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Abstract: The Madelung energies EM of 15 charge-
transfer salts analogous to TIF TCNQ have been
calculated. In uniform as well as slightly dimerized
segregated—stack crystals three (HMTSF INAP, TMISF
TCNQ(black), TMITF TCNQ) have an unusual titled
structure with very poor counterion coordination and
anomalously low Ey values; two (TTF TCNQ, TSF TCNQ)
belong to a 'normal-I’ structure type, with sheets of
stacks of donors next to sheets of stacks of
acceptors; seven (HMITF TCNQ, HMISF TCNQ, HMITF
TCNQF4, HMISF TCNQF4, DBTSF TCNQF,, DBTIF TCNQF4, TTF
TCNQFZ) have a ‘normal-II’ motif, with a checkerboard
alternation of donor and acceptor stacks; the E

values for normal-I structures are slightly lower than
those for normal-II structures. Finally, three (DBTTF
TCNQF,, DBTTF TCNQ, TMTSF TCNQ(red)) have mixed-stack
structures, with the highest Madelung energies.

INTRODUCTION

The strong organic one—electron n—acceptor 7,7,8,8~
tetracyanoquinodimethan (TCNQ) was synthesized by du Pont
chemists in 1960:1'2 the very interesting chemistry of
organic donor-acceptor salts attracted considerable early

attention:3_6 the quasi—metallic anisotropic electrical
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conductivity of N-methylphenazinium TCNQ has been known
since 1965.7 However, it was the synthesis of the good
organic one—electron n—donor tetrathiafulvalene (TTF) in
19708 and the quasi-one-dimensional metal TTF TN 13

which ushered in a lively era of interactions between
physicists (interested in low-dimensional electrical
conductivity and superconductivity) and chemists

(interested in synthesis and in correlations of structure
with physical properties). An intensive synthetic program
at Johns Hopkins University has prepared a great number of
chemical variations of TTF and TCNQ and their complexesl4_16
(see Fig. 1) with a consequent wide spectrum of structural

and conductivity properties.

REVIEW OF THE COHESIVE ENERGY PROBLEM

17-27 the theoretical

Despite considerable effort,
understanding of the cohesion of these ionic, neutral, and
partially ionic donor—acceptor crystals has lagged behind
their synthesis. Slowly, experimental cohesive energy data
are becoming available.zs_so Given a chemically narrow
range of electron donors (D) and acceptors (A) (see Table
I) one does obtain several crystal lattice stacking modes
and degrees of ionization (Mulliken charge transfer p). 1In

6 of these possible

fact, to update Soos’' nomenclature
lattices, we present a modest extension of his nomenclature
in Table II.

The experimental cohesive energies indicate that MSRN,
MSRI, and SSRP lattices, such as anthracene TCNQ, TMPD
TCNQ, and TTF TCNQ, respectively, are thermodynamically

stable to the same extent, relative to their solid or

gaseous neutral constituents D, A.28'29 Therefore the
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FIGURE 1. Homologs of TTF and TCNQ.
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choice of mixed stacks versus segregated stacks is probably

made by a subtle jinterplay between the cost of ionizing

some or all of the D,A, (ionization potential ID. electron
efficiency AA) and the consequent increase in cohesive
energy (Madelung, polarizatiom, charge—transfer dependent
dispersion energies).

17,18 concentrated mainly on the

The early studies
Madelung energy EM' However, the partially iomnic lattice
(0 ¢ p ¢ 1), which is the common feature of all the known
good organic conductor and superconductors, cannot be
stabilized if only p(ID"AA)+P2EM is considered for lattices
with uniform change transfer p. One can obtain shallow
cohesive energy minima20 at intermediate charge transfer,
if one computes EM for the several possible Wigner lattices
that are close in EM; these Wigner lattices can minimize
short-range Coulomb repulsion along the segregated stacks,
but then dynamic charge correlations must be invoked to
*'detune’' these ''frozen'' Wigner lattices and regain the
experimental average 1attice.20 Other st:udiesn_27
established the importance of the charge-transfer—
independent London dispersion (Ed) and repulsion (Er)
energies in the calculation of absolute cohesive
energies.21—27 Some efforts to evaluate polarization and

charge—transfer—dependent dispersion energies45

were
hampered by inadequate CNDO/2-FP atom—in molecule
polarizabilities.46 A satisfactory CNDO/2-FPP
polarizability algorithm has been developed47’48 but it is

too siow for molecules of the size of TIF or TCNQ.

