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comparison with our results. Figure 4 of Ref. 2

shows that i scales as predicted in our Eq. (4).
A distribution of energetic ions is seen (but there
is no measurement of their absolute number) and
the observed time scale (-2 psec) for their ran-
domization agrees reasonably with our low-P
runs.
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A numerical charge integration procedure has been applied to diffraction data of TTF-
TCNQ (tetrathiafulvalene-tetracyanoquinodimethane) measured at 100'K. The results
indicate an average charge transfer of (0.48-0.60) +0.15 electrons from a TTF to a TCNQ
molecule.

The amount of intermolecular charge transfer
in the TTF-TCNQ (tetrathiafulvalene-tetracyano-
quinodimethane) radical-ion salt is of consider-
able interest in the interpretation of the electri-
cal properties of this solid. The coexistence of
neutral and charged TCNQ molecules in one solid
was inferred by comparison of the intramolecu-
lar interatomic distances in the salt Cs, (TCNQ),
with those in K(TCNQ) and neutral TCNQ. ' On
the same basis Kistenmacher, Phillips, and Cow-
an' conclude that in TTF-TCNQ and assignment
of a —I charge to the TCNQ residue is consistent

with the observed molecular dimensions. Howev-
er, their choice between a —1 charge and a —0.5
charge is not convincing when the standard devia-
tions in the experimental bond lengths are con-
sidered. A later low-temperature study' of the
complex shows that at least at 100'K the bond
lengths are in better agreement with those listed
for TCNQ with a -0.5 charge. It has been em-
phasized that structural studies do not provide in-
formation on whether this charge is localized on
part of the TCNQ molecules or is equally distri-
buted. 4 In the former case the observed bond
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lengths are averages over two species and a con-
tribution of disorder to the apparent thermal vi-
bration amplitudes may be expected. However
the differences between the bond lengths in neu-
tral TCNQ and TCNQ with a —1 charge are at
most 0.03 A,' and the expected contribution of
0.001 A2 to the mean square amplitudes is there-
fore small compared with the observed values
(even at 100'K), which are typically 0.01-0.02
A'.' Recent measurements by uv-photoemission
spectroscopy' which provide no evidence for frac-
tional ionization are therefore not in contradic-
tion with the x-ray diffraction results.

The exact interpretation of the x-ray-photo-
emission data is still being questioned. "Grob-
man et al. have interpreted their measurements
as indicating a partial charge transfer of ~

& of
an electron per molecule. ' This result has been
criticized by Epstein et al. whose analysis of the
same data leads to the conclusion that one can
only say that the extent of charge transfer is
probably greater than 50%.'

Inference of the charge transfer from a com-
parison of bond lengths suffers from the disad-
vantage that it is based on the assumption of
transfer of a full electron in salts such as NaTC-
NQ in which the real charge separation may be
less than indicated by the formal charges. A di-
rect measurement of the average charge transfer
may be obtained, however, if reasonably accu-
rate diffraction data are available. Those em-
ployed here from the study by Blessing and Cop-
pens' were collected at 100 K with a step-scan
followed by profile-analysis technique. ' The to-
tal electron population can be evaluated (in the
centrosymmetric case) according to

P =fQ(F b, /k) cos2mH rdw+ JJl»odr, (1)

where the integrals are over the molecular vol-
ume, k is the scale factor defined by I",b, =&&„~„
andI' and H are the structure factor and recipro-
cal-lattice vector, respectively.

In an earlier study of the TCNE (tetracyano-
ethylene)-pyrene charge-transfer complex, "the
integration was performed analytically using a
technique developed previously. " However the
molecular volumes of neither the TTF nor the
TCNQ molecule are easily described by a regu-
lar volume required for the analytical-integra-
tion method. The molecular volume was there-
fore divided into a large number of small cubes
of equal size centered on an isometric grid. The
analytically integrated" density of the cubes was
summed over all cubes associated with the mole-

TABLE l. Results of charge integration.

