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The electronic structure of an isolated TCNQ mulecule has been calculated by the self-
consistent statistical-exchange multiple-scattering method. By using overlapping atomic
spheres in place of nonoverlapping atomic spheres, a significant increase in physical
realism has been achieved. The theoretical model provides a satisfactory account of the
photoemission spectra of TCNQ vapor and solid TCNQ. The singlet-triplet splitting for
the lowest optical transition is found to be 0.84 eV.

During the past few years, interest in the phys-
ics of organic solids has grown rapidly. Of par-
ticular interest are highly conducting charge-
transfer salts' ' such as tetrathiofulvalinium-
tetracyanoquinodimethanide (TTF-TCNQ) .»'
Most current discussions of the physical proper-
ties of these organic solids are based on ideal-
ized one-dimensional models. ' ' However, there
are indications that realistic three-dimensional
models are required for a thorough understand-
ing of these properties. Also, conclusive theoret-
ical interpretations of the photoemission spectra
of TCNQ vapor and solid TCNQ have not yet ap-
peared.

In this paper we describe a simple theoretical
model which ean be used to generate realistic en-
ergy-level structures for large planar organic
molecules such as TCNQ. Our calculations for

the TCNQ molecule were carried out within the
general framework of the self-consistent statisti-
cal-exchange (Xn) multiple-scattering method. ~'
In an initial effort, ' the calculations were carried
out on the basis of the standard muffin-tin mod-
el" by which we mean nonoverlapping atomic
spheres embedded in an intersphere region, all
surrounded by a bounding outer sphere (cf. Fig.
1). This type of model had been used previously
to study other large planar organic molecules. "
It was clear from the preliminary study of the
TCNQ molecule"" that the standard muffin-tin
model was not sufficiently accurate for our pur-
poses, and that a significant improvement in
physical realism was necessary if we hoped to
deal successfully with the TCNQ molecule.

It is possible to improve upon the standard muf-
fin-tin model by introducing nonspherical terms
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FIG. 1. Nonoverlapping atomic-sphere model (dashed
circles) and overlapping atomic-sphere model (solid
circles) for the TCNQ molecule. The outer sphere
(OUT1) for the former is not shown in the interest of
clarity. The outer sphere is assigned serial number 1
and the atomic spheres serial numbers 2 through 21.
The ratio of the volumes of the overlapping and corre-
sponding nonoverlapping atomic spheres is denoted by
+3

in the atomic spheres as well as nonconstancy
terms in the uniform intersphere region. " '
However, these improvements require extensive
modification of existing scattered-wave computer
programs. "' Fortunately, one can take a major
step '""'"in the direction of improved realism
without making any significant changes in exist-
ing computer programs. One simply replaces
nonoverlapping atomic spheres by overlapping
atomic spheres (cf. Fig. I), and retains the fol-
lowing two simplifying assumptions: (a) Inside
each atomic sphere, and outside the bounding
sphere, potentials and charge distributions are
spherically averaged. (b) In the intersphere re-
gion, these quantities are volume averaged. A
theoretical justification for this overlapping
atomic-sphere model is presented elsewhere, "
together with additional information concerning
TCNQ calculations based on overlapping atomic-
sphere models.

From a practical point of view, the overlapping
atomic-sphere model is incomplete until all the
atomic-sphere radii (and the outer-sphere radius)
are specified. At the present time, the choice of

radii must be dealt with pragmatically. After ex-
amining a number of possibilities it was found
that substantially the same electronic energy-lev-
el structure was predicted by various choices of
atomic- and outer-sphere radii, provided these
radii were chosen with the following two guide-
lines in mind: (a) The calculated value of the vir-
ial coefficient should be equal to —2, thereby in-
suring an optimum balance of potential and kinetic
energy within the framework of the present ap-
proximational scheme. " (b) The calculated value
of the first ionization energy should agree with
the experimental value. The second guideline is
necessary for establishing an accurate absolute
energy scale. If one wishes to avoid ariy appeal
to experimental energy™level information, one
must greatly refine the existing model and relat-
ed computer programs. For our purposes, it is
more expedient to adjust the radii so that the
first ionization energy agrees with experiment.

We will illustrate our results for the isolated
TCNQ molecule by considering an overlapping
atomic-sphere model having the following attri-
butes: (a) The statistical-exchange parameter
n is set equal to 0.75 for all regions of space.
(b) The TCNQ molecule is assumed to be planar
and to have D» symmetry. Internuclear distanc-
es were obtained by averaging x-ray crystallo-
graphic data for the TCNQ crystal" in accor-
dance with these assumptions, both of which are
justifiable in the present context. (c) The choice
of nonoverlapping atomic spheres was dictated by
the requirements that they touch wherever pos-
sible and that (in the case of C5 and N6) they have
chemically reasonable proportions. " (d) The out-
ermost sphere was drawn externally tangent to
the outermost atomic spheres. (e) The ratio of
the volumes of the overlapping and corresponding
nonoverlapping atomic spheres for C2, C3, C4,
and H7 was 2.1, and for C5 and N6, 3.0. These
ratios were chosen so that our two guidelines
would be satisfied.

