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(ET)3Cl(pBIB) (ET~bis(ethylenedithio)tetrathiafulvalene, pBIB~p-bis(iodoethynyl)benzene) salt is a unique

organic metal containing supramolecular assemblies based on the pBIB molecule and the Cl anion. We newly

prepared chloride and bromide ET cation radical salts with the use of di- and tetra-substituted pBIB

derivatives: 1,4-difluoro-2,5-bis(iodoethynyl)benzene (DFBIB), 1,2,4,5-tetrafluoro-3,6-bis(iodoethynyl)benzene

(TFBIB), 1,4-bis(iodoethynyl)-2,5-dimethylbenzene (BIDMB), and p-bis(iodoethynyl)benzene-d4 (pBIB-d4). The

effect of substitution has been studied by X-ray structure analyses, tight-binding band calculations, and

resistivity measurements. Halide ion replacement as well as deuterium- and difluoro-substitutions do not change

the fundamental crystal structure and the metallic behavior, but affect the anisotropy of the electronic

structure. On the other hand, the tetrafluoro- and dimethyl-substitutions induce different donor arrangements

that lead to semiconducting behaviors.

Introduction

The physical properties of molecular conductors are closely
related to their crystal structures, especially their molecular
arrangements.1 In order to develop novel molecular arrange-
ments, the introduction of a supramolecular assembly is one of
the most interesting and effective methods, because it can
govern the architecture of the crystal. For example, supramo-
lecular assemblies based on intermolecular I…X (XLCN,
halide ions) interactions between a donor and an anion have
been constructed in several compounds including
(DIETS)4M(CN)4 (DIETS~diiodoethylenedithiodithiadisele-
nafulvalene, MLNi, Pd, Pt)2a and (IEDT)[Pd(dmit)2] (IED-
T~iodoethylenedithiotetrathiafulvalene).2b We have focused
on this I…X interaction due to its strength and directionality,
and have developed a supramolecular system based on iodine-
containing neutral molecules. As a result, various types of
supramolecular assemblies (one-dimensional (1D) chain, two-
dimensional (2D) sheet, and three-dimensional (3D) network)
have been constructed in the conductive cation radical salts.3

These salts show unique crystal and electronic structures.
The organic metal (ET)3Cl(pBIB) is one of these interesting

salts and contains 1D Cl2…pBIB chains. The 3 : 1 donor :
anion ratio of this salt is achieved by forming the 1D
supramolecular assembly with a ca. 18.5 Å period, which
suggests the possibility of ‘‘fractional band-filling control.’’3

Indeed, this crystal is the first and the only metallic ET salt
where the formal charge of the donor is z1/3. The nature of the
cation radical salt with the formal charge of z1/3 is worth
further study, especially in comparison with the well-known
z1/2-charged systems. In addition, thorough investigation of
this system would lead to new superconductors with controlled
band filling, since the arrangement of ET molecules in this salt
is b-type which is often observed in organic superconductors.

The pBIB molecule in the (ET)3Cl(pBIB) salt can accept a
variety of chemical substitutions at the benzene ring. Therefore,
substitution on the benzene ring is an effective means of

modifying this system. In addition, the chloride ion can be
replaced with other halide ions. These chemical modifications
would highlight two important effects. At first, they can act as a
kind of an ‘‘anisotropic’’ pressure effect, because the introduc-
tion of functional groups into the pBIB molecule is expected to
affect mainly the inter-chain interaction while the predominant
alteration by halide ion replacement will appear in the chain
period (intra-chain). In general, the electronic states of
molecular conductors are very sensitive to pressure, and
many electric phenomena have been found under pressure.
Indeed, the first organic superconductor4 and the highest Tc for
an organic superconductor5 were both realized under pressure.
Furthermore, it is a well-known fact that the external pressure
effect can be reproduced by chemical modification (internal
pressure). For example, in the isostructural anion radical salts
(2,5-R1,R2-DCNQI)2Cu (DCNQI~N,N’-dicyanoquinonedii-
mine; R1, R2~CH3, CH3O, Cl, Br), physical properties are
quite sensitive to the choice of the functional groups R1 and
R2.6 In particlular, in (DMe-DCNQI)2Cu (R1~R2~CH3), the
deuteration induces a drastic metal–insulator transition.7

