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The twinned crystal structure of the charge-transfer complex TTF-2,5-TCNQF2 has been deter-
mined by single-crystal X-ray diffraction techniques. From intensity measurements on one twin
component, a full structural model has been developed. The model encompasses segregated
stacks of TTF donors and 2,5-TCNQF2 acceptors, with each chain exhibiting significant dimeri-
zation. The alternate interplanar spacings in the TTF stack are 3.34A and 3.60A, while those in
the 2,5-TCNQF?2 stack are 3.23A and 3.55A. Nearly eclipsed molecular overlap patterns are
found within each of the dimerized pairs. The Madelung energy of TTF-2,5-TCNQF2 has been
calculated at —2.65 eV per donor/acceptor pair for full charge transfer, utilizing partial atomic
charges obtained from CNDO/INDO molecular orbital calculations. Full charge transfer is con-
sidered appropriate for this complex based primarily on the observed component molecular
geometries. The dimerized structural motif observed at room temperature for the TTF-2,5-
TCNQF?2 system may reflect a phase transition at a higher temperature, owing to either an elec-
tronic- or a spin-Peierls instability. Diffraction data to temperatures on the order of 390 K do not
indicate a solid-state phase transformation before crystal decomposition.

INTRODUCTION

A large number of derivatives of the electron donor tetrathiafulvalene,? TTF,
and the electron acceptor 7,7,8,8-tetracyano-p-quinodimethane,3 TCNQ,
have been synthesized in the past few years and some of these are illustrated in

295
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Figure 1. These efforts have produced new organic charge-transfer complexes
with enhanced metallic conductivities, new ranges for phase transformations,
and a variety of crystalline motifs. Examples of new electron donors based on
TTF are: DBTTF.,* the dibenzo derivative; TMTSF,’ the tetramethyltetrasel-
ena analog; and HMTSF.® the hexamethylenetetraselena derivative (see Fig-
ure 1). Concurrently, new acceptors which are fluoro-derivatives of TCNQ
have been prepared: monoﬂuoro-TCNQ,3 *’TCNQF; 2,5-dif|uoro—'1"CNQ,“”8
2,5-TCNQF2; and perfluoro-TCNQ,’ “® TCNQF4 (Figure 1). Some of the
well-characterized complexes derived from these donors and acceptors are:
TTF-TCNQ;'° DBTTF-TCNQ;'' DBTTF-TCNQF4;'? HMTSF-TCNQ;"
HMTSF-TCNQF4;' and two forms of TMTSF-TCNQ."*™*¢

The diversity of physical properties exhibited by these complexes is more
fully understood by critical analysis of their crystalline structures. For exam-
ple, TTF-TCNQ, a conductor, crystallizes in a uniform segregated stack motif
that accommodates extensive m-orbital overlap along donor and acceptor
chains.'® However, the complex DBTTF-TCNQF4 is an insulator and crystal-
lizes in a non-uniform segregated stack array that contains strong dimer inter-
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FIGURE 1 Molecular topology and nomenclature for various heterofulvalene donors (with
IP’s) and tetracyano-p-quinodimethane acceptors (with EA’s).
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actions in both donor and acceptor stacks.'? The structural and physical con-
trasts evident in these two complexes are based, to a large measure, on the
degree of charge transfer realized. The charge transfer of TTF-TCNQ has
been experimentally determined to be 0.59 e, 17 while that of DBTTF-
TCNQF4 from a variety of data seems to be near unity.'*'® A theory by Bloch "’
maintains that the degree of charge transfer of such organic donor/acceptor
complexes is indeed governed by chemical potentials similar to the ionization
potential (IP) of the donor and the electron affinity (EA) of the acceptor. An
example of the changes in donor IP and acceptor EA which come about upon
c}19e3121()ca;} modification is given by the range for derivatives presented in Figure
1 91220-

An interesting example of the role that the (IP-EA) difference plays in de-
termining the degree of charge transfer and the resulting physical properties is
to be found in the complexes HMTSF-TCNQ and HMTSF-TCNQF4. The
former complex shows partial charge transfer,'” 0.74 ¢, has a uniform segre-
gated stack motif,'*® and is electrically conducting to very low tempera-
tures.””® In comparison, HMTSF-TCNQF4 is isostructural with HMTSF-
TCNQ, but fully charge transferred, and is electrically insulating.'*'®

Alternatively, crystalline motifs other than the segregated stacks array are
known for these complexes. Notable amongst these motifs is the alternating
donor/acceptor chain (or “mixed” stack) exhibited by DBTTF-TCNQ'' and
the insulating form of TMTSF-TCNQ." A second polymorph of TMTSF-
TCNQis conducting“"b and has a structure'®® similar to that of TTF-TCNQ.

In this general context, the title compound, TTF-2,5-TCNQF2, is an insula-
tor’®*? and is shown here to crystallize in a dimerized segregated stack ar-
rangement much in the same manner as DBTTF-TCNQF4.'? In addition, the
constituent molecular geometries for the TTF donor and the 2,5-TCNQF2ac-
ceptor are suggestive of unit charge transfer. As such, the structure is largely
ionic and we have calculated the electrostatic contribution to the crystal cohe-
sion energy. Finally, it is suggested that the room-temperature structure is
likely the low temperature phase of a system susceptible to a Peierls instabil-
ity,? although high-temperature diffraction data presented here have not in-
dicated a phase transition before crystal decomposition.