The energy-level structure calculated for this
model is shown in Fig. 2 by the long lines. These
levels were obtained by the transition-state meth-
od" so that relaxation effects are taken into ac-
count. For purposes of comparison, the results
of a recent ab initio minimal-basis-set molecu--
lar-orbital self-consistent field (MO-SCF) calcu-
lation" are shown by the short lines. In the lat-
ter, the energy levels were obtained by taking
the differences between the total energies of the
ground and ionic states„ thereby allowing for re-
laxation effects. The symmetry notation for the
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For all the overlapping atomic-sphere models

for TCNQ that have been investigated so far, the
two highest occupied levels are invariably 3b,„
and 2b,g. These two levels usually lie very close
together in energy. Accordingly, the present
theoretical model was so chosen that the center
of gravity of these two levels would be equal to
the experimental value of the first ionization en-
ergy, .which is given by photoemission measure-
ments for TCNQ vapor as 9.6 eV." This spec-
trum, as well as the photoemission spectrum for
solid TCNQ, "are reproduced in Fig. 2.

I et us first consider the vapor spectrum for
TCNQ since this corresponds more closely to the
energy-level spectrum of an isolated molecule.
By design, the highest experimental peak at —9.6
eV is attributed to transitions from the two high-
est occupied levels, 3b,„and 2b,g. The next peak
at —11.2 eV is due to transitions from 2b,g. The
small structure on the leading (upper) edge of the
large peak at —12.6 eV is due to 2b, „. The main
structure between —12.8 and —14.0 eV is due to

FIG. 2. Comparison of theoretical energy-level struc-
ture and experimental photoemission spectra of TCNQ
vapor (Bef. 22) and solid TCNQ (Bef. 23). Besults of
present calculations are shown by the long lines. Re-
sults of ab initio SCF Mo calculation (Hef. 24} are in-
dicated by the short lines. Corresponding energy lev-
els are connected by vertical lines. Occupied levels
are denoted by solid lines, unoccupied levels by dashed
lines. The symbols 0 and ~ at the bottom right refer to
reflection with respect to the plane of the molecule.
For each symmetry species, the levels are labeled by
serial numbers in order of increasing energy. Only a
few of these serial numbers are actually shown.

transitions from six levels: 13ag, 9b,g, ib, g, la„,
10b„„12b,„. The peak at —14.5 eV is probably
ue to thr~~ lev

at -15.8 eV is due to six levels: 12ag 7b&g,

8b, „, 9b, „, 10b,„, 11b,„,. Contour maps of the
electronic charge distributions for representa-
tive molecular orbitals of TCNQ are reported
elsewher e."'2

The experimental spectrum for solid TCNQ has
been superimposed on the vapor spectrum so that
their highest peaks coincide. This was done to
illustrate the fact that the two spectra are quali-
tatively similar, but not everywhere coincident.
This lack of coincidence must arise from solid-
state effects, i.e. , shifts of various levels by
slightly different amounts because of interaction
with neighboring molecules. If we superimpose
the two spectra so that the main peaks are in reg-
istry, the vapor peaks at —9.6 and —11.2 eV lie
about 0.5 eV below their solid counterparts, and
the vapor peak at —15.8 eV lies about 0.5 eV
above its solid counterpart. Making allowance
for these solid-state shifts, one can interpret the
photoemission spectrum for solid TCNQ in the
same manner that we interpreted the vapor spec-
trum above. The magnitude of the solid-state
shifts appears to depend on the method of sample
preparation, since a comparison of the TCNQ-
vapor spectrum with another solid- TCNQ spec-
trum" reveals smaller solid-state shifts.

Turning to the excited states we find that the
lowest unoccupied level is 3b,g. The next higher
unoccupied levels lie about 2 eV above 3b,g. In
TCNQ and TCNQ ', the Sb2g level is singly and
doubly occupied. The lowest-energy orbitally al-
lowed optical transition is from 3b,„to 3b2g A
spin-restricted calculation for the present model
leads to an excitation energy of 1.9 eV for this
transition. A spin-unrestricted calculation leads
to a singlet-triplet splitting of 0.84 eV. To ob-
tain a reasonable estimate of the singlet-singlet
and singlet-triplet transition energies, we set
the center of gravity at 1.9 eV, and weigh the 3b,g
triplet state three times as heavily as the 3b,g
singlet state. This leads to an excitation energy
of 1.7 eV for the forbidden singlet-triplet transi-
tion and 2.5 eV for the allowed singlet-singlet
transition. The latter is undoubtedly responsible
for the 3.1-eV optical peak observed for TCNQ in
solution. "

The present study of the TCNQ molecule thus
provides a basis for interpreting optical and pho-
toemission spectra of TCNQ vapor, TCNQ mole-
cules in solution, and solid TCNQ. The physical
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realism achieved by adopting the overlapping
atomic-sphere model is quite striking. Our work
has demonstrated the feasibility of carrying out
similar calculations for other large planar organ-
ic molecules, and for arrays of such molecules.
A companion study of the TTF molecule will be
reported elsewher e.~
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