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The molecular and crystal structures of EVT:PFs and EVT:AsFs [EVT=4,5-ethylenedithio-4’,5'-
(vinylenedithio)tetrathiafulvalene] were determined by an X-ray diffraction method. Tight-binding band-
structure calculations were made, and the results were compared with those of closely resembling conducting
salts, a-(BEDT-TTF):PFs and VT:PFs [BEDT-TTF=bis(ethylenedithio)tetrathiafulvalene; VT=bis(vinyl-

enedithio)tetrathiafulvalene].

It was concluded that the extent of the two-dimensional nature of the band

electronic structure increased systematically in the order VI2PFs, EVTsPFs, and a-(BEDT-TTF)sPFs; this result

was analysed in terms of their crystal structures.

Studies concerning conducting organic salts have
led to various organic superconductors during the last
few years.) The properties of conducting salts are
closely related to their crystal structures. Although
the existence of organic superconductors with two-
dimensional molecular arrangements has been estab-
lished,? most of the conducting salts have a stack of
donor and/or acceptor molecules in the crystal to form
a columnar structure. It has now been recognized
that an intercolumnar interaction through chalcogen-
chalcogen contacts shorter than the van der Waals
distance plays an important role in realizing the two-
dimensional electrical properties of conducting salts.
This is believed to be effective for suppressing the
Peierls transition inherent in a one-dimensional sys-
tem. In order to determine the effect of a slight
modification of a donor molecule on both the crystal
and band electronic structures of a conducting salt, it
is important to compare the crystal and band elec-
tronic structures of salts possessing similar molecular
structures at the donor site. Knowledge obtained in
this way will be useful in designing new conducting
organic salts. For this purpose we noticed bis(ethyl-
enedithio)tetrathiafulvalene (BEDT-TTF), 4,5-ethyl-
enedithio-4’,5’-(vinylenedithio)tetrathiafulvalene (EVT),3
and bis(vinylenedithio)tetrathiafulvalene (VT)* to be
donor molecules possessing similar molecular struc-
tures. We carried out X-ray crystallographic studies
of EVTzPFe and EVTzASFs.
tions were made based on a tight-binding method,
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using the molecular orbitals obtained by an extended
Hiickel method.®) These results were compared with
those of a-(BEDT-TTF)2PFs and VTsPFs, which have
the same crystal system and space group (triclinic,
P1)67 as those of EVTePFs and EVT2AsFs. We found
that a slight modification of the donor site results in a
systematic change of both the crystal and band elec-
tronic structures.8)

Experimental

Electrochemical Crystallization. EVT was synthesized
by a previously reported method.? Single crystals of
EVT:PFs and EVT2AsFs were grown using an electrochemi-
cal crystallization method in tetrahydrofuran and chloro-
benzene, respectively, under a galvanostatic condition
(~1 pA), using platinum wires as electrodes and tetrabutyl-
ammonium hexafluorophosphate or tetrabutylammonium
hexafluoroarsenate as electrolytes.

Crystal Data. EVT2PFs: (C1oHeSs)2PFs, M=910.33, tri-
clinic, PT, a=6.47(2), b=7.80(3), c=15.81(5)A, @=94.8(8),

=80.2(3), v=100.2(6)°, V=172(5) A3, Z=1, D.=1.96 gcm=3,
(Mo K,)=11.8 cm~1; EVT2AsFs (C10HeSs)2AsFs, M=954.28,
triclinic, PI, a=6.494(1), 6=7.760(2), c=16.039(4)A, a=
94.97(2), B=98.63(1), Y=79.58(2)°, V'=784.5(3) A3, Z=1, D=
2.02 gcm3, u(Mo K,)=21.6 cm~1. The crystals were needle
shaped with approximate dimensions of 0.78X0.21X0.08
mm? for EVT2PFg and 0.53X0.28X0.10 mm?3 for EVT2AsFe.
X-Ray diffraction data were collected by the 6-20 scan
technique up to 26=47° and 50° for EVT2PFs and EVT2AsFg
respectively on a Rigaku AFC-4 four-circle diffractometer,
using graphite monochromatized MoK, radiation (1=
0.71069 A). The scan rates (8) were 2°min-! for EVT2PFs
and 4°min-! for EVT:AsFs, and the scan widths Af=
(1.240.5 tan 0)° for EVT2PFs and A6=(1.0+0.5 tan 6)° for
EVT2AsFe. Backgrounds were counted for 5 s at both ends
of each scan. No significant intensity decay of three stan-
dard reflections, which were measured after every 100 reflec-
tions, were detected for either crystal. For EVT32PFs, of the
2523 reflections measured, 1778 were observed (|Fo|>20(F,)).
For EVT2AsFs, of the 2990 reflections measured, 2565 were
observed (|Fo|>20(F.)). The data were corrected for both
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Lorentz and polarizaion factors, but not for absorption.
The structures were solved by a direct method (MULTAN
78),9 and were refined anisotropically by a block-diagonal
least-squares procedure (HBLS V) for nonhydrogen
atoms.1® Not all of the hydrogen atoms could be reasona-
bly refined. Thus, they were relocated at the calculated
positions with the isotropic temperature factors set equal to
those of bonded carbon atoms. They were included in the
calculations but were not refined. The minimized function

