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Eiectrostatic interactions in tetrathiafulvalenium-tetracyanoquinodimethanide (TTF-TCQQ):
Madelung energy and near-neighbor interactions

A. J. Epstein, N. O. Lipari, D. J. Sandman, and Paul Nielsen
Xerox Webster Research Center, Webster, New York 14580

(Received 23 June 1975)

The Madelung energy of tetrathiafulvalenium-tetracyanoquinodimethanide (TTF-TCNQ) has been calculated
as a function of assumed charge transfer, charge distribution, and temperature, using a modified Evjen
summing criterion. A large, temperature-independent, Madelung energy, EM ——2.3 eV/molecule (- —53
kcal/mole), was calculated for the case of delocalized unit charges on the molecules. EM alone is shown to be
insufficient to stabilize charge transfer in TTF-TCNQ, and the polarization energy is shown to be the most
plausible source of additional energy gain upon charge transfer. The near-neighbor Coulomb interactions are
evaluated and shown to be the major source of energy gain upon charge delocalization on the molecule.

I. INTRODUCTION

Organic donor-acceptor solids have been the sub-
ject of extensive recent study. These solids divide
sharply into two classes'2: (a) charge-transfer
complexes and (b) charge-transfer salts. In the
former class the crystalline solids formed are
composed of closed-shell molecules which are es-
sentially neutral in the ground state. In these sys-
tems, the lowest-energy electronic excitation is a
charge transfer from the highest doubly occupied
molecular orbital of the donor to the lowest empty
molecular orbital of the acceptor. In the latter
case the crystalline solids are composed of mole-
cules which are essentially ionic. It is the open-
shell nature of the molecular ions formed, together
with their coalescing into segregated uniform
stacks, which have led to the achievement of a
metallic state in organic solids. ' Compounds with
the organic acceptor tetracyanoquinodimethane
(TCNQ) may form either as charge-transfer com-
plexes or charge-transfer salts depending upon the
individual donor with which it is paired. For ex-
ample, both anthracene-TCNQ (1:1) (Ref. 4) and

carbazole-TCNQ (1:1) (Ref. 5) crystallize as
charge-transfer complexes while the one-to-one
alkali- metal- TCNQ compounds crystallize as
charge-transfer salts ~ Crystal structures for the
two extreme classes are often quite similar, with
parallel chains formed by the stacking of flat planar
molecules. In the case of the charge-transfer
complexes, stacks of alternate donor and acceptor
are most common whereas the charge-transfer
salts form both parallel segregated stacks of cations
and anions and stacks with alternate cations and
anions [e.g. , tetramethyl-p-phenylenediamine-
TCNQ (TMPD-TCNQ)] as well as noncolumnar
structures.

Numerous TCNQ compounds have been reported
to have multiple crystal phases and/or multiple
observed stoichiometries. For example, crystals
of the charge-transfer complex carbazole-TCNQ

are composed of ordered and disordered domains.
A number of the TCNQ salts including N-methyl-
phenazium-TCNQ, ' and Rb-TCNQ, ' have been
reported to have several different stable crystal
structures. Melby et al."have reported that nu-
merous donors form multiple stoichiometries with
TCNQ including Cs (1:1 and 2: 3), Cu (1:1 and
1:2) and N-methylphenazinium (1:1 and 1:2).
This plenitude of crystal phases and stoichiome-
tries is evidence for a subtle energetic balance
upon formation of the solid phases of TCNQ com-
pounds. Significant contribution to crystal binding
is expected from a number of forces including
electrostatic, van der Waals, and polarization. A
detailed knowledge of the relative importance of
these contributions is therefore important in un-
derstanding charge-transfer-salt formation in the
various phases and stoichiometries.

We present here the results of an extensive nu-
merical study of the electrostatic interactions of a
TCNQ compound of current interest, '2 tetrathiaful-
valenium-TCNQ (TTF-TCNQ). We have examined
in detail the Madelung energy (E„) and its depen-
dence upon assumed charge transfer, charge dis-
tribution, and temperature. In addition we have
investigated the near-neighbor electrostatic inter-
actions and their dependence upon charge distribu-
tion. We have found that though the electrostatic
energy for the full charge-transferred configura-
tion is significant (E~= —2.3 eV/molecule = —53
kcal/mole) it alone is insufficient to account for
the formation of a charge-transferred solid.
Therefore other contributions to the crystalline
energy were examined and a large degree of charge
transfer was found to be energetically plausible.

Section II discusses the algorithm used to obtain
the electrostatic energies. Section III presents the
charge distributions and crystal structures we have
used in our calculations. Section IV presents our
numerical results for the Madelung energy and
near-neighbor electrostatic interactions. Section
V is a discussion of our results in light of available
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physical data and estimates of other contributions
to the crystal binding energy.

II. COMPUTATIONAL APPROACH

The ealeulation of the electrostatic Madet. ung
energy for real crystal systems is complicated by
the slow inverse-length dependence of the Coulomb
potential. Historically, two different approaches 3'»4

have been utilized: (i) direct summation"'" using
charge rearrangement to obtain rapid convergence,
and (ii) use of mathematical transformations. ' We
have used a direct summation approach in perform-
ing our calculations in order to allow the study of
the rapidity of convergence to the bulk electro-
static potentials and to enable the study of the di-
rect electrostatic interactions of selected molecu-
lar pairs.