EXPERIMENTAL

Equimolar amounts of TTF and 2,5-TCNQF?2 were combined in hot acetoni-
trile, giving a dilute solution that, upon cooling, yielded dark-green, acicular
crystals of TTF-2,5-TCNQF2. Because of the small cross-sectional area and
the extensive twinning of most crystals, selection of specimens for X-ray exam-
ination was quite difficult. Preliminary X-ray photographic data (oscillation/
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Weissenberg method) showed that most cyrstals were of good quality, and
that all were twinned and contained nearly equal volumes of each of the twin
components. In addition, the scattered beams along the hkO0 reciprocal lattice
vectors were coincident, and scattering from planes with odd /index was quite
weak. This latter observation indicated a possible subcell structure (¢’ = ¢/2)
identical in projection to the supercell structure of twice the volume. The crys-
tal density was measured by the neutral buoyancy method in a mixture of car-
bon tetrachloride and bromoform. The measured density allowed the pres-
ence of two formula units per triclinic supercell; therefore, no special
symmetry conditions were required for either the TTF or the 2,5-TCNQF2
molecules. In the subcell (also triclinic), each of the molecular components is
crystallographically-required to possess 1(C;) molecular symmetry.

The crystal employed for the room temperature data collection has the fol-
lowing crystal faces (indexed in the prominent twin lattice system) and mean
interfacial distances: (100)~(100), 0.09 mm; (010)~(010), 0.04 mm; (001)-(001),
0.26 mm. The c* axis was aligned approximately along the d> axis of a Syntex
P1 automated diffractometer. For this specimen, the ratio® of the scattered
beams from the twin components was 1.41(4); intensities from the superim-
posed hk0 vectors were consequently reduced accordingly. The transforma-
tion matrix relating the orientation of the minor twin component (M) to the
dominant one (D) was found to be:

a -1 0 —-024 a
b= 0 -1 —0.59 bl
[of B 0 0 l (o Y

Precise cell dimensions were obtained from a least-squares fit to the setting
angles of 15 carefully-centered reflections and are given along with other
primary crystal data in Table I.

TABLE 1
Crystal data for TTF-2,5-TCNQF2.

a = 8.761(2)A C6H454 . C12N4H2Fz
b = 14.447(4)A MW = 444,53
c =7.082(HA zZ=2
a = 98.26(2)° Dmensa = 1.68(1) g cm™
B = 95.46(2)° Dested = 1.672 g cm™
= 87.94(2)° #(AMoka = 0.71069A) = 5.56 cm™'

V = 882.8(4)A° Space group: P1
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Intensity measurements were made employing graphite-monochromatized
Mo Ka radiation and, except for the hkO zone, all reciprocal lattice vectors
surveyed were those of the dominant twin component. The 6144 reflections in
the full sphere to 260 = 50° were measured on the diffractometer, utilizing the
6-260 scan mode. A constant scan rate (26) of 1.5° min~' was maintained for
each of the diffraction profiles. After every 100 reflections, three standard re-
flections were monitored, whose intensities showed no unusual variation
throughout the course of the experiment. The measured intensities and their
standard deviations were corrected for Lorentz, polarization and absorption
effects (maximum and minimum transmission factors of 0.98 and 0.94, respec-
tively). A symmetry-averaged set®® of 2723 reflections of non-zero intensity
formed the basis of the structural solution and refinement. An approximate
scale factor was derived by the method of Wilson.?

Because of the very weak intensities of odd / index reflections, a reduced set
of data (1423 reflections) with // = I/2 = n was collated from the larger set
and used as a basis for the derivation of a subcell model. A Patterson synthesis
indicated the positions of the S atoms of the TTF molecule and the orientation
of donor and acceptor planes (both located about centers of inversion in the
subcell). The positional parameters of the remaining nonhydrogen atoms
were derived from Fourier and difference-Fourier methods. At an interme-
diate stage, the positions of the H atoms were obtained and later refined along
with their isotropic thermal parameters. Full-matrix least squares refinement
(all nonhydrogen atoms treated anisotropically) resulted in a final R value? of
0.086 for the subcell data.

The complete supercell model was derived by first transforming the subcell
positional parameters by means of the following relationship: (x, y, z) = (x’,
y', 174 + 2'/2). Small perturbations were placed on these “idealized” posi-
tions according to difference-Fourier syntheses until a minimum in the R fac-
tor was obtained (0.18). Subsequent refinement using fixed, isotropic H atoms
and anisotropic nonhydrogen atoms yielded final R values of 0.13 for the full
supercell data set and 0.072 for the data with Fo > 30(Fo). The final weighted
R value® and goodness-of-fit indicator? were 0.051 and 1.20, respectively. A
final difference-Fourier synthesis gave maximum residual peaks of +0.8 ¢/A>,

Neutral scattering factors for the nonhydrogen atoms™and the H atoms’®
were taken from common sources. The scattering curves for the nonhydrogen
atoms were corrected for anomalous dispersion effects.*' Final atomic posi-
tional parameters for the nonhydrogen atoms of the supercell model are given
in Table I1. Tables of anisotropic thermal parameters, the hydrogen atom pa-
rameters, and a list of observed and calculated factor structure amplitudes
have been deposited for referral.*? The crystallographic calculations were car-
ried out with a standard set of computer programs.*?
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TABLE 11

Fractional coordinates for the nonhydrogen atoms of TTF-2,5-TCNQF2 (X10%). Estimated
standard deviations in the least-significant figure are given in parentheses.