Table 1. Atomic Parameters of Nonhydrogen Atoms
of EVT2PFs, with Equivalent Isotropic
Temperature Factors!?

H. Naxkano, K. Mivawaki, T. Nocawmi, Y. SuiroTa, S. HArADA, N. Kasar,
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Atom x y z B.o/A?
ca1)  0.492(2) 0.284(2) 0.5181(8) 2.9
C@)  0.324(3) 0.151(2) 0.3864(9) 2.9
C3)  0.532(3) 0.172(2) 0.3609(8) 3.0
C4)  0251(3)  —0.005(3) 0.233(1) 54
C(5)  0.453(3) 0.092(3) 0.1958(9) 4.2
c6)  0.525(2) 0.338(1) 0.6009(8) 2.2
Cl)  0.476(2) 0.429(2) 0.7616(8) 2.8
C@®)  0.683(2) 0.461(2) 0.7356(7) 2.1
C9)  0537(3) 0.361(2) 0.0149(8) 3.4
C(10)  0.749(3) 0.399(2) 0.8942(8) 3.2
S(1)  0.2399(6)  0.2125(5)  0.4932(3) 3.4
S(2)  0.6982(5 0261905  0.43742) 3.1
S(3)  0.1193(6)  0.0715(6)  0.3288(3) 3.9
S4)  0.6658(6)  0.1268(6)  0.2597(3) 4.0
S(5)  0.3166(5)  0.3484(5)  0.6836(2) 3.0
S(6)  0.7766(6)  0.4044(5  0.6299(2) 2.9
S(7)  0.3599(6)  0.4554(5)  0.8664(3) 3.2
S(8)  0.8696(6)  0.5257(5)  0.8068(3) 3.4
P 0. 0. 0. 2.8
F(1)  0.014(3) 0.201(1) 0.0221(8) 7.8
F2) —0231(1)  —0012(2)  —0.0213(7) 6.3
F(3)  0.091(2) 0.042(1)  —0.0957(6) 6.0

Table 2. Atomic Parameters of Nonhydrogen Atoms

of EVT32AsFg, with Equivalent Isotropic

Temperature Factors!?