The Coulomb potential V, at site j due to the
presence of point charges q& at sites j in the crys-
tal is given by

V; —~
try rf

where r, is the vector location of the ith site and
the sum is extended over all sites in the infinite
crystal except site i. Because the infinite series
in Eq. (1) is only conditionally convergent, 8 the
arrangement of the terms in the sum is of critical
importance in obtaining the correct value.

Evjen proposed the arrangement of the individ-
ual ions into elementary (neutral) cells, subsequent
arrangement of the cells into shells about the cen-
ter cell, and summation of the potentials of the in-
dividual shells rather than those of the individual
ions. Evjen' and le ter authors»3'»~2» noted that
neutrality of the elementary cell chosen was insuf-
ficient to guarantee convergence to (correct) unique
values of the Coulomb potential at specific sites.
Although the Coulomb potential of the elementary
cell has a zero monopole term, dipole, quadrupole,
and higher-order multipole contributions are pos-
sible. Because the Coulomb potential due to a
dipole falls off slowly with distance (-r ) and the
dipole contribution of a shell increases with shell
size (-r ), erroneous results may arise from use
of elementary cells with a nonzero dipole moment.
It can be shown'3 that if the elementary cell has
zero dipole moment and finite quadrupole moment,
then the Coulomb potentials found for the central
elementary cell differ from the intrinsic Coulomb
potentials by at most an additive constant, labeled
here V~.

A modified Evjen summing algerithm was used
in order to obtain the Madelung energy for TTF-
TCNQ. Fractional charges were assigned to the
atoms of each TTF and TCNQ molecule (see Sec.
III). Because the individual atoms are not at sym-
metry points in the unit cell, the elementary cells

chosen to be used in the summation always have a
finite quadrupole moment. In order to increase
the rapidity of the convergence of the potential
sum, elementary cells were added symmetrically
about the center cell and the sum performed out to
a speclfIed radius (111 unIts of 'tile sllol'test CI'ystal-
lographic unit-cell axis). This modification is
useful when the three unit-cell axes are quite un-

equal (e. g. , 12.298, 3.819, and 18.468 A for1
TTF-TCNQ).

Since the elementary cells chosen have finite
quadrupole moments, the Coulomb potentials found

by using Eq. (1) include the additive quadrupole
term V@. Thus the intrinsic Coulomb potential at
sites, V', , ls

V, = V, —Vq.

This correction proves, however, to be of no great
problem as the physically important parameters
may be obtained in a manner in which V@ cancels.
For example, the difference in Coulomb potentials
at two inequivalent sites j and k in the crystal 4»,
which may be observable via core level x-ray
photoemissio~ splittings~s is independent of Vq

V)- Va= Vy —V„.

Slmllarlyy the Madelurlg encl gy E~ given by

1
N 2 +41~I +TTF +TCNQ

is independent of V@ because the sum in the first
term on the right-hand side of the equation is ex-
tended over a neutral pair of molecules (TTF' and

TCNQ or TTF' and TCNQ') and

1 ~ $ 1 1—K&II'i= K&II'I -I'o ZqI—=- K&II'I.

(The factor 2 is present in order to avoid double
counting. ) The other two terms on the right-hand
side of Eq. (4) are the Coulomb self energies of the
isolated TTF and TCNQ molecules. In order to
verify the independence of our results from quadru-
pole effects, the calculations were performed as-
suming several different elementary cells of dif-
ferent, quadrupole moment. The values for V, ob-
tained varied with the cell definition by as much as
several volts but the values for 6»'s and E~ were
always independent of cel.l choice.

The computer program utilized (EvIEs) was
written and executed on Xerox Sigma 7 and Sigma
9 computers. Input parameters included the crys-
tallographic unit-cell parameters (cell lengths and

angles) for the system under study, the spatial co-
ordinates and electrical charges of the unique
atoms in the unit cell, and the maximum radius for
the calculation. Subroutine cELLwas used to build
the neutral elementary cell used in the Evjen sum-
ming criterion. Several such subroutines were
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F2,F~,F~ TABLE I. Crystal data for TTF-TCNQ.

a (A)
b (~)
c (A.)

P

300 K

12.298
3.819

18.468
104.46'

100 K

12.228
3.754

18.379
104.42'

12.210
3.729

18.343
104.38

Reference 22. Reference 24.

figures with the accepted value was obtained.

III. INPUT PARAMETERS

FIG. 1. View of the ac plane of the crystal packing in

TTF-TCNQ (Ref. 22) (looking down the conducting or b

axis). Shaded rnolecules have their centroids at v =2.
Inequivalent nitrogen atoms, N~&), and N~o), are labeledas
well as the inequivalent sulfur atoms, S~&) and Sg) F&

Q& identify specific TTF and TCNQ molecules, respec-
tively.

created to verify our results. Subroutine TRANSLATE

was then used to build cells surrounding the center
cell. DIPQLE and QUADRUPQLE subroutines calculated
the respective moments of the elementary cell.
The convergence of the Coulomb potentials calcu-
lated using EvJEN was rapid for TTF'-TCNQ, being
precise to tw'o significant figures for a maximum
radius of -30 A, and precise to four significant
figures for a maximum summing radius of -75 A.
The accuracy of our technique was verified through
a calculation of the Madelung constant for the NaCl
crystal structure. Agreement to seven significant