Another example is the cation radical salt k-
(ET)2CuBr[N(CN)2] where selective deuteration controls the
superconducting transition.8 In these examples, the substitu-
tions work as an application of ‘‘chemical’’ pressure.
Compared with hydrostatic pressure, chemical pressure is
rather anisotropic and can provide both positive and negative
effects. These successful examples of effective chemical pressure
encourage us to examine the effects of chemical modifications
in our (ET)3Cl(pBIB) system. It should also be noted that the
shape of the calculated 2D Fermi surface of (ET)3Cl(pBIB) is
expected to be sensitive to the intermolecular HOMO…

HOMO interactions.3

Secondly, structural changes induced by chemical modifica-
tion will provide information about the guiding principle for
supramolecular design. Although the supramolecular frame-
work plays an important role in determining the crystal
structure, it does not always provide a unique structure: in
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order to accord with all other components in the crystal, the
supramolecules themselves also modify their structures
depending on the situation. It is therefore important to
understand the limitations of the chemical modification that
allows the crystal to retain the pristine structure. Such an
investigation would yield important information for crystal
engineering.

With these points in mind, we introduced fluorine,
deuterium, and methyl groups into the pBIB molecule and
also examined halide ion replacement. This paper describes the
effects of such chemical modifications on the crystal structures
and on the electronic structures in the newly obtained cation
radical salts.

Results

The galvanostatic oxidation of the donor molecule in the
presence of the corresponding neutral molecule and the

supporting electrolyte provided (ET)3Br(pBIB) (1),
(ET)3Cl(DFBIB) (2), (ET)3Br(DFBIB) (3), (ET)3Cl(pBIB-d4)
(4), (ET)3Br(pBIB-d4) (5), (ET)3Br(TFBIB) (6), and (ET)2Cl2(-
BIDMB) (7). Fluoride and iodide salts could not be obtained.
The resistivities and relative densities were measured on at least
several samples of every batch. Because all the samples from
same batch gave identical results within experimental error, we
are sure that no polymorph is formed in the sample
preparation. X-Ray structure analyses were also performed
on these salts at room temperature. In the crystals 1–6, the
neutral molecules are coordinated by the anions and form 1D
supramolecular assemblies. The distances between the anions
and iodine atoms of the neutral molecules are much shorter
than the sum of the anion radius of Cl2 (or Br2) and the van
der Waals radius of iodine. Table 1 gives crystal data for these
seven salts, 1–7. The small differences between calculated
densities and the observed ones (less than 1%) guarantee the
accuracy of the crystals’ compositions.

Crystal structures{

(ET)3Br(pBIB) (1); (ET)3X(DFBIB) (X~Cl, 2; Br, 3);
(ET)3X(pBIB-d4) (X~Cl, 4; Br, 5). These five salts are
isostructural with (ET)3Cl(pBIB).3 The crystal structure of 2
is shown in Fig. 1. In the unit cell, there are three donor
molecules. Two of them (A and A’) are interrelated by the
inversion center and the other one (B) is on the inversion
center. Both the anion and the neutral molecule are on the
inversion centers. The Cl anions and DFBIB molecules form
1D chains with the period of about 18.5 Å. The inter-chain
distance is about 5.0 Å. In addition to the strong X2…I
contacts, the X2 anion also forms weak CH…X2 hydrogen
bonds with the H atoms on the benzene rings of the pBIB
derivatives (H…X2~2.85–2.89 Å). The donor arrangements
in these salts are b-type.9 The angle between the longitudinal
axes of the donor molecules and the normal of the anion layer
is about 40‡.