Atom x y z B.,/A2
C(1) 0.5103(7) 0.2812(6) 0.5211(3) 3.0
C(2) 0.6771(7) 0.1498(6) 0.3899(3) 3.0
C(3) 0.4687(7) 0.1710(6) 0.3641(3) 3.1
C4) 0.753(1) —0.010(2) 0.2363(4) 6.4
C(5) 0.5489(8) 0.0923(7) 0.2004(3) 4.2
C(6) 0.4759(7) 0.3398(6) 0.6010(3) 2.8
C(7) 0.5221(7) 0.4333(6) 0.7591(3) 2.7
C(8) 0.3148(7) 0.4601(6) 0.7351(3) 2.8
C(9) 0.4610(8) 0.3674(7) 0.9131(3) 3.6
C(10)  0.2506(9) 0.4059(7) 0.8913(3) 4.1
5(1) 0.7610(2) 0.2141(2) 0.4940(1) 3.5
5(2) 0.3041(2) 0.2623(2) 0.4391(1) 3.4
5(3) 0.8839(2) 0.0699(2) 0.3313(1) 42
S(4) 0.3384(2) 0.1227(2) 0.2639(1) 4.3
5(5) 0.6831(2) 0.3508(2) 0.6821(1) 3.3
S(6) 0.2233(2) 0.4054(2) 0.6298(1) 3.1
S(7) 0.6390(2) 0.4593(2) 0.8640(1) 3.7
S(8) 0.1280(2) 0.5299(2) 0.8049(1) 3.8
As 0. 0. 0. 3.2
F(1) —0.0076(9) 0.2184(5) 0.0208(3) 8.7
F(2) 0.2481(5) —0.0220(7)  —0.0259(3) 7.5
F(3) —0.1007(6) 0.0351(6)  —0.1027(2) 6.4
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was Zw(AF)2.  The weighting functions used in the final stage
of the refinements were w=[02(F,)—0.0045|Fo|+0.0149| F,|2]-1
for EVToPFs and w=[0%F.)—0.0055|F,|+0.0029|F,|2]-! for
EVT2AsFe. The atomic scattering factors were taken from
those of International Tables of X-Ray Crystallography.1!)
The final R indices were 0.118 for EVT3PF¢ and 0.053 for
EVT2AsFs. The atomic coordinates and equivalent iso-
tropic temperature factors!? are given in Tables 1 and 2.13)

Electrical Conductivities. The temperature dependences
of the electrical conductivities of the single-crystals of
EVTyPFs and EVT2AsFs were measured by a four-probe
method, using a D-type Cryomini Refrigerator (Osaka
Sanso Co. Ltd).

Results and Discussion

Electrical Conductivities. Figure 1 shows the
temperature dependence of the electrical conductivi-
ties of EVT2PFs and EVT2AsF¢ along the b-axis. The
electrical conductivities of EVT2PFg and EVT2AsFs at
room temperature were 0.76 S cm-! and 0.17 S cm-1,
respectively. They showed a semiconducting behav-
ior with small activation energies of ca. 0.14 eV for
EVTsPFs and 0.11 eV for EVT2AsFs. «a-(BEDT-
TTF):PF¢ also showed a semiconducting behavior
with a similar band gap of about 0.1 eV.®) On the
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Fig. 1. Temperature dependences of the electrical

conductivities of the single crystals of EVIT2PFs and
EVT2AsFs measured by a four probe method.
(a) EVTPFg, (b) EVT2AsFe.



August, 1990] Crystal and Band Electronic Structures of EVT Salts 2283

cted c(3) A\ c(1) S(8) S(8)
\ Al ) i ‘ 7
A0 O
S(2) c(6) >

S(4)

c(s) \
@C(w)

Fig. 2. The molecular structure of EVT molecule in EVT2AsFs, and
the bond lengths and bond angles. (a) Over view, (b) side view.
Nonhydrogen atoms are drawn as thermal ellipsoids with 50%
probability level. Estimated standard deviations of the bond
lengths and angles are 0.005—0.02 A and 0.3—0.6° respectively.
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Fig. 3. (a) The crystal structure of EVT2AsFs. The molecules A and B are related by the symmetry
operation (1—x, 1—y, 1—z). (b) The mode of a stacking of EVT molecules related by the symmetry
operation (1—x, 1—y, 1=z). (c) The mode of a stacking of EVT molecules related by the symmetry
operation (1—x, —y, 1—2). (d) The arrangement of the EVT molecules along the a-axis. The dotted lines
indicate the S---S contacts shorter than the van der Waals distance (3.7 A). The values of Iy, Iy, di, do, ds,
and ds are summarized in Table 3.
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other hand, VT2PFs showed a metallic behavior above (a) b
180 K, below which the conductivity was activated
(E~0.055 eV (T<100 K))." %