The TTF-TCNQ crystal structure has been ex-
tensively studied. ~2'24 Figure 1 shows the room-
temperature. crystal structure~ as seen looking
down the conducting or 5 axis. Figure 2 is a side
view of the unit cell looking down the a axis show-
ing the "herringbone" pattern characteristic of
both adjacent TCNQ and adjacent TTF stacks. In-
dividual TTF and TCNQ molecules are labeled E,
and Q, for use in identifying near-neighbor inter-
actions. Also labeled in Fig. 1 are the two nitro-
gen sites of TCNQ that are cry stallographically in-
equivalent, N«) which nests inside an adjacent di-
cyanomethylene group, and N&, ) which is outside
the bc plane of TCNQ moleeules. Similarly the two
crystallographieally inequivalent sulfur atoms are
labeled S(,) and 8(p). The bond lengths of both the
TTF and TCNQ molecules indicate significant
charge transfer. ' The full crystal structure at
100 K has been reported and was used for the
100-K Madelung energy calculations. The 100-K
crystal structure was then used with the 40-K lat-
tice constants to obtain the Madelung energy at
40 K. Table I summarizes the crystallographic
data used.

The detailed molecular structure of TCNQ and

TTF are shown in Figs. 3 and 4, respectively,
along with the labeling of the unique atoms. Frac-

FIG. 2. View of the crystal packing in. TTF-TCNQ looking down the a axis (Ref. 22). Shaded molecules have their
centroids at x=~. F'& and Q& identify specific TTF and TCNQ molecules, respectively.
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FIG. 3. Tetracyanoquinodimethane (TCNQ) mol. ecule.
The unique atoms for the TTF-TCNQ crystal structure
are labeled.

FIG. 4. Tetrathiafulvalene (TTF) molecule. The
unique atoms fol' the TTF-TCNQ crystal structul"e al"e
l,abeled.

tional point charges are assigned to each atom of
each molecule. For simplicity in assigning charge
distributions we have assumed that both the TTF
and the TCNQ molecules have mme symmetry, re-
ducing the number of unique atoms on the TCNQ
from ten to six [N(1), C{S), C(5), C(6), C(6), and

H(9) j and on the TTF from seven to four [H(l),
C(2), S(5), and C(V)]. This assumption has little
effect upon the accux acy of our calculation. As is
shown below, much larger variations in charge
distribution lead to small variations in the Made-
lung energy.

The symmetrized charge distributions used for
TCNQ, TCNQ, and TCNQ are given in Table II.
The results obtained utilizing complete neglect of
differential overlap methods (CNDO) are considered
to be the most reliable (sets 1, 2, 6, V, 15), with the
charge distributions obtained using the CNDO/2
version 5 preferred over the CNDO-SCF version26'27

results. They both predict an increase of charge
of -O. ~4leI at each nit1ogen site upon going from
TCNQ to TCNQ . This agrees very well with the
results of nuclear-quadrupole-resonance experi-
ments. The PPP (Pople-Pariser-Parr" "' ) and
other results are included to test the sensitivity of
the Madelung energy to the assumed charge distri-
bution chosen. While differing in detail, all of the
reasonable charge distributions place most of the

excess charge on the dicyanomethylene groups.
This is illustrated for our CNDO/2 and CNDO-SCF
results in Fig. 5, where it is seen that even TCNQ
has 3. large charge density on the individual atoms
of the dicyanomethylene groups. However, it is
shown later that this does not lead to any signifi-
cant electrostat1c contribut1on to the b1nd1ng of a
TTF-TCNQ crystal assumed composed of TTF'
and TCNQ molecules. Set 8 assigns & of the ex-
cess charge to each nitrogen in order to test the
effects of part13l charge delocalization. Set 12
represents a spin distribution for TCNQ and as
such places the excess "charge" closer to the cen-
ter of the molecule. Set 9 places the excess charge
at the center of the TCNQ molecule itself.

Table III summarizes the symmetrized charge
distributions for TTF, TTF', and TTF . Our
CNDO/2 and CNDO-SCF results (sets 1, 2, 4, 5,
and 9) are considered to be reliable for charge
distributions with our CNDO/2 results preferred. '
The calculations 7 were performed without inclu-
sion of the sulfur 3d levels. As illustrated in Fig.
5, the neutral TTF molecule has very little net
charge per atomic site (in contrast with TCNQ )
and TTF' has a relatively uniform charge distribu-
tion (again in constrast with TCNQ ). Set 6, which
assigns ~ of each+ I 8 I charge to each sulfur of
TTF', is an elementary charge distribution used
to test the effects of moderate charge delocaliza-

TABLE II. Symmetrized charge distributions for tetracyanoquinodimethane. (Units of ) e ( .j

C(5j H(9j Ref. Comment

6
7
8
9

10
11
12
13
14

—0. 161925
—Q. 286925
—0, 08613
—0. 17911
—0.262

0. 300675
0.4284
0.25

~ ~ 4

0, 21359
0.27535
0. 037
O. 4945
0.379

0, 102575
0.198775
0, 07595
0, 14926
0. 088

0. 128575
0.2224
0. 0

~ ~ ~

Q. 12617
0, 159?3

—0. 007
Q, 2595
0, 091

0.0259
—0.01084
—0, 00413
—0, 01225

0, 188

—0. 10425
—0.1583

0. 0

-0, 24335 .