Table 1 Crystallographic parameters

Crystal
(ET)3Cl
(pBIB)c

(ET)3Br
(pBIB) 1

(ET)3Cl
(DFBIB) 2

(ET)3Br
(DFBIB) 3

(ET)3Cl
(pBIB-d4) 4

(ET)3Br
(pBIB-d4) 5

(ET)3Br
(TFBIB) 6

(ET)2Cl2
(BIDMB) 7

Empirical formula C40S24

H28ClI2

C40S24

H28BrI2

C40S24

H26ClF2I2

C40S24

H26BrF2I2

C40S24

H24D4ClI2

C40S24

H24D4BrI2

C40S24

H24BrF4I2

C32S16

H24Cl2I2

Formula weight 1567.36 1611.81 1603.34 1647.80 1571.36 1615.81 1683.78 2492.43
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic Monoclinic
Space group P1̄ P1̄ P1̄ P1̄ P1̄ P1̄ P1̄ P21/n
a/Å 10.184(3) 10.187(1) 10.3480(6) 10.361(2) 10.198(1) 10.192(2) 13.180 (1) 23.072 (2)
b/Å 15.578(4) 15.420(2) 15.550(1) 15.373(3) 15.559(2) 15.420(3) 19.128(2) 14.695(1)
c/Å 9.258(3) 9.418(1) 9.2610(5) 9.397(3) 9.296(1) 9.423(2) 12.4640(6) 6.2770(3)
a/deg 99.73(2) 99.83(1) 98.125(5) 98.34(2) 99.634(6) 99.82(2) 105.250(4)
b/deg 106.87(2) 106.89(1) 107.703(4) 107.54(2) 106.931(7) 106.98(2) 112.817(5) 96.928(5)
c/deg 76.33(3) 77.21(1) 75.622(3) 76.35(2) 76.581(7) 77.17(2) 82.455(4)
V/Å3 1357.7(8) 1371.5(4) 1371.7(1) 1382.5(6) 1364.6(3) 1372.1(5) 2792.9(4) 2112.6(2)
Z 1 1 1 1 1 1 2 2
r(calc.)/g cm23 1.951 1.941 1.979 1.912 1.956 2.002 1.959
r(meas.)/g cm23 1.96(1) 1.95(1) 1.98(1) 1.93(1) 1.95(1) 2.01(1) 1.94(1)
m/cm21 28.24 21.50 28.09 21.53 22.56 27.89 24.35
Measured reflections 8318 13318 10718 8410 8527 23512 20422
Independent reflections 7903 5895 7078 5907 8009 10750 5446
s limit 2 3.00 2 3.00 2 3.00 3.00
GoF 0.97 2.76 1.12 3.99 1.73 2.16 3.54
R,a Rw

b 0.083, 0.220 0.033, 0.041 0.044, 0.167 0.071, 0.081 0.106, 0.294 0.038, 0.042 0.046, 0.052
Device 4-circle IP 4-circle IP 4-circle IP IP
Refinement on F2 F F2 F F2 F F
aR~S||Fo|2|Fc||/S|Fo|. bRw~[Sw(Fo

22Fc
2)2/Sw(Fo

2)2]1/2, w~[sc
2(Fo)z(aP)2]21 where P~(Fo

2z2Fc2)/3, for 1, 3, and 5; Rw~[Sw(|Fo|2|Fc|)
2/

Sw(|Fo|)2]1/2, w~[sc
2(Fo)zp2Fo

2/4]21, for the others. cSee ref. 3.

{CCDC reference number 1145/273. See http://www.rsc.org/suppdata/
jm/b0/b008170l/ for crystallographic files in .cif format.
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(ET)3Br(TFBIB) 6. The crystal structure of 6 is shown in
Fig. 2. The unit cell contains six donor molecules. Two donor
pairs (A–A’ and B–B’), each of which is formed by the
symmetry operation of inversion, are on general positions. The
other two ET molecules (C and D) and the TFBIB molecules
are on the inversion centers. Although the Br anions and
TFBIB molecules also form 1D chains like those in compounds
1–5, their relative arrangement is modified. The angle between
the benzene rings in TFBIB and the ac plane is about 60‡, while
the corresponding angle in 1–5 is almost 0‡. Therefore, the
inter-chain distance decreases to 3.80 Å. These modifications in
the anion site make the donor arrangement different from
those in crystals of 1–5. There are several contacts between the
anion moiety and donor molecules. The shortest distances
between those atoms are 2.92, 3.17, and 2.62 Å for Br2…H,
I…H, and F…H, respectively. The donor arrangement
resembles the a-type.10 The interplanar distance between the
donor molecules is ca. 3.8 Å. There are several short S…S
contacts (3.51–3.60 Å) between donor molecules (broken lines
in Fig. 2).