Atom X y z .~ Atom x ¥y z

(1) 9978(2)  1575(1) 3420(3) C(4)  S647(T)  4096(4)  1621(9)
S 9793(2)  8561(1)  1864(3)  C(14)  446%(8) 5767(4)  3017(10)
S(2) 74142)  315(1)  2904(3)  C(5)  3516(7)  S042(4)  2629(9)
S(12)  2300(2) 9848(1) 2361(3)  C(15) 6608(8)  4804(5)  2042(11)
C(1)  8I1BN(9)  2067(5) 3700(11) C(6)  4058(7)  4136(4)  1870(9)
C(11)  1584(8)  8101(5) 1468(10) C(16) 6060(7)  S5721(4)  2785(9)
C(2)  7028(9) 1497(5) 3453(11) C(7)  3059(7)  3373(4)  1413(10)
C(12)  2728(8) 8698(S)  1672(10) C(17)  7042(7)  6492(d)  3158(9)
C(3)  9339(7)  445(4) 286L1(9)  C(8)  3555(8) 2420(5)  92I(1l)
C(13)  365(7) 9698(S) 2390(10) C(18) 6551(7) 7420(5)  3808(10)
N(1)  3909(7)  1654(4)  495(10) C(9)  1477(8)  3495(4)  1656(11)
N(11)  6246(7)  8183(4) 4303(10) C(19) 8668(9)  6365(4)  3086(11)
NQ) 190(7)  3588(4)  1816(10) F(1)  6225(4) 3253(2)  880(6)
N(12)  9957(7)  6280(5) 3005(11) F(11) 3883(4) 6620(3) 3739(7)

Lastly, as it was suspected (vide supra) that a phase transformation might be
attainable at elevated temperatures, several crystals of good quality were
slowly heated in a stream of hot helium. The temperature was measured from
a thermocouple wire placed in the He stream just behind the crystal specimen.
The thermal expansion tensors of TTF-2,5-TCNQF2 were calculated* at 20°
intervals using the measured unit-cell dimensions obtained from the setting
angles of 8 supercell reflections. The thermal expansion was reversible to about
390 K, where crystal decomposition commenced.

RESULTS AND DISCUSSION

The general features of the crystal structure of TTF-2,5-TCNQF2 are pre-
sented in Figure 2. Emphasis is given to the most striking aspect of the struc-
ture, namely the presence of a strong dimerization component in both the
donor and acceptor columns, in Figure 3. The dimeric design of both segre-
gated stacks in TTF-2,5-TCNQF2 is uncommon to most organic charge-
transfer complexes, but also appears in the room-temperature structure of the
DBTTF-TCNQF4 complex."?

In the donor stack, a strong degree of dimerization is indicated by the large
difference (0.26A) in alternate mean stacking distances of molecular planes.
The short intradimer distance of 3.34A between nearly-eclipsed TTF mole-
cules, Figure 4A, is comparable to the 3.35A distance of eclipsed DBTTF dim-
ers in DBTTF-TCNQF4 and equal to the 3.34A distance of the eclipsed and
somewhat isolated dimers in the structure of TTF-Br.* As a result, two short
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FIGURE 2 Two projection views of the crystal structure of TTF-2,5-TCNQF2. Top: The (001)
projection. Bottom: The (100) projection. The labeled atoms have their coordinates as given in
Table I1.
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FIGURE 3 Thedimerized donorand acceptor stacks as viewed along the TTF plane. Distances
indicated are mean separations between molecular planes.
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FIGURE 4 Molecularoverlap patterns within the donor and acceptor stacks for: (A) the dimer
interaction in the TTF stack; (B) the monomer interaction in the TTF stack; (C) the dimer interac-
tion in the 2,5-TCNQF2 stack; (D) the monomer interaction in the 2,5-TCNQF2 stack.

intradimer S+++S contacts [S(1)+--S(11; —x, —y, 1 — z) at 3.36A and
S(2)+++8(12; —x, —y, 1 — z) at 3.38A] are found at distances substantially
shorter (0.32A-0.34A) than the sum of van der Waals radii.’® In a further
comparison to the donor stacks in the crystal structure of DBTTF-TCNQF4,
the molecular plane of the TTF donor is bowed away from the other dimer
component, Figure 3. The close proximity of these dimerized TTF donors
suggests extensive m-orbital overlap and perhaps a large degree of charge
transfer. The monomer interaction (mean interplanar separation = 3.60A)
between dimeric pairs contains only weak contacts between S atoms at 3.73A
[S(1)+--S(11; —x,—y,—2z)and S(2)+ - S(12; —x, —y, —2z)] or greater. This ar-
rangement parallels that in the structure of DBTTF-TCNQF4, where S+« +S
contacts are found at 3.68A and greater and the interdimer overlap is a ring-
over-bond pattern as found here in the TTF columns, Figure 4B.
Dimerization is also observed in the 2,5-TCNQF2 acceptor stacks, whose
center is related to that of the donor stack by the translationa/2 + b/2 + ¢/2.
Qualitatively, as in the structure of DBTTF-TCNQF4, dimer pairs in the ac-
ceptor column abut monomer pairs in the donor column and vice versa, Fig-
ure 3. The stacking distance of the 2,5-TCNQF?2 acceptors in the dimer mode
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at 3.23A is comparable to the separation between acceptor planes in HMTSF-
TCNQF4(3.24A, in a ring-over-bond uniform stack),' but farther apart than
the TCNQ acceptors in TTF-TCNQ (3.17A, in a ring-over-bond pattern)*’ or
the TCNQF4 molecules in DBTTF-TCNQF4 (3.18A, in an eclipsed dimeric
pairing).'” The 2,5-TCNQF2 dimers do not contain the nearly direct molec-
ular overlap that is observed in the TTF dimers, but the degree of m-orbital
overlap, Figure 4C, is much more intense than that observed in neutral 2,5-
TCNQF2? and perhaps, as for the TTF stack, indicative of high charge
transfer. Several contacts in the 2,5-TCNQF2 dimer interaction occur in the
range 3.26A [as for C(7)+--C(17; 1 — x, 1 — y, —z)] and 3.38A [as for
C(9)---C(19; 1 — x, 1 — y, —2z)]. No close contacts between atoms in the 2,5-
TCNQF2 monomer interaction are observed, Figure 4D. Despite a similar
overlap to that in the 2,5-TCNQF2 dimer interaction, the monomer interac-
tion is weaker (3.55A separation), and one may assume that the interdimer
cohesive forces are primarily dispersive in character.