Van der Waals radii used

H

Electron population
(electrons)

&TCXg &TYF

1.85
1.85

1.50
1.55

1.75
1.65

1.1
1.2

72.45
72.50

51.56
51.51

cule under consideration. To improve the accu-
racy of the numerical technique the integration
is performed over the more slowly varying va-
lence density rather than over the total electron
density. To this purpose the Il,b, in (1) were re-
placed by the valence structure factors which
were obtained from

+valence +ob s ~+co r ep

where E„„is calculated with core-scattering
factors listed by Fukamachi'~ and x-ray structur-
al parameters. '

Though the regions between the molecules con-
tain little density, they should nevertheless be
subdivided among the adjacent molecules. For
this purpose the distance r of the center of a cube
to adjacent atoms was considered. The cube was
assigned to the molecule containing atom i for
which the ratio r, /R, is smallest, R, being the
Van der Waals radius of atom i. The use of a
parameter such as R is a necessary consequence
of the differences in size of the atoms in molecu-
lar crystals such as TTF-TCNQ. We should em-
phasize that it is the ratio of the Van der Waals
radii of contacting atoms and not their absolute
value that influences the resulting populations.
Results which converged on reduction of the ele-

0
mentary cube edge to 0.25 A are summarized in
Table I. Two sets of Van der Waals radii were
tested. For the present purpose they differ main-
ly in the radii of the hydrogen atoms, which have
a strong influence on the molecular size as the
hydrogens are located on the periphery of the
molecules. Nevertheless the integrated charges
are not very dependent on the radii employed.
This is as expected as the electron density is
concentrated between bonded atoms and not in the
intermolecular regions. As the differences are
smaller than the estimated standard deviations
in the electron populations P (see below), the
choice of Van der Waals radii is not of decisive
importance.

There are three main contributions to the er-
ror in P. They are (1) errors in the extinction
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correction of the intensity measurements, (2) er-
rors in the scale factor k, and (3) experimental
errors in the observed intensities. Extinction is
relatively small in the present data set and in a
range in which existing formalisms are quite ade-
quate. " The scale-factor error affects the first
term in expression (1), which shifts about 6 elec-
trons from TTF to TCNQ compared with the uni-
form density represented by the second term.
Thus a 1% error in k causes a 0.06-electron er-
ror in P. Experimental measurements of k for a
series of crystals" show that scale factors ob-
tained in a conventional spherical-atom least-
squares refinement are systematically overesti-
mated. For the present low-temperature data
set, however, this bias should not be larger than
2%. It follows that the contribution of the first
term in Eq. (1) of 6 electrons may have been un-
derestimated by at most 0.12 electrons, i.e.,
that PTc&~ may be larger and PTTF smaller by
this amount. The effect of the measurement er-
rors was evaluated from o(F,b, ) based on statisti-
cal counting errors plus a factor proportional to
the measured intensity. A 2% proportionality fac-
tor was selected on the basis of the agreement
between symmetry equivalent reflections in the
data set. An analytical expression given by Cop-
pens and Hamilton was used [Ref. 11, expression
(1)]with an approximate shape for the molecular
volume. Such a procedure is quite adequate, as
the electron density error is not very position de-
pendent. " An error estimate of 0.15 electrons
was obtained. Thus, as the neutral TCNQ and
TTF molecules contain 72 and 52 electrons, re-
spectively, one finds, on averaging the entries
in the table and taking into account error contri-
butions of types (2) and (3), a best estimate for
the charge transfer of (0.48-0.60) a 0.15 elec-
trons.

The result is in agreement with conclusions de-
rived from examination of the bond lengths sum-
marized above which suggests transfer of close
to a full electron in salts of the type NaTCNQ. It
is also compatible within the estimated error
with conclusions based on the x-ray-photoemis-
sion data." The relatively large standard devia-
tion is somewhat disappointing. Nevertheless,

charge transfer averaging a fraction of an elec-
tron from TTF to TCNQ is a definite implication
of the results. It should finally be noted that the
error bar can be reduced with improved accuracy
in the measurements. The present data set,
though of better than routine quality, is not quite
as good as some other low-temperature sets re-
cently measured in our laboratory (at Buffalo),
in which a less than 2% proportionality factor was
obtained on examination of the data sets.
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