(ET)2Cl2(BIDMB) 7. The crystal structure of 7 is quite
different from the others as shown in Fig. 3. There is only one

crystallographically independent donor molecule. There is no
1D chain based on the anions and the neutral molecules. Two
ET molecules and one BIDMB molecule stack alternately to
form 1D mixed columns. One BIDMB molecule is coordinated
by two Cl anions. The Cl2…I distance is 2.93 Å and the length
of the Cl2…BIDMB…Cl2 unit is 17.9 Å. There are short inter-
stack Cl2…S contacts (3.43 and 3.52 Å) between the anion and
ET molecule (the sum of the anion radius of Cl2 and the van
der Waals radius of S is 3.55 Å).

Electrical resistivity

Fig. 4 and 5 show the temperature dependence of the resistivity
parallel to the ac plane for (ET)3Cl(pBIB) and the salts 1–5. All
these salts exhibit metallic behaviors down to 1.6 K. In both

Fig. 1 Crystal packing (upper) and anion layer (lower) in (ET)3Cl(DF-
BIB) 2, where dashed lines represent Cl2…I contacts and dotted lines
represent Cl2…H contacts. F atoms in DFBIB are shaded.

Fig. 2 Crystal packing (upper) and the a-type donor arrangement
(lower) in 6. Shaded atoms represent fluorine atoms. Hydrogen atoms
in the lower figure are omitted for clarity. The benzene rings of TFBIB
lean at an angle of 60‡ towards the ac plane.

Fig. 3 Crystal structure of 7 viewed along the c-axis, where dashed lines
represent Cl2…I. Hydrogen atoms on ET are omitted for clarity.
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figures, it is notable that the room temperature resistivity of the
salts with DFBIB is higher than other salts. The resistivity of 6
at 297 K is ca. 400 V cm and its temperature dependence
exhibits activated behavior with an activation energy
Ea~0.2 eV The salt 7 is also semiconductive with room
temperature resistivity of 104 V cm and Ea~0.3 eV.

Discussion

The effects of the chemical modifications are observed in the
structure of the anionic supramolecular assemblies, and the
results are summarized in Table 2. The first effect is caused by
introduction of substituents into the benzene ring of
pBIB. Although there is no significant difference between
pBIB-d4 and pBIB salts, two fluorine atoms in the DFBIB
molecule elongate the inter-chain distance (the definition is

illustrated in Fig. 1) by steric repulsion. The inter-chain
distance thus increases from 4.91 to 5.00 Å (Cl-pBIB vs. Cl-
DFBIB (2)) or from 4.92 to 5.01 Å (Br-pBIB (1) vs. Br-DFBIB
(3)). The bulkiness of the fluorine atoms also makes the DFBIB
molecule distorted so that vacant space within the anion layer is
reduced. The resulting S-shaped DFBIB molecule makes the
X2…DFBIB…X2 periods shorter than those of
X2…pBIB…X2.

In contrast to these reasonable changes, the X2…I distances
show a strange trend. The X2…I distances are somewhat
longer for these fluorine-substituted molecules (for example,
the X2…I distance is 3.128 Å for Cl2…pBIB and 3.134 Å for
Cl2…DFBIB). This fact seems to conflict with the electron-
withdrawing nature of the fluorine atom because it is usually
expected to draw the X2 ion closer to the iodine atom. Indeed,
the X2…I distance for Br2…TFBIB is considerably shorter
(3.14 Å) than that for Br2…pBIB (3.27 Å). A simple
comparison, however, is not possible because of the above-
mentioned distortion of the supramolecular framework.