Two types of prominent interchain interactions are observed in the TTF-
2,5-TCNQF2 structure and all appear at or near the sum of their respective
van der Waals radii. The first type involves the commonly found interaction®®
between a S atom of TTF and the N atom of one of the cyano groups of 2,5-
TCNQF2: S(1)++-N(2; 1x, y, z) = 3.29A. The second type of interaction oc-
curs between the hydrogen atoms of the TTF donor and the electronegative N
or F atoms of the 2,5-TCNQF2 acceptor; the shortest amongst these are:
H(1)---F(11; —x, 1 —y, 1 —z) = 2.47A and H(2):--N(11; —x, —y, —z)
= 2.60A; H(1)---F(l; 1 —x, —y, —z) = 2.48A and H(12)---N(l; —x,
11—y 1 —2z)=256A.

Intramolecular bond lengths for the TTF donor and the 2,5-TCNQF2 ac-
ceptor are given in Figure 5. Intramolecular bond angles are collected in
Table III. The interior C—S bond lengths of the TTF donor range from
1.707(7)A to 1.727(7)A and the exterior C—S distances vary from 1.702(7)A
to 1.725(8)A. The average interior and exterior C—S bond lengths of 1.716A
and 1.714A, respectively, compare closely to those found in TTF'C10;
(1.713A and 1.725A).% Similarly, the central C=C double bond length (con-
sidered® to be sensitive to the degree of charge transfer) as found here at
1.403(9)A compares well with the bond lengths observed in high charge-
transfer complexes and salts containing heterofulvalene donors: TTF'C103,
1.40(1)A;*® TTF'HgCl3, 1.40(1)A;* DBTTF-TCNQF4, 1.393(6)A."2 The rela-
tive planarity of the TTF donor is shown by the deviations of individual atoms
from their mean planes, given in Table IV. The interior fulvalene plane is
markedly more planar than the entire molecular plane and reflects the boat-
shape of the donor alluded to above.

The molecular geometry of the 2,5-TCNQF2 acceptor is shown in Figure 5
and its planarity is assessed in Table IV. The 2,5-difluoroquininoid plane is
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FIGURE 5 Intramolecularbond tengthsfor the TTF donor (top)and the 2,5-TCNQF2 accep-
tor (bottom).

appreciably more planar than the complete molecular frame, but systematic
bowing as in the TTF donor is not observed. The C—F bond lengths,
1.356(7)A and 1.366(8)A are similar to those in neutral 2,5-TCNQF2
(1.339(2)A),* neutral TCNQF4 (C—Fave = 1.337A)° and the TCNQF4 ac-
ceptors in DBTTF-TCNQF4'2 and HMTSF-TCNQF4 (1.347A and 1.349A,
respectively). Like the TTF donor, the 2,5-TCNQF2 acceptor geometry is
suggestive of unit charge transfer. For example, a significant shift from a quin-
inoid structure to a benzenoid structure for the acceptor TCNQ with increas-
ing charge transfer has been considered in theory* and observed in experi-
ment."'** A similar shift could be expected for derivatives of TCNQ. In fact,
the C—C single and C=C double bonds of the 2,5-difluoroquininoid nucleus
follow the observed trend for TCNQ. Comparing the 2,5-TCNQF2 acceptor
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TABLE III

Final nonhydrogen atom bond angles (deg)