—0, 19916
-0, 206
—0. 0916

0, 051

0. 0628
0.08016
0. 01503
0.04349

—0, 212

0.05595
0.0937
0. 0

0, 01705
Q. 0085

—0, 072
0, 0512

-0, 199

—0. 012725
—0.09407

0. 00473
Q. 01423

—0. 102

—Q. 041225
—0. 1276

0.0

—0. 04943
—0. 03905
—Q. 067

0, 0052
—0. 129

0. 027725
0. 14756
0. 0
0. 0
0. 288

—0. 012525
0.1159
0.0

Q. 0
0. 0
0. 0
Q, Q

0.241

27
27
28
29
30

~ ~ ~

31
32
33
34
30

CNDO/2
CNDG-SCF

PPP
PPP

Ab initio

CNDOj2
CNDO-SCF

Elementary distribution
—1.0 at center of each TCNQ

PPP
PPP

PPP {spinj
Huckel

Ab initio

0. 05015 —0.0937
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CHARGE DISTRIBUTIONS

I
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I
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FIG. 5. CNDO/2 and
CNDO-SCF charge distri-
butions (Ref. 27) for TTF',
TTF, TCNQ, and TCNQQ.

Net charge per atom is
shown. as a vertical bar for
atoms labeled at the center
of the figure (corresponding
to the molecules drawn at
the top of the figure).
Charges on the left-hand
side of each symmetric
molecule illustrate our
CNDO-SCF results, the
right-hand side our CNDO/
2 results. Note t;hat the
CNDO-SCF results have
much larger variations in
charge from atom to atom
on a molecule, although
both the CNDO-SCF and
CNDO/2 charge distribu-
tions have similar overall
spatial variation.

tion. Set 7 places the excess charge at the center
of each TTF' molecule itself.

IV. NUMERICAL RESULTS

A. Madelung energy

Table IV enumerates our results for the Made-

lung energy at room temperature assuming one

full electron charge transferred from each TTF to
each TCNQ. 39 The units are eV per TTF'-TCNQ
molecular pair. The differences in Coulomb poten-
tial (in volts)between the two inequivalent nitrogen
sites 8N=—(V„—V„. ), and the two inequivaientN(0) N(~)
sulfur sites &s=-(V«z, —V, &„)is also given in Table
IV as calculated for each set of charge distributions.
Huns 1-5 represent our main results. Runs 1 and

TABLE III. Symmetrized charge distribut|ons for tetrathiafulvalene. (Units of i e I .)

C(2) S(5) C(7) Ref, Comment

TTFO

TTF'

0. 0258
0.08824
0.0085

0. 0184
0. 1530
0.0

0.063

0. 1361

0. 0060
—D. 15229
—0.024

0. 0245
-0.1019

0. 0

—0. 006

0. 0398

—0. 0550
0. 1210
0. 018

0. 1214
0.2263
0.25

0. 185

0.2927

0, 0464 27
—D. 1139 27
—0. 005 28

0. 0454
—0. 0548

0.0

0. 0628 27

CNDO/2
CNDO-SCF

CNDO/2

CNDO/2
CNDO-SCF

Elementary distribution
+1.0 at center of each TTF'

CNDO/2

CNDO/2
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TABLE IV. Madelung energies and Coulomb potential
differences for TTF'- TCNQ at room temperature as a
function of assumed charge distribution.

TABLE VI. Madelung energies and Coulomb potential
differences as a. function of temperature for TTF-TCNQ.

T (K) (eV) aN (V) ~s (v)
Rufl TTF ' Set TCNQ Set E/ii (eV) 4N {V) 6S (V) TTF '-TCNQ (Delocalized: CNDO-SCF Charges)

6
7
8

12
9

—2. 27
—2. 48
—1 ~ 97
—1.37
—0. 57

l. 51
1.38
1.30
2. 05

0.47
0. 52
0. 40
0.45

300
100~
100
40

—2. 48
—2. 48
—2. 49
-2.48

1.38
1.37
1.40
1.38

0. 52
0.49
0. 53
0.49

6
7
8
9

10
ll
12
13
14

15
16
17
18

19

10
10
11
11
13
13
14
14

6

12

—1.95
-2.22
—2. 13
—2. 39
—2. 55
—2. 77
—1 ~ 71
—1.94
—2. 32

—2. 04
—2. 29
—2. 23
—2. 03

—1.53

1.71
1.65
1.57
1.51
1 ~ 17
1, 10
1.79
1.73
l. 32

1.78
1.72
l. 03
0. 96

1.86

0.46
0.46
0.46
0.46
0. 50
0. 50
0.60
0.60
0.42

0. 52
0. 52
0.34
0.39

0.40

300
100

40

TTF'- TCNQ (Localized: Point Charges)

—0. 57
—0.49
—0. 45

TTF —TCNQ (Delocalized: CNDO-SCF Charges)

300
100
40

0. 12
0. 15
0. 15

—0. 47
—0. 52
—0. 52

0. 07
0. 03
0. 03

'300-K lattice constants and crystal structure (Ref. 22).
100-K l.attice constants and crystal structure (Ref. 24),

'100-K lattice constants (Ref. 24) and 300-K crystal
structure (Ref. 22).

40-K lattice constants (Ref. 24) and 100-K crystal
structure (Ref. 24).

TABLE V. Madelung energies and Coulomb potential
differences for TTF —TCNQ at room temperature as a
function of assumed charge distribution.

