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Comparison of two isostructural organic compounds, one metallic and the other insulating
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The organic donor hexamethylenetetrathiafulvalene (HMTTF) forms charge-transfer salts with both tetracyano-p-
quinodimethane (TCNQ) and its tetrafluoro derivative (TCNQF,). We report here the preparation, structure, and
conductivity of HMTTF-TCNQF,. This salt is found to be isostructural with the corresponding TCNQ salt, but
with a conductivity at 300 K approximately seven orders of magnitude lower, similar to the behavior previously
found for the analogous salts of the selenium derivative, hexamethylenetetraselenafulvalene (HMTSF). In order to
determine the cause of this large difference in conductivity, we have thoroughly examined the molecular and solid-
state differences between HMTTF-TCNQF, and HMTTF-TCNQ. The hyperfine coupling constants, molecular-
orbital energy levels, solution optical spectra, and electrochemical properties of TCNQF, ~ and TCNQ™ are
compared. For the HMTTF salts, we compare the structures, conductivities, Madelung energies, magnetic
susceptibilities, and optical spectra. It is concluded that the large difference in conductivity is caused by a difference
in the degree of charge transfer, and not by a difference in the value of the intramolecular Coulomb repulsion U (as
had been suggested). Thus, HMTTF-TCNQ is a mixed-valence metal with a degree of charge transfer of p = 0.72;
the stronger electron affinity of TCNQF, causes the charge transfer in HMTTF-TCNQF, to be complete (p = 1),
making it a Mott insulator. In addition, clear evidence is given that U on the TCNQF, stack is not screened by the
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excitonic polarizability of the HMTTF molecules.

INTRODUCTION

The 1:1 charge-transfer salt' of HMTSF with
TCNQF, was recently prepared at Johns Hopkins
University.2’® This material is remarkable be-
cause it is isostructural with one of the most
highly conducting organic salts known,! HMTSF-
TCNQ, yet has a room-temperature conductivity
almost seven orders of magnitude lower. We
report here the preparation of analogous com-
pounds of the sulfur analog of HMTSF, namely
HMTTF, and find similar results to those discov-
ered by Hawley ef al2® In Fig. 1, we compare
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FIG. 1. Comparison of the conductivities of the iso-
structural HMTTF salts of TCNQ (after Greene et al.,
Ref. 5) and TCNQFy.

the single-crystal dc electrical conductivity along
the stacking axis of HMTTF-TCNQ and HMTTF-
TCNQF,. At high temperatures, the TCNQ salt
has metallic conductivity,’ with a metal-semicon-
ductor transition near 48 K, while the TCNQF,
salt is a semiconductor at all temperatures with a
large activationenergy of 0.21eV. Near room tem-
perature, the conductivities of these two materials
differ by almost seven orders of magnitude, even
though they are isostructural, as with HMTSF.
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Two models have been proposed to account for
this large difference in conductivity behavior. In
order to distinguish between these models, we
shall make a brief but thorough comparison of the
molecular properties of TCNQ and TCNQF,, as
well as the solid-state properties of their HMTTF
salts. The molecular comparison includes hyper-
fine measurements, calculations of molecular
orbitals, solution optical spectra, and solution
electrochemical potentials for TCNQ™ and TCNQF,".
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For the solid HMTTF salts, we compare their
conductivities, structures, magnetic suscepti-
bilities, Madelung energies, and optical spectra.

MODELS

Such large differences in conductivity at 300 K
as that (>10%) for these HMTTF salts (Fig. 1) are
also found by comparing TCNQ salts with differ-
ent donors.®" Since these latter materials are
not isostructural, comparison between materials
have not been wholly convincing. Nevertheless,
two general explanations for this behavior have
been proposed:

(1) Different compounds have different values
of the effective U. (U is the intramolecular Cou-
lomb repulsion energy.) Insulators have a large
U, which limits their conductivity. However,
materials with polarizable molecules can screen
U and are therefore metallic.%?