Molecular and Crystal Structures of EVT2AsFs and O‘{O/‘-\O}O S
EVT2PFe. Figure 2 shows the molecular structure of A “]\ W
the EVT molecule in the EVT2AsFg crystal, together b]I B Q?Cf:@—tﬂ
with the bond lengths and bond angles. The planar- /‘/'
ity of the EVT molecule was increased in its semica- SO
tion state (EVT195).3 No conformational disorder &\\&t\@@) S _
was found at the ethylene group of the EVT molecule. 0 — b2 *\~\r &@f\;\;{_\)}
Figure 3 shows the crystal structure of EVT2AsFs. A a \)_{{
Only one EVT molecule is crystallographically inde- Oé /O:\O q
pendent, and the AsF¢~ anion is on the center of SAPTAR
symmetry. The EVT molecules are stacked along the
b-axis, as is usually observed for the conducting salts (b)

of TTF derivatives (Fig. 3(a)). Two kinds of the
molecular overlap shown in Figs. 3(b) and 3(c) are
observed. In one overlap mode (Fig. 3(b)), two EVT
molecules are slightly shifted relative to each other
within the unit cell. In the other overlap mode (Fig.
3(c)), the five-membered ring of one EVT molecule is
overlapped with the six-membered ring of another
EVT molecule across the unit cell. These two over-
lap modes are characterized by /1 and l» in Figs. 3(b)
and 3(c). No intermolecular S----S contact shorter
than the van der Waals distance (3.7A) was found

m*

within the donor column. This fact is in contrast (c)

with the crystal structures of a-(BEDT-TTF):PFg and

VTPFs; intermolecular S----S contacts shorter than :

3.7 A were found within the donor column for these \

salts.6” Table 3 shows the relative shifts of the donor . &
molecules (I; and l5) and intercolumnar S----S distances e ] ]
(di1, dg, d3, and ds) in a-(BEDT-TTF)PFs, EVT2PFg, S || \
EVT2AsFg, and VT2PFg for the sake of a comparison \_

(see also Figs. 3(b), 3(c), and 3(d)). All of the S----S / \_/

contacts along the g-axis were shorter than 3.7A in

EVT2AsFs, as shown in Fig. 3(d) and Table 3. Both r cv X T Y v
a-(BEDT-TTF)2PF¢ and VT:PFs also possess interco- Fig. 4. (a) Intermolecular overlap integrals (b1, b2,
lumnar S---S contacts shorter than 3.7A.67 The b, g, and s), (b) Fermi surface, and (c) band structure
molecular and crystal structures of EVT2PFs were of EVTPFe.  Since this salt shows a semiconduct-
found to be very similar to those of EVTAsFs. ing behavior, the absence of the band gap (in other

words, the appearance of the Fermi surface) will be

Hence, the above arguments regarding the mole_cular caused by the neglect of on-site Coulomb repulsion
and crystal structures of EVT2AsFs are also applicable among conducting electrons in the present calcula-
to the case of EVT3PFs. However, the final R value tion.

Table 3. Relative Shift of Donor Molecules (I; and l3) and Intercolumnar S---S Distances
between Donor Molecules (di1, d2, ds, and d4) in the Crystals of a-(BEDT-TTF)2PFg,
EVT2PFs, EVT2AsFg, and VT2PFs

. a)
Distances o-(BEDT-TTF):PFe EVT:PFs EVT2AsFs VT:PFs
I 0.3 1.2 1.2 1.6
Iy 4.2 3.0 3.0 2.4
& 3.48 3.404(7) 3.394(3) 3.51
d 3.61 3.450(6) 3.503(2) 3.56
ds 3.57 3.619(5) 3.664(2) 3.71
ds 3.58 3.599(6) 3.502(2) 3.43

a) The distances l1, Iz, di, dg, d3, and d4 are shown in Figs. 3(b), 3(c), and 3(d) for EVT2AsFs as
typical examples.
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Table 4. Intermolecular Overlap Integrals of HOMO Calculated
by an Extended Hiickel Molecular Orbital Method”

Overlap integral a-(BEDT-TTF)2PFs EVT:PFs EVT2AsFs VT2PFs
bIX103 20.2 14.5 14.5 13.2
b2X103 8.7 8.4 8.6 13.9
pX103 2.9 1.8 1.6 2.1
gXx103 0.6 3.0 3.3 1.3
sX108 —2.5 —1.0 —0.8 —1.4

a) Overlap integrals b1, b2, p, g, and s are shown in Fig. 4 for EVT2PFs as a typical example.

of the latter-mentioned salt was large (R=0.118) due to
poor crystal quality.