The second effect, caused by the replacement of the halide
ions from Cl2 to Br2, results in an increase of the
X2…pBIB…X2 period. This increase in length
(~18.63218.36~0.27 Å) is just twice as large as the increase
of the X2…I distance (~3.2723.13~0.14 Å). Therefore, it is
natural to think that the increase of the period originates in the
anion size difference. Compared to the apparent change of
these intra-chain distances, the inter-chain distances are not
sensitive to the Cl2ABr 2 substitution at all. For instance, the
increase of the X2…pBIB…X2 period is about 1.5%, whereas
the inter-chain distance remains almost constant
(4.92A4.91 Å). This trend is also observed when DFBIB
salts (2 and 3) or pBIB-d4 salts (4 and 5) are examined.

In conclusion, it is clear that the chain period decreases in the
order Br-pBIBwCl-pBIB-d4 (4)$Cl-pBIBwCl-DFBIB. The
inter-chain distance, on the other hand, increases in a similar
order (Br-pBIB$Cl-pBIB-d4$Cl-pBIBvCl-DFBIB). These
systematic deformations of the anion framework should distort
the cell parameters and work on the donor moiety as ‘‘chemical
pressure’’. It is probable that each donor molecule is rotated
around its longitudinal molecular axis by the moment of force

Fig. 4 Temperature dependence of the resistivity parallel to the ac
plane of the Cl salts. (a) (ET)3Cl(pBIB); (b) (ET)3Cl(DFBIB); (c)
(ET)3Cl(pBIB-d4).

Fig. 5 Temperature dependence of the resistivity parallel to the ac
plane of the Br salts. (a) (ET)3Br(pBIB); (b) (ET)3Br(DFBIB); (c)
(ET)3Br(pBIB-d4).

Table 2 Important distances (Å) in the supramolecular assembly.
Period denotes the distance between two halide ions that are connected
by one pBIB derivative. For the definition of inter-chain distance, see
Fig. 1

X2…I distance/Å Inter-chain/Å Period/Å

(ET)3Cl(pBIB) 3.1285(6) 4.91 18.36
(ET)3Br(pBIB) 1 3.2662(3) 4.92 18.63
(ET)3Cl(DFBIB) 2 3.1343(2) 5.00 18.26
(ET)3Br(DFBIB) 3 3.2722(4) 5.01 18.53
(ET)3Cl(pBIB-d4) 4 3.1512(6) 4.92 18.36
(ET)3Br(pBIB-d4) 5 3.2538(2) 4.93 18.62
(ET)3Br(TFBIB) 6 3.1364(6) 4.10 18.21

Fig. 6 Rotation of ET molecules (curved arrows) induced by the
‘‘anisotropic chemical pressure’’ (straight thick arrows). The dotted
lines represent the direction of the 1D supramolecular assemblies.

Fig. 7 Definition of w and D. D represents the molecular slipping along
the long axis. w changes from 0‡ (side-by-side arrangement) to 90‡ (face-
to-face stacking).
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as shown in Fig. 6, because the chemical pressure is anisotropic
and its direction is not parallel to any principal axes of the
donor molecules. In order to clarify the influence of this
anisotropic chemical pressure, we examined the relation
between the intermolecular angles (w) between donor molecules
and the inter/intra-chain distances in the anion moiety. The
definition of w is illustrated in Fig. 7, along with the definition
of the longitudinal displacement (D).