A. TTF cation
S(1)—C(3)—S8(2) 115.7(4)* S(11H)—C(13)—S8(12) 114.8(4)
S(1)—C(3)—C(13) 120.7(5) S(11)—C(13)—C(3) 122.5(5)
S$(2)—C(3)—C(13) 123.6(5) S(12)—C(13)—C(3) 122.6(5)
C(1)—S(1)—C(3) 94.7(3) C(11)—S(11)—C(13) 95.3(3)
C(2)—S(2)—C(3) 94.4(3) C(12)—S8(12)—C(13) 95.4(3)
S(1)—C(1)—C(2) 117.1(6) S(11)—C(11)—C(12) 117.1(6)
S$(2)—C(2)—C(1) 118.0(6) S(12)—C(12)—C(11) 117.3(6)
B. 2,5-TCNQF?2 anion
F(1)—C(4)—C(6) 116.2(5) F(11)—C(14)—C(16) 116.4(5)
F(1)—C(4)—C(15) 117.6(6) F(11)—C(14)—C(5) 118.2(6)
C(6)—C(4)—C(15) 126.1(6) C(16)—C(14)—C(5) 125.4(6)
C(6)—C(5)—C(14) 120.8(6) C(16)—C(15)—C(4) 120.4(6)
C(4)—C(6)—C(5) 113.5(6) C(14)—C(16)—C(15) 113.7(6)
C(4)—C(6)—C(7) 125.1(6) C(14)—C(16)—C(17) 124.8(6)
C(5)—C(6)—C(7) 121.3(6) C(15)—C(16)—C(17) 121.4(6)
C(6)—C(7)—C(8) 124.3(6) C(16)—C(17)—C(18) 123.9(6)
C(6)—C(7)—C(9) 120.6(6) C(16)—C(17)—C(19) 121.0(6)
C(8)—C(1)—C(9) 114.6(6) C(18)—C(17)—C(19) 114.8(6)
C(7)—C(8)—N(1) 177.9(8) C(17)—C(18)—N(11) 175.6(7)
C(7)—C(9)—N(2) 178.7(8) C(17)—C(19)—N(12) 178.5(8)

* Estimated standard deviations are enclosed in parentheses.

to the neutral molecule, one finds the C—C single bonds, on the average, con-
tracted (1.425A vs 1.441A) and the C=C double bonds expanded (1.413A vs
1.376A, for the exterior C=C double bond; 1.338A vs 1.328A, for the interior
C=C double bond). The bond lengths of the sensitive exterior quininoid C=
C double bonds (C(6)-C(7) and C(16)-C(17) in Figure 5) are similar to related
bond lengths in the TCNQF4 acceptors for the unit charge-transfer complexes
of HMTSF-TCNQF4 and DBTTF-TCNQF4 (1.405A and 1.412A, respec-
tively). Thus, both the donor TTF and the acceptor 2,5-TCNQF2 geometries
are suggestive of unit charge transfer for the TTF-2,5-TCNQF2 complex.
As such, the structure of TTF-2,5-TCNQF2 can be considered to be highly
ionic in character and an assessment of the electrostatic contribution to the
crystal cohesion (the Madelung energy) is of interest. For the purposes of this
calculation, partial atomic charges“ for the TTF' cation and the 2,5-
TCNQF2 anion were computed employing the CNDO approximation for the
TTF" cation and the INDO approximation for the 2,5-TCNQF2" anion and
are presented in Figure 6. Utilizing these partial atomic charges, we obtain a
value for the Madelung energy* of TTF-2,5-TCNQF2 which is—2.65eV/do-
nor-acceptor pair. This value is comparable to that calculated for the dimer-
ized stack motif of DBTTF-TCNQF4 (—2.79 ¢V)'?and somewhat larger than
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TABLE IV

Least-squares planes and deviations (A) of individual atoms from these planes.®

A. TTF cation
(1) TTF molecular plane (—0.0480X + 0.2500Y — 0.9671Z = —1.7833A)

S(1) —0.033(2) S(11) —0.022(2)
S(2) —0.018(2) S(12) —0.012(2)
C(1) 0.023(10) C(11) 0.013(9)
C(2) 0.040(10) C(12) 0.037(9)
C(3) —0.022(7) C(13) —0.005(8)
(2) Central tetrathiaethylene plane (—0.0493X + 0.2531Y — 0.9662Z =

—1.8007A)

S(1) —0.008(2) S(11) —0.010(2)
S(2) 0.005(2) S(12) 0.002(2)
C(@3) —0.001(7) C(13) 0.011(8)
C(H)* 0.053(10) C(11)* 0.021(9)
C(2)* 0.068(10) C(12)* 0.046(9)

B. 2,5-TCNQF2 anion
(1) 2,5-TCNQF2molecular plane (—0.0647X + 0.3171Y — 0.9462Z = 0.3394A)

C@) 0.088(8) c(19) —0.046(9)
c(5) —0.055(8) c(15) 0.066(10)
c(6) 0.025(8) C(16) 0.002(8)
() 0.049(9) c(1n 0.041(8)
C(8) —0.074(10) c(18) 0.043(9)
C) 0.027(9) c(19) —0.059(10)
N(1) —0.149(9) N(11) 0.067(9)
NQ) 0.032(9) N(12) —0.115(9)
K1) 0.181(5) E(11) —0.121(6)
(2) 2,5-difluoroquininoid plane (—0.1085X + 0.3531F — 0.9293Z = 0.4385A)
C(4) —0.007(8) cy4) 0.003(9)
c(5) —0.009(8) c(15) —0.026(10)
c(6) —0.004(8) c(16) —0.014(8)
) 0.015(9) camn 0.028(8)
F() 0.014(5) F(11) 0.000(6)
c(8)y* —0.179(10) C(18)* 0.103(9)
c)* 0.063(9) c(19)* —0.141(10)
N(1)* —0.311(9) N(1)* 0.182(9)
N(2)* 0.124(9) N(12)* —0.252(9)

*In each of the equations of the planes, X, ¥, and Z are coordinates (A) which refer to the or-
thogonal axes: X along a; Y in the ab plane; and Z along c*. Atoms indicated by an asterisk were
given zero weight in calculating the plane—all other atoms were weighted equally. Estimated
standard deviations are enclosed in parentheses.

that computed for the uniform segregated stack structure of TTF-TCNQ at
unit charge transfer (—2.34 eV).*® We do note, however, that the Madelung
energy contribution for the uniform segregated structure of HMTTF-TCNQ
is —2.62 eV.*" only slightly smaller than we obtain here. Thus, the lack of a
substantial difference in the Madelung energy between uniform and dimerized
structures indicates that there is no apparent electrostatic driving force on
going from a uniform to a dimerized motif.*
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07q02

TCNQF2~

FIGURE 6 Partial atomic charges forthe TTF cation (top) and the 2,5-TCNQF2" anion (bot-
tom) derived from MO calculations based on the observed crystalline geometry.