A. N. BLOCH'S THEORY

A comprehensive theory has been developed (but, alas not
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yet published in full) by A. N, Bloch.49-51 He showed that
the cohesive energy of a metallic molecular crystal (=
energy of the crystal relative to that of its neutral
gaseous components) can be written as:

AE = [p(Ip - Ay) + Ey(p)] + (p(p-1)T}
+ (B, - EI:) + ';}E& + o(t) )

Here Ey (p) is written as the power series -M,-pM; —%pzMz,
with coefficients determined by calculations of Ey at p =
0, 1, and 2 (no Wigner lattices!). pEé is the charge-
transfer dependent dispersion energy; ©(t) is the
difference between two small quantities: the zero—point
energy of the plasmons and the one-electron tight-binding
energy. The term in square brackets in Eq. (1) is what was
considered previously:”'18 the underlined terms are
estimated by Bloch from optical data. The truly new and
significant term is the term enclosed in braces: it can
stabilize the partially ionic state. U is the average
value of the unscreened Hubbard on-site repulsion U; U can
be estimated from

U= [(1, - Ip) + (Ay -~ 45)1/2 (2)
where 12, A2 are the second ionization potential and
electron affinity, respectively. Brief discussions of Eq.
(1) can be found in Refs. 45 and 51. The experimental
ingredients for calculations of AE are values of ID, AA,
Iy, Az. and optical data necessary for the calculation of
Ed’ Er’ and Eé: the computational data are EM values at p =
0, 1, and 2. In unpublished tesultsSI'52 Bloch has shown
that Eq. (1) predicts a charge transfer p = 0,63 for TIF
TCNQ (0.59 is observed) and AE = -2,2 eV (-2.3 eV is
observed).28 The present report is a summary of Madelung
energy calculations started by two of us (FMW and RMM) in
1979 on the Johns Hopkins TTF TCNQ homologs. Ideally such
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calculations would follow, or be combined with, the full
presentation of the derivation of Eq. (1). In eager
anticipation of the publication of A, N. Bloch's theory in
its full form, we report here our EM findings sofar, and
discuss the structural reasons for the trends in the

calculated Madelung energies.

CALCULATIONS

For the 15 crystals listed in Table III the atom—in—molecule
(partial point) charge distributions (= core charge minus
Mulliken gross atomic populations) were determined by
INDO76 (by cND0/276 for S and Se?! - containing molecules)
using program CNINDO?8 and the molecular geometry obtained
in each crystal structure; this was done separately for the
neutral molecules (p = 0), the radical anions and cations
(p = 1), and the dianions and dications (p = 2). The
energies which are quoted to +0.001 eV in Table III were
obtained with programs CELMAP79 and EWALD79 (using the two—
series Ewa1d80 method; convergence to 10"6 eV). For HMITF
TCNQ and for HMITF TCNQF4 (p = 1) the Ey values were
calculated by the IBM group by the Ewald method.59'61 For
the rest, the single-series Bertaut81 method was used; the
Bertaut series energies were found to agree with the Ewald
series energies to within +0,01 eV,

The 15 TTF TCNQ homologs listed in Table III range from
segregated—stack to mixed-stack salts, and from metals to
poor semiconductors. If one looks carefully at their
crystal structures, four distinct types of stacking can be
identified (Fig. 2). The MSRP lattice type shows how
organic Mulliken charge—transfer salts mimic the NaCl

lattice: a sheet of D and A molecules (with partial charge



123

MADELUNG ENERGIES OF HETEROFULVALENE TCNQ SALTS

G/ .wmm.} vl .wwm> sar3aadoad Teorsdyd 13yjo pue LITATIONPUOD DTTTEIDW JO HOBT 9Yj WOIj vuﬁswm<n
€L "3, TL "3 TL I, 0L°69 TSIV, 89 TINy L9 "IN, Ty "IN, 99 "IN, 9 "IN, v9 I
€9 3N 79 "IN, T9 "IN, 09 "INg 65 "IN 8G "IN, LG "IN, 9¢ "IN, G "IN ySUES "SI,
T18°CT-  6L0°€- 780°0- ou N A 910" 1 1d oTiSK P31 DNOIL 4ASIHL
8y°ZI~  ,L6°C- - ou AL L00°T 14 L TISH ONDI d11dd
(7711 6972~ - ou w90 LE0°T 1d uISH Z4DNOI 41144
9€ "6~ §9°2- - ou n00°T §90°1 d aAszHN<mm Z4ONDL 4LL
6£°0T-  6L°C- - ou f00°T L70°1 1d x@zﬁmﬁw #4DNOL 4114
(8T 0T~ §9°C- - ou 0071 Tv0°T w/zd AL ¥ADNOL d4SL4d
TSL°0T~- %E8°C- sev o ou a00°T 180°1 w/eo L (EN)TESS #40ND1 ASINH
0£6°0T- 0972~ - ou n00°T 790°1 euug ﬂ.ﬂazvzmm ¥40NOL ALINH
M6 6~  g6L5°T- 98070 sak J70°0 00T°T  W/Z0  4(ZN)Juss ONDL ASIWH
18T°0T- 42972~ - sa4 §CL0 0£0°1T  Bumg  (ZN)JUSS ONOI 4LIWH
SST'8-  S0T°T- C10°0 s24 4£9°0 01T 9/'zd o (TN) J¥ss ONDL 4S1
wlTV'8—  LLE€°ZT-  L€20°0-  sek 650 2601 3/'za p (TN 24SsS ONDI 411
£69°0 L0970~ 110 sak q87°0 v0'T  9/zd > (V) dSs ONDL dLINL
998°0 ?0€ "0~ 01T°0 sa4 gls o £50°1 Id qfV) 4SS A°FTQ ONDL 4SIWL
T69°1 L0z-0- 89170 sa4 - - 1d 2 (V) J¥SS dVNL ASIWH
70 1=0 0=0 “i1e!asW %9 y¥i‘ofsey dnoid 3d4T Teaska)