Band Electronic Structures. Figure 4 shows inter-
molecular overlap integrals, Fermi surface, and the
band structure of EVT2PFgs calculated by a tight-
binding approximation based on an extended Hiickel
molecular orbital.’¥ The band structure and Fermi
surfaces of EVT2AsF¢ were very similar to those of
EVTPFs.1® We also obtained both closed and open
Fermi surfaces for a-(BEDT-TTF):PFs and VToPFg,”
respectively. The appearance of the Fermi surfaces
in a-(BEDT-TTF)zPFe, EVT3:PFs, and EVT2AsFg con-
flicts with their semiconducting properties. These
contradictory results are caused by an on-site Cou-
lomb repulsion among conducting electrons, which
was not taken into account in the present calculation.
Since the present calculation method gives a simple
perspective concerning the dimensionality of many
conducting organic salts,'® the following analysis is
believed to be valid for any discussion about the
relative band electronic structures of BEDT-TTF-,
EVT-, and VT- salts. The values of intermolecular
overlap integrals of HOMO levels in VT:PFs,
EVT:PFs, EVI2AsFs and «a-(BEDT-TTF):PFs are
summarized in Table 4. Here, the intermolecular
overlap integrals (b1, b2, p, q, and s) in EVTPF¢ are
shown in Fig. 4 as a typical example. The amount of
the intermolecular transfer integral (¢) is assumed to
be of the order of =ES [E=orbital energy of HOMO
level (~—8.5 eV); S=intermolecular overlap integral].
Table 4 shows that a dimeric intermolecular interac-
tion exists in the direction of the donor stack in a-
(BEDT-TTF)3:PFe; bl is more than twice as large as
b2. The ratio of b1/b2 decreases systematically in
the order a-(BEDT-TTF):PF¢>EVT2PFg>VT2PFs.
Thus, an almost homogeneous intermolecular inter-
action within the donor column was found for
VT2PFe (b1=b2). This feature makes the effective
band width of VT2PFs the largest among these salts;
this is related to the fact that only VT2PFs shows a
metal-like behavior. «a-(BEDT-TTF):PFs has a
much larger absolute value of the overlap integral |s|
than those of the other salts; s is a measure of the side-
by-side intermolecular interaction. The dimension-
ality of the band electronic structure of these salts is
discussed below from the viewpoint of their conduc-
tion band widths.

Table 5. Relative Conduction Band Widths!7.18)
of a-(BEDT-TTF)sPFes, EVT2PFg,

EVT2AsFs, and VT2PFs
Salts AWF-Y AWI"‘X
a-(BEDT-TTF)sPFs 18.6 17.0
EVT.PFg 22.8 13.6
EVT:AsFs 23.8 13.0
VT2PFg 30.4 12.4

The matrix elements (Hj;) of a secular equation of
a-(BEDT-TTF):PFs, EVToPFg, EVT2AsFs, and VT2PFs
are written as follows (see also Fig. 4):17.18)

Hin=Hg2=2t; cos (ka)
and
Hy= Hoa*= tor + tho e ihb 4 tp e ihe 4 tq e~ (kbthe)

Here, tx (x=b1, b2, p, q, and s) denote the intermolecu-
lar transfer integrals. By solving the secular equa-
tion, we obtained the following equations for the
conduction-band widths (AW), important measures
for the dimensionality of the band electronic struc-
tures of the conducting salts:

AWrp.y= _2(t112 + tq)
and
AWrx=4t,—2(tp +t).

AWr.y and AWr.x are the conduction-band widths in
the I'-Y and I'-X directions in the Brillouin zone (see
Fig. 4).1718) Table 5 summarizes the relative values of
the conduction band widths!®) (AWr.y and AWr-x)
of a-(BEDT-TTF):PFs, EVToPFs, EVT2AsFs, and
VT2PFe. Itis noticeable that AWr.y increases in the
order a-(BEDT-TTF):PFe<<EVT:PFs<VT2PFs. On
the other hand, AWr_x changes in the reverse order.
Since AWr.y and AWr.x are comparable in a-
(BEDT-TTF),PFs, this salt is assumed to possess a
two-dimensional electronic property. Table 5 shows
that the extent of the two-dimensional nature is
largest for o-(BEDT-TTF)PFs, intermediate for
EVT3PFs, and smallest for VIT3PFs. The relation
between the conduction band widths and the crystal
structures are discussed below in more detail regard-
ing these salts.