Rull TTF Set TCNQ Set Ez (eV) b, N (V) 6 S (V)

0. 00
0, 12

—0, 01
—0, 05

0, 01
0.11

—0.13
0. 08
0, 07

—0. 15
—0.47
—0. 06
—0.28
—0. 25
—0 ~ 47

0. 08
—0. 14
—0. 34

0.06
0 ~ 07
0. 04
0, 00
0. 04
0. 00
0. 19
0. 15
0. 01

2 are the most reliable results using our full de-
localized charge distributions obtained through a
CNDO/2 and CNDO-SCF routine, respectively.
Run 3 assigns fractional charges to the nitrogens
and sulfurs only. Run 4 uses a TCNQ spin distri-
bution to represent the charge distribution in order
to reduce the charge delocalization on TCNQ .
Finally, Run 5 assumes + I e I at the center of each
TTF' and —Iel at the center of each TCNQ . Ex-
amining these five results it is clear that a reduc-
tion in charge delocalization reduces the attractive
electrostatic Madelung energy while the effects
upon 4N and 4S are not straightforward.

Runs 6-14 in Table IV summarize our results
obtained using the various delocalized charge dis-
tributions available for TTF' and TCNQ . Runs
15-19 assign either —0.25 I e I per nitrogen or
0.25 I e I per sulfur. Comparing Runs 6-18 with 1
and 2 shows that the Madelung energy is relatively
insensitive to variations in charge distribution pro-

viding that most of the net charge on TCNQ re-
mains on the dicyanomethylene groups. In con-
trast, b, N and AS have considerably greater varia-
tion with assumed charge distribution. Run 19
assumes less charge delocalization on the TCNQ
and agrees with the results shown for Run 4 in that
E~ is significantly reduced. Summarizing the re-
sults in Table IV, for TTF+-TCNQ with complete
charge transfer, E~= -2.35 +0.25 eV, AN=1, 45
+0. 3 V, and ~S=0.49+0. 1 V.

Table V presents the Madelung energy and Cou-
lomb potential differences obtained using the full
neutral charge distributions for TTF and TCNQ
in the TTF-TCNQ crystal structure. Runs 1 and
2 use our charge distributions obtained via CNDO/2
and CNDO-SCF routines and are the most reliable
results. It is clear that though there is a large
spatial variation of charge on the TCNQ molecule
itself, F.„=0.0 and bN and 4S are similarly re-
duced close to zero. Comparing Tables IV and V,
it is apparent that there is considerable energy
gain upon charge transfer [-—2. 3 eV per (TTF
+ TCNQ} = —53 cal/mole] as well as a large increase
in difference between the Coulomb potential at the
inequivalent nitrogen and sulfur sites.

The Madelung energy and Coulomb potential dif-
ferences have been examined as a function of tem-
perature for three specific charge distributions
representing full charge transfer with charge de-
localization (CNDO-SCF, Table II, Set 7 and Table
III, Set 5), full charge transfer with no charge de-
localization (point charge at the center of each
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molecule, Table II, Set 9 and Table III, Set 7) and
no charge transfer (CNDO-SCF, Table II, Set 2

and Table IH, Set 2). The results (see Table VI)
show that the Madelung energies calculated for the
delocalized charge distributions are insensitive to
the large contractions of the TTF-TCNQ unit cell
(2. V%%uq at 100 K and 3. 7%%u~ at 40 K as compared with
the room-temperature volume). In order to check
if this insensitivity was due to the slight change in
canting angle of the TTF molecule upon contraction
from room temperature to 100 K, the calculation
was redone assuming the 100-K lattice constants
and the 300-K crystal structure. The Iesults were
found to be insensitive to this change. Hence elec-
trostatic interactions neither drive nor hinder the
lattice contraction and the slight molecular canting
observed as the temperature is lowered.

8. Near-neighbor interactions

The flexibility of the EvJEN program allows the
straightforward calculation of the electrostatic in-
teraction between any specified pair of atoms or
molecules. These calculations are exact, without
the complication of a quadrupole potential, be-
cause they involve only finite sums. The mutual
electrostatic energy (energy per pair of molecules)
is given in Table VII for all near-neighbor pairs of
molecules in the TTF'- TCNQ crystal structure
for two different reasonable delocalized charge
distributions [CNDO/2 (Table II, Set 6 and Table
III, Set 4) and CNDO-SCF (Table II, Set 7 and
Table III, Set 5)] as well as for point charges at
each molecular loll center (Table II Se't 9 and

Table IH, Set I). The molecular labels E, (for
TTF molecules} and Q, (for TCNQ molecules)

refer to specific molecules in Figs. 1 and 2. Com-
parison of the results for the CNDO/2 and CNDO-
SCF charge distributions show only small differ-
ences in the near-neighbor electrostatic interac-
tions found despite large differences in their de-
tailed charge densities per atom. This is consis-
tent with the nearly identical Madelung energies
calculated using the two charge distributions
(- 2.2 I and —2.46 eV, respectively). Comparison
with the near-neighbor results found by assuming
unit point charges at the center of each molecule
shows charge delocalization leads to a large re-
duction in the nearest-neighbor Coulomb repulsion
ITCNQ molecules Q2 and Q~ (QZQ3) and TTF mol-
ecules E, and E, (E2E,)j and a smaller reduction
in the nearest-neighbor Coulomb attraction (F~Q, ).