Finally, the question naturally arises as to the physical state of the TTF-2,5-
TCNQF2 complex, i.e. whether the room-temperature structure that is pre-
sented here is susceptible to a Peierls-driven solid-state phase transformation.”
In this regard, the dimerized-stack structure of TTF-2,5-TCNQF2 may switch
to a uniform stack motif at some higher temperature, much in the same way as
observed for the spin-Peierls systems (methylethylmorphilinium) (TCNQ),*
and K-TCNQ.* We have examined the unit volume expansion®* for TTF-2,5-
TCNQF2 up to about 390 K, which seems to be unchanging or slightly de-
creasing, Figure 7. There is, however, no direct indication of a phase transition
as we have observed by diffraction methods for DBTTF-TCNQF4 (~390K)'?
and as has been found from an examination of the magnetic susceptibility for
(methylethylmorpholinium) (TCNQ);,* K- and other alkali metal-TCNQ
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FIGURE 7 Unit volume expansion with temperature for TTF-2,5-TCNQF2 over the range 310
K to 390 K.
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salts,”**'and HMTSF-TCNQF4."* Whether our diffraction studies are inade-
quate to delineate the phase transition, or the twinning of the present speci-
mens mechanically mitigates against the development of the phase transfor-
mation, is a subject we are presently investigating. A study of the magnetism
of TTF-2,5-TCNQF?2 at elevated temperatures may provide additional in-
formation in this regard.

Acknowledgments

This investigation was supported by the National Science Foundation under grant DMR 78-
23957 (Johns Hopkins) and the Robert A. Welch Foundation (University of Texas at Dallas).

SUPPLEMENTARY MATERIAL

Tables of nonhydrogen atom thermal parameters, hydrogen atom parameters and calculated and
observed structure factor amplitudes have been deposited. This material may be obtained by con-
tacting Gordon & Breach, 1 Park Avenue, New York, NY, Attn: P. Bardi, Ref. No.

References and Footnotes

—

. (a) The Johns Hopkins University; (b) The University of Texas at Dallas.

2. (a) F. Wudl, D. Wobschall and E. J. Hufnagel, J. Am. Chem. Soc., 94, 670 (1972); (b) E. M.
Engler, Chem. Tech., 6, 274 (1976).

3. (a)J. P. Ferrarisand G. Saito, J. Chem. Soc., Chem. Commun., 992 (1978); (b) G. Saitoand J.
P. Ferraris,J. Chem. Soc., Chem. Commun., 1027 (1979); (c) R. C. Wheland and E. L. Martin,
J. Org. Chem., 40, 3101 (1975).

4, (a)S. Hunig, H. Schlaf, G. Kieslich and D. Scheutzow, Tert. Lerr., 2271 (1969); (b) S. Hunig,
H. Schlaf, G. Kieslich and D. Scheutzow, Liebigs Ann. Chem., 10 (1973).

5. (a)K. Bechgaard, D. O. Cowanand A.N. Bloch, J. Chem. Soc., Chem. Commun., 937 (1974),
(b) T. J. Kistenmacher, T. J. Emge, P. Shu and D. O. Cowan, Acta Cryst., B3S, 772 (1979).

6. (a)K. Bechgaard, D. 0. Cowan, A. N. Blochand L. Henriksen, J. Org. Chem., 40,746 (1975);
(b) L-Y. Chiang, T. O. Poehler, A. N. Bloch and D. O. Cowan, J. Chem. Soc., Chem. Com-
mun., 866 (1980).

7. F. M. Wiygul, T. J. Emge, J. P. Ferraris and T. J. Kistenmacher, Mol. Cryst. Lig. Crys1., 11,
303 (1981).

8. F. M. Wiygul, J. P. Ferraris, T. J. Emge and T. J. Kistenmacher, Mol. Cryst. Lig. Cryst., in
press.

9. T.J. Emge, M. Maxfield, D. O. Cowan and T. J. Kistenmacher, Mol. Cryst. Lig. Cryst., 65,
161 (1981) and references therein.

10. (a) J. Ferraris, D. O. Cowan, V. Walatka and J. H. Perlstein, J. Am Chem. Soc., 95, 949
(1973); (b) L. B. Coleman, M. J. Cohen, D. J. Sandman, F. G. Yamagishi, A. F. Garitoand A.
J. Heeger, Solid State Commun., 12, 1125 (1973); (¢) T. E. Phillips, T. J. Kistenmacher, J. P.
Ferraris and D. O. Cowan, J. Chem. Soc., Chem. Commun., 471 (1973).