Table 3 lists the w values in selected crystals. Due to the poor
crystal quality, the data for 5 are omitted. For specification of
the direction, we designate interrelations between two adjacent
donor molecules as shown in Fig. 8. It should be noted that the
1D supramolecular assemblies (dotted lines) are parallel to the
r1 and r2 interactions. From Table 3, it is clear that the
anisotropic chemical pressure leads to systematic alteration of
the w values. For instance, the w value in the p direction
decreases from 80.64‡ (Br-pBIB) to 77.77‡ (Cl-DFBIB). The w
values in the q, s1, s2 directions also decrease in the same order.
On the contrary, those in the r1 and r2 directions (i.e. parallel
to the 1D chain) increase in this order. These facts mean that
the donor molecules are rotated as drawn in Fig. 6, and can be
described as ‘‘anisotropic chemical pressure’’.

The rotation of the donor molecules should show effects on
the intermolecular overlap integrals of the HOMO that forms
the conduction band. The calculated overlap integrals are listed
in Table 4. We confirmed that the D values do not show a large
and systematic alteration compared to the w values in the
present system. In addition, the overlap integrals are not
sensitive to the D values. Therefore, the influence from the D
value is not considered in the following discussion.

According to the relation between the overlap integral and w
(Fig. 9), which was originally calculated by Mori et al.,11 the
overlap integral has a negative gradient against w around

w~80‡ (p and q), 25‡ (r1 and r2), and 15‡ (s1 and s2). This
means that the increase of the w values in the present system
should always enhance the overlap (i.e. their absolute values),
because all the overlap integrals are negative. When the
direction of the donor rotation is considered, it is anticipated
that the overlaps in the p, q, s1, and s2 directions are attenuated
in the order Br-pBIBwCl-pBIB-d4$Cl-pBIBwCl-DFBIB, and
the overlaps in r1 and r2 directions are enhanced in the same
order (Br-pBIBvCl-pBIB-d4$Cl-pBIBvCl-DFBIB). Indeed,
Table 4 shows a clear trend in the overlap that can be explained
by the molecular rotation. These changes are summarized in
Fig. 10.

The changes of the overlap integrals affect the shape of the
Fermi surface. Since the overlaps in c2a (i.e. p, q) and az2c
(i.e. r1, r2) directions are larger than those in the 2azc (i.e. s1
and s2) direction, the band dispersion is large along these
directions. This 2D dispersion leads to a closed and elliptic
cross section as shown in Fig. 11 (band filling is z5/6; in the
calculation, the charges of the molecules are assumed to be
equal to each other, which is supported by preliminary
measurements of the Raman spectra12). Detailed calculations

Table 3 Intermolecular angle w (degree) (see Fig. 7). The symbols p, q,
r1, r2, s1, and s2 denote the interrelation between donor molecules
defined in Fig. 8. The w values in p, q, s1, and s2 directions decrease
from Br-pBIB to Cl-DFBIB, whereas those in the r1 and r2 direction
increase

p q r1 r2 s1 s2

(ET)3Br(pBIB) 1 80.64 82.18 23.49 22.57 14.68 16.31
(ET)3Cl(pBIB-d4) 4 78.94 80.05 24.49 23.84 13.90 15.45
(ET)3Cl(pBIB) 78.63 79.69 24.69 24.04 13.82 15.39
(ET)3Br(DFBIB) 3 79.57 78.98 23.80 22.00 14.38 14.86
(ET)3Cl(DFBIB) 2 77.77 76.99 25.41 24.66 13.50 14.76

Fig. 8 Donor arrangement in 2 viewed along the longitudinal axes of
the donor molecules. The dotted lines represent the 1D chains of Cl2

and DFBIB. Alphabetic letters indicate interrelations between donor
molecules.

Table 4 Overlap integrals between HOMOs (6103). The magnitude of
the overlaps systematically changes from Br-pBIB to Cl-DFBIB, which
trend is consistent with the estimation from the w value alteration

p q r1 r2 s1 s2

(ET)3Br(pBIB) 1 25.70 26.47 24.41 24.38 21.30 21.52
(ET)3Cl(pBIB-d4) 4 25.38 25.98 24.85 24.90 21.09 21.37
(ET)3Cl(pBIB) 25.15 25.80 25.03 25.02 21.07 21.40
(ET)3Br(DFBIB) 3 25.60 24.78 24.97 24.29 21.03 21.35
(ET)3Cl(DFBIB) 2 24.89 25.65 25.82 25.33 20.80 21.10

Fig. 10 Absolute values of the overlap integrals for (ET)3X(N)
(X~anion, N~neutral molecule).