(a1ed Yy(Q/A9) J1uedag £310TUOT Sutnoeq aoedg ERY & 31:41

Ry say8asuy BuniapeR

sgoTowoly BHNOL-411 GT 103 sarfisug Bun{apey pue ejeq 33BIS-PIIOS

I11 914Vl

€T0¢ Areniged 0z 82'€T e [o1pey pue sweisAS [04u0D Jo AisleAlun amels Yswo 1 ] Aq papeojumoq



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:28 20 February 2013

124 F. M. WIYGUL, R. M. METZGER AND T. J. KISTENMACHER
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FIGURE 2. Stacking possibilities among the
heterofulvalene TCNQ salts
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transfer p) is superposed by a sheet of A and D molecules,
respectively, to provide a very distorted octahedron of
counterions around each ion, This arrangement yields,
relatively, the largest Madelung energies. The segregated
simple lattices exhibit three different packing geometries,
as observed in the plane normal to the stacking axis: (i)
they attain a rough four-fold in—plane coordination of
attractive counterions, around each ion (the Normal-II (N2)
structure, e.g. HMISF TCNQ) or (ii) they show two repulsive
(D-D) and two attractive (D—A) ions around each D (the
Normal—-I (N1) structure, e.g. TTF-TCNQ) or (iii) the N2
structure is modified by twisting the molecules around
their centers of symmetry (the Anomalous (A) structure,
e.g. TMITF TCNQ). The Madelung energies reported in

Table III are plotted as a function of p in Fig. 3.

The three SSRP(A) salts (HMISF TNAP, the black form of
TMISF TCNQ, and TMITF TCNQ) are all organic metals, and the
Madelung energies contribute the least binding. In fact,
for p = 2 the SSRP(A) structure has a repulsive Ey. This

81 83
Ey

calculated for NMP TCNQ, a situation relieved only when

result is reminiscent of the zero or positive

Wigner lattices are considered, or charge distributions are

seriously altered.84

As counterion coordination increases, i.e. as one goes from

SSRP(A) to SSRP(N1) to SSRP(N2) to SSAzI(NZ) to MSRP
lattices, the EM values at p = 1, 2 increase gradually, as
expected (Fig. 3). At p = 0 the Ey values are not all
strictly zero: this effect was neglected in Fig. 3.

The Ey values at p = 1,2 show more '‘one-
dimensionality’'’ (lack of Coulomb attraction) for the N1

structures than for the N2 structures. No significant Ey
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trends are seen when one passes from regular to alternating
N2 structures, i.e. from SSRP(N2) to SSA,P(N2) salts.
Finally, TMISF TCNQ is dimorphic: the red crystals have a
potentially high Ey» but are insulators with low charge
transfer, whereas the black crystals have low EM' higher
Pexp’ and are excellent organic metals.
The experimental ionicities p given in Table II were
obtained by a variety of indirect techniques.

The experimental packing ratios reported here are
defined as PR = [V (D) + V_(A)I/V (DA): their use was

85

pioneered by Kitaogorodosky”  and first applied extensively

to organic metals by Sandman.32'86 The trends of the PR
values are not dramatic, but the approximate ordering is
SSRP(N1) > SSRP(N2) > SSRI(Nz) > SSA2 > SSRP(A) > MSRP:
this indicates that in organic metals ’'’'denser’’ lattices
are possible, despite decreasing Madelung energies. Put in
another way, the PR and Ey values indicate again that the
TTF-TCNQ homologs, upon crystallization, maximize a lattice
energy other than just EM' Thus, the final full
publication of Bloch’'s theory is eagerly awaited.
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