11. (a) L. B. Coleman, Dissertation Thesis, University of Pennsylvania, 1974; (b) J. P. Ferraris,

Dissertation Thesis, Johns Hopkins University, 1973; (c) R. N. Lyubovska, Izv. Akad. Nauk

SSSR Ser Khim., 177(1975);(d) T. J. Kistenmacher, T. J. Emge, F. M. Wiygul, W, A. Bryden,

J. S. Chappell, J. P. Stokes, L-Y. Chiang, D. O. Cowan and A. N. Bloch, Solid S1ate Com-

mun., 39, 415 (1981).



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:41 21 February 2013

12.

13.

14.
15.
16.

17.

19.
20.

21.
22,
23.
24.

25.

26.
27.
28.

29.
30.
31

. For access to the deposited material, see the referral following the text.
33.

CRYSTAL STRUCTURE OF TTF-2,5-TCNQF2 309

T.J. Emge, W. A. Bryden, F. M. Wiygul, A.N. Bloch, D. O. Cowan and T. J. Kistenmacher,
J. Chem. Phys., in press.

(a) A.N. Bloch, D. O. Cowan, K. Bechgaard, R. E. Pyle, R. H. Banks and T. O. Poehler, Phys.
Rev. Letr., 34, 1561 (1975); (b) T. E. Phillips, T. J. Kistenmacher, A. N. Bloch and D. O.
Cowan, J. Chem. Soc., Chem. Commun., 334 (1976).

M. E. Hawley, T. O. Poehler, T. F. Carruthers, A. N. Bloch, D. O. Cowan and T. J. Kisten-
macher, Bull. Am. Phys. Soc., 23, 424 (1978).

T. J. Kistenmacher, T. J. Emge, A. N. Bloch and D. O. Cowan, to be published.

(a) K. Bechgaard, T. J. Kistenmacher, A. N. Bloch and D. O. Cowan, Acta Cryst., B33,417
(1977); (b) A. N. Bloch, T. F. Carruthers, T. O. Poehler and D. O. Cowan, in Chemistry and
Physics of One-Dimensional Metals (Plenum, New York, 1977) p. 47.

See, for example, R. Comes and G. Shirane, in Highly Conducting One-Dimensional Solids,
J. T. Devreese, R. P. Evrard and V. E. van Doren, Eds., Plenum, New York, p. 17 (1979).

. J. S. Chappell, A. N. Bloch, W. A. Bryden, M. Maxfield, T. O. Poehler and D. O. Cowan, J.

Am. Chem. Soc., 103, 2442 (1981).

A. N. Bloch, Bull. Am. Phys. Soc., 25, 255 (1980).

Concerning electron donors and their IP’s: (a) R. Gleiter, E. Schmidt, D. O. Cowanand J. P.
Ferraris,J. Electron Spectr., 2,207 (1973);(b) R. Gleiter, M. Kobayashi, J. Spanget-Larsen, J.
P. Ferraris, A. N. Bloch, K. Bechgaard and D. O. Cowan, Ber. der Bunsen-Gesellschraft, 79,
1218 (1975); (c) A. J. Berlinsky, J. F. Carolan and L. Weiler, Can. J. Chem., 52,3373 (1974),
(d) E. M. Engler, F. B. Kaufman, D. C. Green, C. E. Klots and R. N. Compton, J. Am. Chem.
Soc., 97,2921 (1975); (e) J. Spanget-Larsen, R. Gleiter and S. Hunig, Chem. Phys. Lett., 37,29
(1976); (f) M. Maxfield and D. O. Cowan, unpublished results.

In regard to electron acceptors and their EA's: (a) E. C. M. Chenand W. E. Wentworth, J.
Chem. Phys., 63,3183 (1975); (b) A. L. Farragher and F. M. Page, Trans. Faraday Soc., 63,
2369 (1967);(c) C. E. Klots, R.N. Comptonand V. F. Raaen, J. Chem. Phys., 60, 1177 (1974).
J. P. Stokes, D. O. Cowan and A. N. Bloch, unpublished results.

(a) R. E. Peierls, Quantum Theory of Solids, Oxford University, Oxford, 1955; (b) E. Pytte,
Phys. Rev. B., 10, 4637 (1974); (c) P. Pincus, Solid State Commun., 9, 1971 (1971).

The ratio of twin components (D/M) is not constant over the selection of crystals. For two
other specimens which we examined in detail, the D/M ratios were 1.17(4) and 1.38(4).
The R value on averaging over the two quadrants of data is given by

N 2 ., N _

Rave = E IFZ,',' - lel/ E F2,‘,

=l =1 =1

where N = the total number of unique reflections; here, Rave = 0.058.
A. J. C. Wilson, Nature (London), 150, 151 (1942).
R = Z||Fo| — |F.||/Z|Fq|.
R., = {Ew(|Fo] — |F.|)/Zw|Fo|*}'; w = 4F}/0*(F3), with o*(F?) derived from counting sta-
tistics plus an applied correction term of (0.03 F3) [see W. R. Busingand H. A. Levy, J. Chem.
Phys., 26, 563 (1957)]. The quantity minimized in the least-squares refinement was
Sw(|Fo| — |Fd)’.
GOF: [Ew(|Fo| — |F{)”/(NO — NV)]'?, where NO = 2723 observations and NV = 253
variables.
(a) H. P. Hanson, F. Herman, J. D. Lea and S. Skillman, Acta Cryst., 17, 1040 (1964); (b) R.
F. Stewart, E. R. Davidson and W. T. Simpson, J. Chem. Phys., 42, 3175 (1965).
D. T. Cromer and D. Liberman, J. Chem. Phys., 83, 1891 (1970).