(2) Different compounds have different degrees
of charge transfer. Insulators have either com-
plete charge transfer (and U limits the conductiv-
ity) or no charge transfer. Materials with incom-
plete charge transfer have unfilled bands and are
mixed valence. Their conductivity is metallic
since U is ineffective in limiting the conductivity
in this case.""10713

Corresponding to these two general proposals,
two specific explanations emerge for the large
difference in conductivity of the HMTTF salts.
The TCNQF, salt is insulating because:

(1) The effect of the fluorine substituents is to
pull the m-electron density from the ends toward
the center of the molecule. Since the electrons
are more confined, the Coulomb repulsion be-
tween two electrons would be stronger. Thus,

U for TCNQF, would be larger than for TCNQ"
and, in fact, would be too large to be screened.’*
(2) The effect of the fluorine substituents is to
greatly increase the electron affinity of TCNQF,
and hence favor complete charge transfer for the

TCNQF, salt.® 71113

In order to test these two hypotheses, we shall
examine the molecular properties of TCNQ and
TCNQF,. We want to find the major effect of the
fluorine substituents on the m-electron density,
on U, and on the electron affinity. For the solids,
we will also compare the structures and overlaps,
and perform a calculation of the electrostatic
Madelung energy, which could strongly influence
the degree of charge transfer. Finally, we will
examine optical evidence for the degree of charge
transfer in both compounds.

COMPARISON OF MOLECULAR PROPERTIES

Since the conductivity of these salts involves
the unpaired electrons of the constituent mole-

cules, a comparison of TCNQ and TCNQF, should
focus on the LUMO (lowest-lying unoccupied
molecular orbital) of the neutral molecules or,
equivalently, on the unpaired electron in TCNQ"
and TCNQF, . We find that the distribution of
electron density in this orbital is nearly identical
for TCNQ™ and TCNQF,, as indicated from exper-
imental measurements!® of hyperfine coupling and
calculations!® of the molecular orbitals. In addi-
tion, the solution optical spectra of the anions
(Fig. 2) are very similar, also indicating virtually
no difference in the relative spacings of the mole-
cular orbitals of TCNQ™ and TCNQF, . The latter
measurement also indicates that there are no
large differences in the molecular polarizability
of these two molecules.

One approximate measure of U for TCNQ"™ has
been obtained'®!"1® by measuring the energy of
the charge-transfer band of an alkali-metal salt
of TCNQ. The optical absorption spectra of K-
TCNQ and K-TCNQF, powder dispersed in KBr
are shown in Fig. 3. It is well established!? 1™
that the low-frequency peak near 1 eV in these
spectra is the charge-transfer band for exciting
electrons along the stack of TCNQ™ molecules.
Thus, for TCNQ™ one obtains U ~1.1 eV and a
somewhat smaller value U~0.8 eV for TCNQF,".
A similar measure of U can be obtained from
the spectra of (TCNQ"), and (TCNQF,"), dimers in
solution, which also yields similar values of U for
the two molecules.?” An unrelated measure of U
is from the difference between the first and
second reduction potentials, measured electro-
chemically.9 While we do not trust this measure-
ment of U, that difference is 0.55 V for TCNQ
and 0.53 V for TCNQF,. From all of the above
estimates, we conclude that there is not a large
difference in U between TCNQ and TCNQF,.

Another important molecular parameter is the
electron affinity of the acceptor, which is unfor-
tunately difficult to measure directly. However, a
readily obtainable, semiquantitative estimate of
this quantity can be obtained from electrochemical
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FIG. 2. Spectra of K-TCNQ and K-TCNQF, in ace~
tonitrile solution.
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FIG. 3. Absorption spectra of HMTTF-TCNQ,
HMTTF-TCNQF,, K-TCNQF,, and K-TCNQ as powders
dispersed in KBr, illustrating the strong similarity in
the latter three salts. '
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cyclic voltammetry., Thus, the reduction poten-
tials of the acceptor molecule in solution can be
used as a comparative measure of their electron
affinities.”? The fact that the observed® value

for TCNQF, is 0.36 eV more positive than TCNQ
indicates® that TCNQF, has a considerably higher
(0.36 eV) electron affinity.

These results are consistent with what is known
about the effects of fluorine substitutents on aro-
matic molecules.”? The fluorines shift both o
and 7 orbitals, but the ¢ molecular orbitals
are most strongly affected, since the latter
more strongly overlap with the fluorines.