The difference in Madelung energy between that
of the delocalized charge distributions (= —2. 35
eV) and that of the localized charge distributions
(- 0. 5V e V) is found to be approximately equal to
the sum of the differences in their nearest-neigh-
bor interactions listed in Table VII. That is,

+ 2Eigq+ 2E3@g + 2ESQg+ 2Ej Q~ + 2Eq@3+4E2@2

is equal to —I.01 and —7.02 eV for CNDO/2 and
CNDO-SCF charge distributions, respectively, and
—5.66 eV for the point charges. (Note that for
purposes of comparing to the Madelung energy, the
number of each type of near-neighbor interactions
appearing in this sum has been halved to avoid
double counting, ) Examining these numbers it is
clear that (a) charge delocalization is most impor-
tant in the near-neighbor interactions, and (b) the
net interaction with the near-neighbor environment

TABLE VII, Mutual electrostatic energy (eV per pair of molecules) for near-neighbor pairs
of mol. ecules of TTF'-TCNQ .

Cha, rge distribution

Molecular pair CNDO/2 CNDO-SCF Point

Qp Qq

Q2 Q4"
Oi Q

F( F2

F3 Q(

Q

2. 37
I.59
l. 69
l. 69
2. 85
1.72
1.69
l. 69

—2. 00
—1.87
—1.63
—1.42
—1, 21
—1.15

2. 24
l. 54
1.74
1, 74
2. 73
1.69
l.68
1.68

—l. 88
—l. 87
—l. 65
—1.40

l. 22
—1.14

3» 77
1„88
l. 53
1.53
3.77
1.88
l. 53
l. 53

—2. 34
—1.99
—1.45
—1.45
—1.16
—1.16

Nearest-neighbors within stack.
Second nearest-neighbor s within stack.

Nearest-neighbors between stacks.
Same as Q( —Q),

Nearest-neif-, hbors within stack.
Second nearest-neighbors within stack.

Nearest-neighbors between. stacks.
Same as F( —F3.

Nearest-neighbor TTF, TCNQ.
Same as F& —Q3, See Fzgs. 1 and 2.

See Figs. 1 and 2.
See Figs, 1 and 2,
See Figs. 1 and 2.
See Figs. 1 a.nd 2.

See Figs. 1 and 2 for molecular positions.
Not shown. in. Figs. 1 and 2.
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Q. =— = 1.32, CNDO-SCF
1 1

0.24, POINT

(7)

Thus delocalization of charge on the molecules
considerably increases the net non-nearest neigh-
bor contribution to the electrostatic energy. Com-
parison with Qg cy: 1.75 shows that although the
TTF-TCNQ crystal structure does lead to a much
smaller Madelung constant for unit point charges,
charge delocalization does bring a to a regime

(b)

FIG. 6. (a) Assumed division of TCNQ into two
monanion halves. (b) Assumed division of TTI'+ into
two monocation halves.

is strongly attractive implying that the longer-
range contribution is repulsive.

For ionic crystalline materials with integral
charges per ion, the dimensionless Madelung con-
stant n is defined' as

o. -=—(z e'/fl)-' E„, (6)

where E~ is the Madelung energy per "neutral
molecule, " z is the largest common factor for the
ionic charges, and R is the nearest-neighbor dis-
tance. The Madelung constant is independent of the
absolute value of the ionic charges and of the ab-
solute value of the unit-cell dimensions; it depends
only upon the crystal structure and provides a
measure of the relative effects of the total (includ-
ing long-range) and nearest-neighbor contributions
to the electrostatic binding energy. Following
Metzger, the equivalent Madelung constant is de-
fined for the organic salts with delocaiized (frac-
tions, l) charges on each atom of the molecula, r ions
as the ratio of crystalline Madetung energy E„ to
the nearest-neighbor attractive interaction F,Q, .
The results are

1.14, CND0/2

TABLE VIII. On-site (Up) and nearest-neighbor (Uf)
mutual Coulomb energies (eV) for TTF'-TCNQ using
CNDO/2 charge distribution.

Up

U)

(U, —U, )

TCNQ

2. 33
2o 37

—0. 04

TTF

3. 17
2. 85
0. 32

where considerable electrostatic stabilization is
pos sible.

During charge transport along a uniform stack of
of singly charged molecular ions, electrons (holes)
will move and doubly occupy some sites resulting
in the formation of dianions (dications) and adja-
cent neutral molecules. This changes some of the
terms in the electrostatic interaction sum [Ecl.
(4)j. Examining a single such charge transfer
along a. TCNQ (TTF') stack, the net result is the
loss of one nearest-neighbor Coulomb repulsion
within a stack, '

U, (QzQ, or FzF~), and the gain
of an onsite Coulomb repulsion between the two ex-
cess charges of the resulting di-ion, Uo'. (This
assumes that all interaction energies between each
electron of the di-ion and all singly charged mole-
cules remain unchanged. ) The difference in these
energies U=- Uy Up reduced by the presence of
nearby polarizable molecules, is important for
determining whether a specific organic salt is
metallic or a magnetic insulator. Therefore,
using our CNDO/2 charge distributions for TCNQ
and TTF" (Tables II and III) we have calculated
the onsite Coulomb repulsions, Up@ and Up~. This
was done assuming strong correlation of the
charges on the di-ion in order to reduce their
mutual Coulomb repulsion. Hence a Heitler- Lon-
don approach was used with molecular charges
divided into two halves as shown in Fig. 6. The
net Coulomb repulsion between each half was then
computed using EvJEN ~ This procedure probably
underestimates Up as delocalization of the charges
from the fully correlated state assumed would lead
to greater overlap and increase Coulomb repulsion.