The AWr-x value of a-(BEDT-TTF)sPFg is the larg-
est among those of the conducting salts given in Table
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5. The main reason for this arises from the largest
absolute overlap integral |s| of this salt (Table 4). All
of the HOMO levels of BEDT-TTF, EVT, and VT
have larger LCAO coefficients on the sulfur atoms
than those on the carbon atoms. Thus, the overlap
integral, s, is mainly determined by the side-by-side
overlap between the lone-pair orbitals of the sulfur
atoms belonging to the adjacent donor columns.
The main reason that the AWr_y value for EVT2PFg is
larger than that for a-(BEDT-TTF);PFs arises from
the larger value of g in the former salt. Here, g
denotes the intercolumnar molecular overlap integral
between the donor molecules related by a symmetry
operation (1—x, —y, —z). On the other hand, EVT
salts have smaller values of AWr_x than that of a-
(BEDT-TTF)2PFs. Thus, the extent of the two-
dimensional nature of the former salts is less than that
of the latter. In the case of VT2PFs, AWr_y is much
larger than those of the corresponding BEDT-TTF
and EVT salts. The main reason for this arises from
the largest value of b2 (intracolumnar molecular over-
lap integral). The mode of the the stacking of the
donor molecules connected by the overlap integral 52
are characterized by lz in Table 3. In the case of a-
(BEDT-TTF)2PFs, the mode of the intermolecular
overlap is that of a “ring-external bond-type overlap”
usually found in 1-D organic metals. On the other
hand, a six-membered ring of one molecule overlaps
with a five-membered ring of another molecule in
EVT2PFs and VT2PFg; the extent of the molecular
overlap of the latter salts is larger than that of the
former. These features are characterized by the order
of Iz values: a-(BEDT-TTF);PF¢>EVT2PF¢ > VToPFg.
Moreover, only VTsPF¢ has four S----S contacts shorter
than the van der Waals distance between the donor
molecules connected by the overlap integral, b2.
Since the terminal vinylene group of a VT molecule is
less sterically crowded than the terminal ethylene
group of a BEDT-TTF or an EVT molecule, espe-
cially in the presence of PFg~ anion nearby, the VT
molecules related by a symmetry operation (1—x, —y,
—z) are stacked more closely than the latter molecules
are in EVT2PFg or a-(BEDT-TTF)2PFs; this gives rise
to the largest value of b2 for the former salt. On the
other hand, the intercolumnar overlap integrals (p, g,
and s) of VT:PFs are not very different from the
corresponding values of the EVT salt; the AWr_x
value of VT2PFs is similar to that of the EVT salt.
Therefore, the extent of the one-dimensional band
electronic property of VI2PFs is the largest among the
conducting salts listed in Table 5. Comparing the
modes of the molecular overlaps characterized by [
values in Table 3, a-(BEDT-TTF):PF¢ showed a direct
overlap of the molecules; i.e., 1 is very small (~0.3 A).
On the other hand, EVT2PFs and VT2PFs showed
appreciable shifts of the molecules. These molecular
overlaps are related to the overlap integral, b1. There-
fore, b1 of a-(BEDT-TTF):PFs is much larger than
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those of EVT3PF¢ and VT:PFs. However, bl does
not appear in the equations of the band widths,
AWr.y and AWr.x, but does in the equations for the
band gaps.

The electrical conductivities of various VT-salts
have been measured, and most of them showed a
metal-insulator  transition.22) The temperature
dependence of the X-ray crystallographic analysis of
VT2PFs revealed a doubling of the lattice constants
below 170 K [(a,b,c) — (2a,2b,2¢)].20 These results are
assumed to be caused by the quasi-one-dimensional
nature of the VT-salts. Since the extent of the two-
dimensional nature of the EVT-salts is expected to be
greater than that of the VT-salts, as in the present
study, and since EVT is the molecule with the slight-
est modification of BEDT-TTF,® EVT-salts are
expected to give conducting salts with electronic prop-
erties similar to those of BEDT-TTF salts. Syntheses
of the other conducting EVT-salts are underway using
electrochemical crystallization and a diffusion
method.
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