For this reason, the largest changes in
charge density are in theo orbitals. Changes

in the 7m-electron density are much smaller for
a second reason: the m-orbital energies tend to
be shifted equally. Since the lowest unoccupied
molecular orbital (LUMO) of TCNQ is a 7 level,
the changes in charge density would be expected
to be small [although the changes indicated from
the hyperfine!® and optical measurements (Fig.
2) are surprisingly small]. A small lowering of
the LUMO energy by ~0.36 €V is a reasonable
shift due to fluorine substituents, and would
account for the increase in electron affinity of
TCNQF, compared with TCNQ.

COMPARISON OF SOLID-STATE PROPERTIES

The crystal structure?* of HMTTF-TCNQF, is
shown in Fig. 4 and atomic positions listed in
Table I. The material is isomorphous with
HMTTF-TCNQ, as can be seen by comparing
Fig. 4 to Fig. 1 and 2 of Ref. 5. It crystallizes in
the orthorhombic space group Pmna with unit-
cell parameters ¢ =12.614(4), b=4.070(2), and
c=21.396(7) A, The corresponding paramet-
ers®%% for HMTTF-TCNQ are a =12.470, b
=3.906, and ¢ =21.602 A. The structure consists
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FIG. 4. Orthorhombic structure of HMTTF-TCNQF,,
which is isostructural with that of HMTTF-TCNQ.

Pz

of separate stacks of uniformly spaced HMTTF
and TCNQF, molecules arrayed parallel to the
¢ axis. The interplanar spacing is 3.62 A within
the donor stacks and 3.27 A within the acceptor
stacks. The corresponding spacings in HMTTF -
TCNQ are 3.57 and 3.25 A, respectively. The
donor and acceptor molecules make angles of
27.0 and 36.3°, respectively, to the (010) plane.
The similar values in HMTTF-TCNQ are 23.8
and 34.2°

The most significant difference between the
structures of HMTTF-TCNQ and HMTTF-TCNQF,
is the increase in the interstack S—N distance
(shown in Fig. 4) from 3.25 A in the former com-

TABLE I. Final atomic positional parameters (x 10%)
for HMTTF-TCNQF,, including atomic charges, ¢, used
in Madelung calculation of ionic solid. Standard devia-
tions are in parentheses; space group Pmna (orthor-
hombic), a=12.614(4), b=4.070(2), ¢=21.396(7), and
Z=2,

x y z q
S 1162(1) 1842(2) 669(1) 0.0666
c1 0 774(11) 287(2) 0.0426
c2 533(2) 3552(7) 1309(1) 0.0501
c3 999(2)  4970(10)  1891(1) 0.0119
c4 0 6126(12)  2254(2) 0.0040
H4A 0 8531(126)  2234(24) 0.0257

H4B 0 5410(139)  2725(25) 0.0269
H3A 1483(30) 6971(89) 1808(18) 0.0382
H3B 1379(29) 2938(92) 2135(17) 0.0336
F 1878(1) 6908(5) 4451(1) -0.2082
N 1673(3) 1329(9) 3374(2) -0.2400
C5 936(2) 5967(8) 4748(1) 0.1370
Cé. 0 7117(11) 4447(2) —0.0083
Cc7 0 9164(11) 3914(2) -0.0915
C8 947(2) 274(9) 3624(1) 0.1111
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pound to 3.42 Ainthelatter. This is caused by
the bulk of the fluorine atoms, the van der Waals
radius?’ of which is 1.35 A compound to that of
1.20 A for hydrogen. Another interchain contact
of note is that of 3.25 A between sulfur and fluo-
rine atoms which, of course, is absent in HMTTF -
TCNQ. While these slight structural differences
may be of some significance, it is hard to imagine
that they are responsible for the seven-orders-of-
magnitude difference in the conductivities shown
in Fig. 1.

The molecular overlaps between neighboring
HMTTF molecules and between neighboring
TCNQF, molecules are shown in Fig. 5. They are
almost identical with those in the corresponding
TCNQ salt, as are the interplanar spacings (above).
A measure of the electronic overlap along the
stacks is provided by the magnitude®® of the mag-
netic spin susceptibility. The total spin suscep-
tibilities at high temperatures for both compounds
are shown®® in Fig. 6. [In order to more properly
compare the magnitudes 28 we also show x of the
TCNQ salt’?+%! scaled up to compensate for its
low density®? (p=0.72) of electrons.] The fact
that the magnitudes of y are approximately the
same for both salts indicates that the overlaps are
not appreciably different.