Our CNDO/2 results a.re shown in Table VIII.
Almost identical (Uo —U, ) values were obtained us-
ing CNDO-SCF charge distributions. The most
important point is that Up= U, z and therefore Up+

Uyg 0 while Up@ Uy~ = 0.3 eV. In reality,
because Up+ and Up~ are underestimated Up —U, is
expected to be considerably larger for both the
TCNQ stacks and TTF' sta.cks. Up and U, would
then be reduced through the presence of neighbor-
ing polarizable molecules. Examining these bare
(Uo —U, ) values, it is evident that for the given in-
trachain intermolecular geometry of TTF-TCNQ,
the TCNQ chain would more likely have Up —U,
= 0. Thus charge-transfer salts of TTF' with othe r



EI.ECTBGSTATIC INT ERACT IGNS IN

The Madelung energy per (TTF'- TCNQ ) of
-2.35 eV in the full charge-transferred limit is
the largest electrostatic energy found so far for an
organic salt with segregated stacks of planar do-
nol's and planar acceptors, In contrast, E~ for the
segregated stack salt (N-methylphenazinium)'
TCNQ was reported by Metzger to be approxi-
mately zero, while organic salts with monoatomic
cations or anions, 40'3 and alternate donor-acceptor
stacks show much larger Madelung energies. For
all organic salts, however, E„is much smaller
than that of the simple inorganic salts' such as
Na'Cl (E„=—11.06 eV per molecule).

Gf fundamental importance is whether or not E~
is sufficient to stabilize charge tx"ansfer in the
given TTF-TCNQ crystal, and if not, what terms
contribute to the stabilization in addition to E .
For a given crystal structure, the crystal binding
energy E, is approximately given by

0 0 0
(Ba)

for neutral molecules and

E', = p(I-A)+ p E„+p E.,
+p E,.&+Ea+E.aw+EcaP P P (Bb)

for the charge-transferred case.
Here p is the fractional degree of charge trans-

fer with the superscript zero indicating no charge
transfer, E„~~ is the van der %'aals energy, Ec„
is the core repulsion energy, I is the gas-phase
ionization energy of the neutral donor, A is the
gas-phase electron affinity of the neutral acceptor,
E„ is the exchange energy which is included be-
cause the calculation for E„assumed disjoint
charges on each site and in reality there is elec-
tron wave-function overlap for molecules along
the chain, E„, is the polarization energy gained
through interaction with dipoles induced on neigh-
boring sites, and E~ is the energy gained through
delocalization of the hole or excess electron into
an energy band of finite width. Equation (Bb) is a
crude approximation used to show the general
functional dependence of E, with p. As formulated
Ill Eq. (Bb), Ec ls a 1111111IlluIn at eltl1e1' p = 0 01' 1
and at no value between (see below). For the
charge-transferred configuration to be stable the
free energy of the crystal I'', = E', —TS must satisfy
I"', & I", for some range of p. Assuming that the
degree of charge transfer is independent of tem-
perature (as may be inferred from the tempera-
ture dependence of the crystallographic measure-

anions which exhibit this TTF intrachain intermo-
lecular geometry are more likely to show Coulomb
effects than charge-transfer salts of TCNQ which
exhibit this TCNQ intraehain intermolecular ge-
ometry.

V. DISCUSSION

ments"), the condition for the formation of a
stable charge-transferred configuration reduces to

In simple inorganic salts, E„alone is sufficient
to stabilize charge transfer (I E„l &I- A). For
TTF, the gas-phase ionization energy is45 6. 81 eV
(6. 83 eV)' while the gas-phase electron affinity
of TCNQ is reported'~ to be 2. 8 eV. The differ-
ence (4.0 eV) is l. 7 eV larger than I E„I. Hence
E„alone is insIIjficienf to stabilize charge-trans-
fer in TTF- TCNQ. The remaining terms in Eq.
(Bb) are not explicitly known although rough esti-
mates can be made. The exchange energy E„is
expected to be much smaller than E~ and hence
insufficient to stabilize TTF-T~Q. (It was es-
timated48 it to be -0. 5 eV for the alternate donor-
acceptor systems. ) The exchange energy is zero
for zero charge transfer [Eq. (Ba)]. The energy
owing to delocalization of electrons (holes) in the
conduction band is of order one-quarter the band-
width or =0. 1 eV (see below) and is insufficient
to make E,' & E,.

The last two terms in Eq. (Bb) are similar to
those in Eq. (Ba). The core repulsion energy is
probably independent of charge transfer. Van der
%aals energies for neutral closed-shell molecular
materials ax'e of order 1.0 eV, as for example in
anthracene. 4 It is unlikely that E'„,„differs
greatly from E„~„although it may change as in the
charge-transferred configuration, we are then
dealing with open-shell molecules.