Fig. 9 w-Dependence of the overlap integral between the HOMOs of
two ET molecules. The D-dependence of this graph is very small.11
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have indicated that the ellipse would become slender when the
overlaps in c2a or 2azc directions are attenuated or those in
the az2c direction are enhanced. Therefore, the anisotropy of
the Fermi surface increases from Br-pBIB to Cl-DFBIB
through the attenuation of the overlaps in the p, q, s1, and
s2 directions as well as the enhancement of those in the r1 and
r2 directions. The ratio of the long axis to the short axis of the
ellipse then ranges from 1.22 for 1 to 1.39 for 2 (Fig. 11,
Table 5). This is the result of the ‘‘anisotropic chemical
pressure’’.

In contrast to the systematic changes in the crystals 1–5, the
structure of the salt 6 is significantly different. The 1D
supramolecule is basically sustained, but the benzene rings
are no longer parallel to the ac plane and lean by 60‡ (Fig. 2).
The donor arrangement is also changed from the b-type to the
a-type. The reason for this discontinuous structural change is
not very clear, but one of the plausible answers can be found in

the lack of the hydrogen bond between the benzene ring and
halide ions observed in the pBIB or DFBIB systems. Since the
TFBIB molecule does not possess any hydrogen atoms on its
benzene ring, the inter-chain interaction is no longer attractive
but is repulsive due to the electrostatic repulsion between
fluorine atoms and halide ions.

Another possibility can also be found in the excess unit area
of the anion layer: the unit cell of the anion layer (i.e. ac plane)
in the crystals 1–5 occupies 90 Å2 which means 30 Å2 for one
ET molecule. Compared to the normal value (ca. 25 Å2 for one
ET molecule ) which is estimated from the previously reported
data of other ET salts, this anion area is extremely large. The
donor molecules are thus inclined about 40‡ in the crystals 1–5,
in order to compensate for this too large anion area. If the
anionic supramolecule based on TFBIB takes the same flat
structure as in 1–5, the anion area increases further and the ET
molecules have to be inclined more. Therefore, it is reasonable
to think that the benzene rings are rotated to reduce anion area,
so that the ET molecules need not take an unstably inclined
position. Indeed, the unit area of the ac plane in the crystal 6 is
75 Å2 (25 Å2 for one ET molecule) and the donor molecules are
not inclined against the anion layer any longer (the angles
between the longitudinal axes of the donor molecules and the
normal of the anion layer are less than 15‡). In this system,
therefore, the structural alteration of the anion layer seems to
induce the change of the donor arrangement.

A bond length examination13 suggests that there occurs a
charge separation among the donor molecules in the crystal 6
[four donor molecules (A, A’, B, and B’) possesses ca. z0.3
positive charge and other two (C and D) possesses ca. z0.5].
Because the charge separation is small, however, the tight-
binding band calculation for 6 is performed with an assump-
tion that the formal charges are equal to each other (z1/3).
The calculation reveals that crystal 6 is a band insulator with a
5/6-filled HOMO band (Fig. 12). This result is consistent with
the semiconductive temperature dependence of the resistivity.

As for the structure of crystal 7, two methyl groups in the
BIDMB molecule are too sterically bulky to form a flat anion
layer as in 1–5 or 6, and thus the BIDMB molecule only forms a
discrete anion complex.

Summary

We have described structural and physical properties of new
ET-based cation radical salts containing di- or tetra-substituted
pBIB derivatives. Five new salts 1–5 are metallic down to the
lowest temperature, while others are semiconductive. These
electrical behaviors can be explained by the tight-binding band
calculations based on the crystal structure data. In the difluoro-

Fig. 11 Band structure (top) of 2 and the Fermi surfaces (bottom) of 2
(solid line) and 1 (broken line).