(a) Crystallographic programs employed include: Wehe, Busing and Levy's ORABS; Busing,
Martin, and Levy's ORFLS; Zalkin's FORDAP; Pippy and Ahmed's MEAN PLANE; (b)
Drawings made with use of Johnson’s ORTEP; (c) Using the librational tensor from a rigid-
body analysis [V. Schomaker and K. N. Trueblood, Acta Cryst., B24, 63 (1968)], corrected
molecular geometries for both the TTF donor and the 2,5-TCNQF2 acceptor were calcu-
lated. The largest librational amplitudes were those about the longitudinal axes in each mo-
lecular plane: 4.8° for TTF; and 6.1° for 2,5-TCNQF2. The bond lengths and subsequent



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:41 21 February 2013

310

34.
35.
36.
37.
38.
39.
40.

41.

42

43.
44,

45,
46.
47,
48.

49.

50.
Sl

—

T. J. EMGE et al.

trends reported here contain corrections on the order 0.002-0.006 A (essentially equivalent to

the esd’s) and no alterations seem to be warranted.

(a) L. W. Finger and Y. Ohashi, Am. Mineral., 61, 303 (1976), and references therein; (b) D.

Weigel, T. Beguemsi, P. Garnier and J. F. Berar, J. Solid State Chem., 23, 241 (1978).

B. A.Scott,S. J. LaPlaca, J. B. Torrance, B. D. Silverman and B. Welber, J. Am. Chem. Soc.,

99, 6631 (1977).

Van der Waals radii employed are as follows: H, 1.2A; F, 1.35A: N, 1.50A; S, 1.85A; C,

1.75A. Values are from L. Pauling, The Nature of the Chemical Bond, Cornell University

Press, 3rd. Ed., 1960.

T. J. Kistenmacher, T. E. Phillips and D. O. Cowan, Acta Cryst., B30, 763 (1974).

T. J. Kistenmacher, Annals of the New York Academy of Sciences, 313, 333 (1978).

K. Yakushi, S. Nishimura, T. Sugano, H. Kuroda and I. lIkemoto, Acta Cryst., B36, 358
(1980).

(a) W. D. Grobman and B. D. Silverman, Solid State Commun., 19, 319 (1976); (b) R. C.
Haddon, Aust. J. Chem., 28, 2333 (1975).

(a) T. J. Kistenmacher, M. Rossi, C. C. Chiang, R. P. Van Duyne and A. R. Siedle, Inorg.
Chem., 19, 3604 (1980); (b) T. J. Kistenmacher, M. Rossi, C. C. Chiang, R. P. Van Duyne, T.
Cape and A. R. Siedle, J. Am. Chem. Soc., 100, 1958 (1978).

(a) H. Johanson, Int. J. Quant. Chem., 9,459 (1975); (b) H. Th. Jonkman and J. Komman-
deur, Chem. Phys. Letters, 15, 496 (1972).

A. Hoekstra, T. Spoelder and A. Vos, Acta Cryst., B28, 14 (1972).

(a)J. A. Popleand G. A. Segal,J. Chem. Phys., 44,3289 (1966); (b) A. Chung Phillips, QCPE,
12, 274(1975). For the 2,5-TCNQF2 acceptor, we find the HOMO(rr) of symmetry a, and the
LUMO() of symmetry b, in point group 2/m(Cas). For the TTF donor, the HOMO(r) [b1.]
and the LUMO(7) [b3,] symmetries in point group mmm(D2,) are as noted earlier (see Ref.
40).

E. F. Bertaut, J. Phys. Radium., 13, 499 (1952). We have used a highly-modified version of
QCPE program #222 [A. B. Blake, QCPE, 12, 222 (1972)].

(a) R. M. Metzger and A. N. Bloch, J. Chem. Phys., 63, 5098 (1975); (b) A. J. Epstein, N. O.
Lipari, D. J. Sandman and P. Nielsen, Phys. Rev., B13, 1569 (1976).

B. D. Silverman and S. J. LaPlaca, J. Chem. Phys., 69, 6 (1978).

R. M. Metzger, Annals of the New York Academy of Sciences, 313, 145 (1978). Metzger has
found no evidence that the Madelung Energy drives the transitions from dimerized to uni-
form stacks for the donor in TMPD'C10; nor the acceptor in Rb'TCNQ".

(a) A. Bosch and B. van Bodegom, Acta Cryst., B33, 3013 (1977); (b) S. Huizinga, J. Kom-
mandeur, G. A. Sawatzky, B. T. Thole, K. Kopinga, W. J. Mde Jonge and J. Roos, Phys.
Rev., B19, 4723 (1979).

(a)M. Konno, T. Ishiiand Y. Saito, Acta Cryst., B33,763 (1977);(b) Y. Lépine, A. Caill¢, and
V. Larochelle, Phys. Rev., B18, 3585 (1978).

(a) T. Himba and J. Kommandeur, Phys. Rev., B12, 2608 (1975); (b) J. G. Vegter and J.
Kommandeur, Mol. Cryst. Lig. Cryst., 30,11 (1975); (c) Y. Takaoka and K. Motizuki,J. Phys.
Soc. Japan, 47, 1752 (1979).