Another relevant energy is the electrostatic
Coulomb or Madelung energy contribution to the
binding of these ionic materials. For HMTTF-
TCNQF,, we calculate®®a Madelung energy of 2.60
eV, compared to the value of 2.62 eV previously
calculated?® for the TCNQ salt. This small differ-
ence of 0.02 eV undoubtedly plays a much smaller
role than the 0.36-eV difference in electron affini-
ties in causing the difference in the degree of
charge transfer between the two salts.

In order to understand the large differences in
the conductivities of these two materials (Fig. 1),
we will examine their optical absorption spectra,
shown in Fig. 3 for powdered samples dispersed

FIG. 5. Molecular overlap between neighboring mole-
cules in the HMTTF and the TCNQF, stacks in HMTTF-
TCNQF,.

in KBr. The spectrum of HMTTF-TCNQ is very
similar to that'®!® of TTF-TCNQ, which is as-
serted!"1%3 to be characteristic of a mixed-
valence compound. Indeed, the charge transfer in
HMTTF-TCNQ is known® to be incomplete: p
=0.72. The spectrum of HMTTF-TCNQF,, on

the other hand, is very different and does not have
the very-low-frequency, mixed-valence band near
0.3 eV. The absence of this absorption indicates
that there is complete charge transfer in HMTTF -~
TCNQF,. This fact is also evident in the dramatic
similarity of the spectra of HMTTF-TCNQF,, K-
TCNQF,, and K-TCNQ. The spectrum of K-TCNQ
is characteristic'®'"™? of that of a stack of TCNQ"
molecules: the absorption near 2 eV is intramole-
cular, while the absorption peak near 1 eV is the
charge-transfer absorption along the stack and

is a measure of the effective. U. The fact that this
peak has approximately the same energy in these
three compounds (Fig. 3) indicates that TCNQ

and TCNQF, have roughly the same U and that the
HMTTF stack does not appreciably affect this
value; that is, these data provide clear evidence
that the excitonic polarizability does not appreci-
ably screen U in these compounds. The mechanism
of excitonic screening of U is the basis®® of model
(1) above and the basis for Little’s mechanism®®
for super-conductivity in organic solids.

Thus, the spectra in Fig. 3 show that HMTTF-
TCNQF, is an insulator because it has complete
charge transfer and U limits the conductivity,
i.e., HMTTF-TCNQF, is a Mott insulator. Fur-
ther evidence for this conclusion is contained in
the behavior?® of x(7) which for the TCNQF, salt
is moderately large and only weakly temperature
dependent (Fig. 6), while over the same tempera-
ture range the conductivity is exponentially de-
creasing (Fig. 1). Thus, there is an energy gap
affecting o, but not x. This behavior is expected
of, and hence strong evidence for, a Mott insu-
lator.
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FIG. 6. Comparison of thg (r‘r|1<a)gnitudes of the high-
temperature spin susceptibilities of the TCNQ and
TCNQF; salts of HMTTF. The data (Ref. 30) for
HMTTF-TCNQ have also been plotted scaled up to com-
pensate for its lower electron-spin density, p =0.72.
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CONCLUSION

The mechanism is now clear how substitution of
fluorine for hydrogen can cause the 300-K con-
ductivity of HMTTF-TCNQ to plunge more than six
orders of magnitude: the fluorine substituents in-
crease the electron affinity of TCNQ, which causes
an increase in the degree of charge transfer of
HMTTF-TCNQ from p =0.72 to p=1 inthe TCNQF,
salt, making the latter a Mott insulator. The ex-
planation readily accounts for the change in con-
ductivity and the disappearance of the mixed-val-
ence absorption band. Moreover, it emphasizes
that the degree of charge transfer is the most
significant variable in these materials."!" There

are other examples of Mott insuiatiors,” !’ such
as K-TCNQ, morpholinium- TCNQ; and tetrame-
thyl-p -phenylenediamine iodide. What is signif-
icant about HMTTF-TCNQF, and its selenium
analog HMTSF-TCNQF, is that they are the first
Mott insulators with two types of potentially con-
ducting stacks and that they are isostructural
with mixed-valence metals.
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IHMTSF = hexamethylenetetraselenafulvalene, HMTTF
=hexamethylenetetrathiafulvalene, TCNQ = tetracyano-
p-quinodimethane, and TCNQF;= tetrafluoro-tetracy-
ano-p-quinodimethane.
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