(1)-0@4) 109-4(5) 0(6)—-Cl(2)~-0(8) 109-4 (7)
0(3)-CI(1)-0(4) 108-2(5) O(N-CI(2)-0(8) 110-8(7)

Photon energy eV
1 2 3 4 5

Optical density

Wave number/10°cm”!

Fig. 5. Polarized absorption spectra on the (001) crystal face of the
TTF+.ClOj single crystal (Sugano, Yakushi & Kuroda, 1978).

Comparison with the absorption spectrum

The absorption spectra of TTF+.ClOjy, observed on
the (001) plane of the single crystal for light polarized
parallel to the a axis and for that polarized parallel
to the b axis, were reported in our previous paper
(Sugano, Yakushi & Kuroda, 1978). The observed
spectra are reproduced in Fig. 5. The absorption bands
in the region of 16 x 10°-33 x 10° cm~! are those
associated with the intramolecular transitions of TTF*.
According to the crystal structure determined in the
present study, the absorption bands due to the long-axis
polarized transitions of TTF* should appear in the I1b
spectrum, while those due to the short-axis polarized
transitions should appear in the lla spectrum, and their
intensities are expected to be approximately propor-
tional to the intensities of the corresponding absorption
bands in the solution spectrum of TTF*. This is in good
agreement with the results found in our previous study.

The absorption bands in the region 10 x 10*-16 x
10® cm™! are due to charge transfer between TTF*
ions. In our previous paper, we were not able to explain
the origin of these two charge-transfer (CT) bands
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because the crystal structure was not known at that
time. Now we know that there are two types of TTF
overlap in the TTF+.ClOj crystal, i.e. the intradimer
overlap and the interdimer overlap (see Fig. 3). The
overlap integral between the half-filled molecular
orbitals of two TTF* ions must be appreciably larger
within a dimer than between dimers. Thus, we can
expect that the oscillator strength of the intradimer CT
transition will be significantly larger than that of the
interdimer CT transition. We can also expect that the
energy of the intradimer CT transition will be lower
than that of the interdimer CT transition because of the
larger contribution of the Coulomb energy term. If we
assume that the transition moment is in the direction
connecting the centers of the TTF ions concerned with
the charge transfer, the polarization ratio I,/1, is
expected to be 0-04 for the intradimer CT transition,
and 0-2 for the interdimer CT transition. Thus the
former will appear almost exclusively in the lla
spectrum, while the latter can appear not only in the lla
spectrum but also in the 115 spectrum. All these con-
siderations suggest that the lower-energy CT band at
12 x 10° cm~! is due to the intradimer CT transition
and that at 15 x 10° cm~! is due to the interdimer CT
transition.

The computer used was a HITAC 8700/8800 at the
Computer Center, University of Tokyo, with the
UNICS (1967) system of programs.
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Abstract

The structures of the title compounds have been estab-
lished by X-ray crystallography from diffractometer
data. Crystals of the first, C,H,,CI,N,S (III), are
monoclinic, space group P2,/c, with a = 12-741 (6),
b=9-636 (5),c=20-432 (8) A, =196-36 (4)°,Z =8.
Crystals of the second, C;;H;4N,S (IV), are ortho-
rhombic, space group Pna2,, with a = 15-169 (7), b =
9:775(3), c = 8-801(3) A, Z = 4. Crystals of the
third, C,;H{N,S (V), are monoclinic, space group
P2/c, with a = 12-118(8), b = 7-709 (7), ¢ =
14.658 (11) A, B = 105-76 (9)°, Z = 4. The structures
were refined to R = 0-051 for 2919 reflexions of (III),
R = 0-063 for 1261 reflexions of (IV) and R = 0-095
for 1405 reflexions of (V). The characteristic features of
the geometries (amino or imino form) of the cyclic
amidine (thiourea) groups in 2-arylamino-1,3-thiazines
and their dependence on the position of substituent (H,
alkyl, acyl) are shown and discussed. The mean S!—
C(sp®) and S'"—C(sp?) lengths [1-803 (5) and 1-766 (3)
Al for the title compounds and other structures
discussed indicate single bonds and agree well with
expected values.

Introduction

In the course of a systematic X-ray analysis of various
2-arylamino(imino)thiazoli(di)nes (n=2) (Argay,
0567-7408/80/020363-06301.00

Kalman, Lazar, Ribar & Toth, 1977; Kalman &
Argay, 1978b, and references therein) and analogous
1,3-thiazines (n = 3),

Qg Q
I I
/N\ ‘/N /N\/N
(VN CH)y

amino imino

the structures of 2-phenyliminoperhydro-1,3-thiazine (I)
and 2-(2,6-dimethylphenyl)iminoperhydro-1,3-thiazine
(II) (Kalman, Argay, Ribar & Toldy, 1977; Argay,
Kalman, Kapor & Ribar, 1977) together with two
derivatives of (II) with Q = methylsulphonyl [herein-
after (VI) for the endo and (VII) for the exo substituent]
have been published (Kalman & Argay, 1978a;
Kalman, Argay & Vassanyi, 1977). Now we report the
structures of three methyl derivatives (n = 3, O = Me)
termed as (IIT), (IV) and (V). The differences among
these three structures [(III): R = Cl, Q endo; (IV): R =
Me, Q endo; (V): R = Me, Q exo] allow the study of
their effects upon the electronic structures (geometries)
of the amidine groups. They allow us also to corro-
borate our conclusions that the predominant tautomeric
form (Q = H endo) of (I) and (II) and their thiazoli-
dine analogues (Petrovi¢, Ribar, Argay, Kalman &
Nowacki, 1977; Argay, Kalman, Lazar, Ribar & Toth,
1977) could be distinguished unambiguously on the
basis of five inequalities observed for the bond lengths
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