Table 5 Ratio of the long axis to the short one for the elliptic cross
section of the Fermi surface

Long axis/short axis

(ET)3Br(pBIB) 1 1.22
(ET)3Cl(pBIB-d4) 4 1.26
(ET)3Cl(pBIB) 1.29
(ET)3Br(DFBIB) 3 1.29
(ET)3Cl(DFBIB) 2 1.39

Fig. 12 Calculated band structure of the salt 6. The chemical potential
of this salt is located in the middle of the gap between the top sub-band
and the second one. The names of the points in the reciprocal space are
the same as drawn in Fig. 11.
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substitutions and halide ion replacement, we could reveal the
systematic substitution effect on the crystal structure, which
works as an ‘‘anisotropic chemical pressure’’. Their 2D Fermi
surfaces are anisotropically affected by this chemical pressure.
In this series of materials, unfortunately, the change of the
electronic structure is not enough to induce drastic (electric)
transitions. This is in contrast to the cases of the deuteration for
(DMe-DCNQI)2Cu7 and (ET)2CuBr[N(CN)2]8 where the
structural changes are much smaller than those in the present
system. The strategy here we have demonstrated, however,
would provide an effectual means to tune the electronic
structure and be made the most of in other sensitive systems.
On the other hand, the tetrafluoro-substitution has induced a
completely different type of donor arrangement. This dis-
continuous change implies the importance of the hydrogen
bonds and the balance between the area of the anion layer and
that of the donor layer for the crystal formation. All these
results pave the way for a conceptual advance of crystal
engineering in the field of molecular conductors.

Experimental

Synthesis

ET14 and pBIB3 were synthesized according to the literature
procedures. The iodine-containing neutral molecules were
synthesized in the same manner as in the literature3,15 from
1,4-dibromo-2,5-difluorobenzene, 1,4-dibromotetrafluoroben-
zene, 1,4-dibromo-2,5-dimethylbenzene and 1,4-dibromoben-
zene-d4. Single crystals were grown electrochemically in an H-
shaped 20 ml cell under an argon atmosphere at constant
current at 20 or 45 ‡C. The donor molecule, the neutral
molecule and a supporting electrolyte were dissolved in
chlorobenzene, 1,1,2-trichloroethane or benzonitrile. (TPP)X
(TPP~tetraphenylphosphonium, X~Cl, Br) was used for the
supporting electrolyte and anion source. Detailed conditions
are given in Table 6.

Crystal structure

Crystal data were collected using a Weissenberg-type imaging
plate (DIP320, MAC Science) or an automatic four-circle
diffractometer (MXC18, MAC Science) with graphite-mono-
chromated Mo-Ka (l~0.71070 Å) radiation at room tem-
perature. v–2h scans were employed for data collection and
Lorentz and polarization corrections were applied in the four-
circle diffractometer measurements. The crystal structures were
solved by the direct method and refined by the full-matrix least-

squares procedure. For 1, 3, and 5 the refinement was
performed using SHELXL-93.16 For other salts, calculations
were performed with the use of the teXsan crystallographic
software package from Molecular Structure Co.17 When the
four-circle diffractometer was used, analytical absorption
correction was also carried out. In the case of the imaging
plate, the absorption correction was included in the scaling
process of the image data. The temperature factors were refined
anisotropically for the non-hydrogen atoms. All hydrogen
atoms were located at calculated positions with fixed isotropic
contributions.

Band calculation

The overlap integrals (S) between HOMOs of adjacent donor
molecules were calculated on the basis of the extended Hückel
MO method. The semiempirical parameters for Slater-type
atomic orbitals are given in Table 7.18 The band structures and
the shapes of the Fermi surfaces were obtained by the tight-
binding method, using the transfer integral (t) from the
approximation t~ES, where E is a constant whose order is
that of the energy level of the HOMO (y10 eV).

Electrical resistivity

The measurements of the temperature dependence of resistivity
were carried out by the standard four-probe dc method. Gold
leads (10 mm diameter) were attached to the sample with
carbon paste.
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