The remaining term in Eq. (Bb) (E„,) can, how-
ever, be sufficiently large and attractive to cause
a charge-transferred configuration to be the more
energetically favorable one. The energy required
for ionization of neutral TTF or neutral TCNQ
in a homomolecular solid I, differs from the gas-
phase ionization energy I~ by an amount P owing to
the energy gained in polarizing the neutral lattice
surrounding the remaining cation. ' Subtracting
the solid-state threshold ionization energies for
TTF and TCNQ of 5.0 and 7. 88 eV, respective-
ly, from their gas-phase ionization energies of
6.81, and 9.61 eV, " respectively, it is seen
that I'= 1.8, or E„,= —3.6 eV per "TTF-TCNQ"
molecule. A more conservative estimate of the
polarization energy than that obtained by the con-
ventional approach just outlined may be made by
subtracting the lonlzatlon energy fox' the centex' of
the peak corresponding to the highest occupied
molecular orbital in the solid phase, from that in
the gas phase. Using our values for the solid-
state ionization energy at the peak of 5.6 to 5.9
eV for TTF and 8. 53 eV' for TCNQ, P because
—1.2 to -0.8 eV for TTF and —1.1 eV for
TCNQ0. TherefOre, E„,= —2.0 eV per "TTF-
TCNQ" molecule. This is in agreement with pre-
vious estimates of an increase in the cohesive en-
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ergy per TCNQ molecule owing to pola, rization of
the lattice of -1 eV obtained using a small polaron
approa ch.

Although the functional dependence upon p is un-
certain, it is clear that E„,may be sufficiently
large to stabilize the charge-transferred config™
uration (E', & E,). For the charge-transferred
configuration, two effects may invalidate our es-
timate for E„,: (a) Polarization of the lattice
due to unlike charges on adjacent sites tends to
cancel. This may be offset by increased attrac-
tive energy owing to addition of polarization be-
cause of like charges on adjacent sites in the
chain. (b) The polarization energy associated with
a lattice of open-shell molecules may be consid-
erably different than that estimated from the lat-
tice formed of neutral closed-shell molecules.
Despite the uncertainties of our estimate, it is
clear that E„,can easily be the primary source
of the additional 1.'7 eV necessary to stabilize
cha, rge transfer in TTF-TCNQ.

The energetics of fractional charge transfer
in TTF-TCNQ have been examined especially
in terms of the p dependence of Ez. As we indi-
cated above, the exact p dependence of E y, E&„„,
and EPC„ is uncertain. Examination of the remain-
ing terms on the right-hand side of Eq. (Bb) shows
that though the p dependence of (f —A) is straight-
forward, the other energies require further re-
view. Thus while E„and E,„are indicated in Eq.
(8b) to vary a.s p, for the real material this is not

exactly true as the (normalized) charge distribu-
tion on both TTF+' and TTF ' mill depend on p
(e.g. , the charge distributions of TTF and TCNQO

are not uniformly zero on each atom). Es, the
energy per "TTF-TCNQ molecule" gained through
delocalization of electrons in a band of width W@

and holes into a band of width S& can be exactly
calculated as a function of p in a tight-binding band
theory limit

Es = —(l/v) ( W~+ Wo) sin~2 pm .

Though significant, E~ is insufficient to stabilize
charge transfer alone. Its trigonometric depen-
dence on. p may, however, help to stabilize a frac-
tional charge-transfer state as functional depen-
dencies of E,' on p other than linear or quadratic
are necessary to achieve stabilization of fractional
charge transf er.

Experimentally, x-ray bond lengths and photo-
emission ' ' indicate significant charge

transfer. In particular the observed splitting
of the N 1s core-level x-ray photoemission line of
- 1.4 eV had been assigned to the presence of
two types of TCNQ in. TTF-TCNQ, TCNQ and

TCNQ, implying incomplete charge transfer. %'e

have previously shown, ' using our CNDQ-SCF
charge distributions for TCNQ", TCNQo, TTF',
and TTFO that this splitting, as well as a split-
ting of o. 8 eV of the x-ray photoemission S 2p
line, could be accounted for by the difference in

Coulomb potential at the inequivalent nitrog n sites
and inequivalent sulfur sites in the crystal struc-
ture (see Fig. l). Examining the values listed for
&N and &S for different charge distributions, it is
clear that these core level splittings can be ac-
counted for by Coulomb potential differences a.l-
though an accurate estimate of the degree of
charge transfer cannot be made from the compar-
ison with the experimental splittings because of
the variations in &N and &S calculated. Detailed
examination of the convergence of the Coulomb
potential sums IEq. (l)] in real space using Ev&EN

indicates that the surface layer of molecules which
are probed by photoemission ' have different
Coulomb potentials than the bulk atoms.

The crystal-field-split core levels examined by
x-ray photoemission spectroscopy therefore need
not exhibit equal intensity. New ultraviolet photo-
emission experiments on multilayer TTF-TCNQ
of precisely defined compositions show greater
than 40~go charge transfer even at - 100 K; and re-
cent x-ray diffuse scattering data, ' suggest = 60%
charge transfer. These results are consistent
with Our analysis

The near-neighbor electrostatic interactions
found shorn that the energy gained through charge
delocalization onto the molecules is greatest for
near-neighbor interactions. Th";s energy gain
combined with a relatively low onsite Coulomb
repulsion for TCNQ, Uo+, implies that t.he sym-
metry of TCNQ with its electron-withdrawing
dicyanomethylene groups at either end of the quin-
oid ring may be very important in gaining the abil-
ity to form crystals with segregated stacks of
TCNQ .

vote aVVea ~m proof: Tmo other groups have now re-
ported similar numerical results for E,„of TTF'-
TCNQ: E~= —(2+0. 2) eV, and —2. 4'-E~
& —1.9 e7. The latter value was obtained using
the Ewald technique'7' o and both are in good agree-
ment with our result of E„=—(2. 35+ 0. 25) eV ob-
tained by the Evjen approach.
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