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observed trends in the photochemical quantum yields; however,
our results do suggest a correlation between o-donor abilities
of the ligands, L, and the photoaquation quantum yields. (3)
The luminescence spectra of the complexes are sensitive to the
nature of the unique ligand, and a definite correlation between
the emission band maximum and the photoaquation quantum
yield exists: as the energy of the emission band maximum de-
creases, the photochemical quantum yield increases. (4) In-
creases in ®; at 298 K are paralleled by increases in the ra-
diationless deactivation rate constants at 77 K as L is varied,
thus indicating a close connection between the structural
factors which affect photochemical and photophysical radia-
tionless decay processes in these complexes.
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Abstract: In order to structurally define the 53 K metal-insulator transition observed in the charge transfer salt, A22.bi-1,3-
dithiole [TTF] 7,7,8,8-tetracyano-p-quinodimethane [TCNQ], the structures of (TTF) (TCNQ) were examined at 60, 53,
and 45 K by single-crystal x-ray diffraction. Systematic changes in other properties of the crystalline complex do appear to
be related to the metal-insulator transition temperature. The minimum interplanar spacings along the homologous chains are
found to be 3.408 (2) and 3.090 (1) A for TTF and TCNQ, respectively.

The metal-insulator transition in the one-dimensional
conductor TTF-TCNQ has been a subject of intensive in-
vestigation following its initial report.? The transition is
characterized by a conductivity maximum at ~58 K now
believed to be on the order of 10-30 times the room temper-
ature conductivity.? It was proposed?® that a possible mech-
anism for this behavior would involve a soft phonon mode
producing paraconductivity as a result of a lattice distortion
at the transition temperature. This type of lattice distortion
associated with the metal to insulator transition in one-di-
mensional conductors is believed to occur in the Krogmann
salts, [K,Pt{CN)4]Xo3-XH,0 (X = Cl, Br), where evi-

dence for a soft phonon mode, through the observation of a
Kohn anomaly, has been reported.** However, the Krog-
mann salts do not exhibit a sharp rise and fall in conductivi-
ty, and it is this property in TTF-TCNQ that has generated
much interest.

The single-crystal x-ray diffraction structures of TTF-
TCNQ previously have been reported for room tempera-
ture® and 100 K7 data. In this paper, we present the struc-
tural results for data collected at 60 K, where the transition,
as defined by the heat capacity data, is beginning; at 53 K,
where the maximum peak in the heat capacity curve occurs;
8 and at 45 K, which is well into the insulating state. Simi-
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Table I, Data Collection and Refinement
60 K 53K 45 K

Crystal size, mm 0.59 X 0.19 x 0.11 0.50 X 0.05
X 0.005
Total no. of 2314 2397 1551
independent
refls measd
No. of refls with 1397 1445
I>20()
Final R factor 0.071% 0.084% 0.042¢
0.0584
Final R,y factor 0.058% 0.077% 0.052¢
0.0924

aDimensions correspond to the b, ¢, and c* directions, respec-
tively. ¥ Refinement on F, with 7 > 20(/). ¢Refinement on F, with
all reflections (including F,> = 0). 9 Refinement on F,? witli all re-
flections (including F,* = 0).

lar experimental studies relevant to the second transition
noted earlier at 38 K® are in progress and will be reported in
a subsequent publication.

Experimental Section

The crystals used in this study were grown by codiffusion of
TTF and TCNQ in acetonitrile at Buffalo, Illinois, and Monsanto
Laboratories. A large number of specimens were examined be-
cause of the tendency of the complex to form twinned or poorly
formed crystals. The crystal finally selected for data collection at
53 and 60 K had been used for conductivity measurements at
Monsanto Laboratories and unlike many specimiens which were ex-
amined exhibited a value of ¢(58)/a(RT) of ~20. It was found
that cycling of this sample and the 45 K sample through the transi-
tion temperature did not result in any noticeable degradation of
the diffraction intensities. Weissenberg and precession photo-
graphs were in agreement with the previously reported® space
group of P2;/c of the monoclinic class with two molecules of
TTF-TCNQ per unit cell.

The crystals were mounted in thin-walled glass capillaries along
the b-axis direction. The crystal dimensions are given in Table |
along with other information pertaining to data collection and re-
finement. Low temperature data were collected on Picker FACS-I
diffractometers equipped with a Cryogenics Associates CT-38
cryostat.!0 The cell dimensions obtained at 40 K were used in re-
finement of the 45 K structure, since no significant differences
were observed at the two temperatures. The values used for final
refinement of the 53 and 60 K data were obtained from the powder
diffraction results shown in Figure 1!'! and do not differ from the
measured single crystal values at 53 and 60 K by more than one
standard deviation. Data were collected using zirconium-filtered
Mo Ke radiation (A 0.71069 A). Reflections with 28 values be-
tween 5 and 55 K were measured and corrected for Lorentz and
polarization effects and the absorption of the beryllium shrouds of
the cryostat to yield a set of F, values where F, is the observed
structure factor amplitude.

The initial positional parameters used for refinement were those
reported for the room temperature structure of TTF-TCNQ.® The
function minimized in the 53 and 60 K least-squares refinements

Table II, Crystal Data tfor (TTF)}(TCNQ)
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Figure 1. Cell parameters plotted against temperature.

was Sw(|FJ — |Fd)? where the weights w were assigned as 2F,/
o(F,?). The standard deviations o(F,2) were estimated according
to the formula

o(Fo%) = (Lp)~'[S + (B1 + B2)(Ts/2Tg)? + (0.031)?]'/2

where S, By, and B; are the scan and background counts in times
Tsand T, Lp is the Lorentz—polarization factor, and / is the inte-
grated intensity. For the 45 K structure, the function minimized
was Zw(Fo* — |Fd?)? with weights w of 1/c%(Fo?) where a(Fo?)
was the larger of the above calculation or a calculation based on
the observed variances of symmetry equivalent reflections. The 45
K refinement included an isotropic extinction parameter, but ab-
sorption was ignored for all three studies (u = 5.6 cm~!). The ef-
fect of anomalous scattering was included for the sulfur atoms, and
all nonhydrogen atoms were assigned anisotropic thermal parame-
ters. The final discrepancy indices R and Ry, are given in Table 1.
The final parameters for the structure at each temperature are
given in Table III along with their standard deviations as obtained
from the inverse matrix. A table of the F, and F. values for the re-
flections used in the final refinements is available.!2

Description of the Structure and Discussion

As has been described elsewhere,S7 the crystal structure
consists of discreet linear chains of TTF and TCNQ stack-
ing parallel to the b axis (Figure 2) with both TTF and
TCNQ molecules situated on crystallographic centers of in-
version. The labeling scheme and thermal ellipsoids for
TTF and TCNQ at 53 K are shown in Figures 3 and 4, re-
spectively. Table IV provides the intramolecular bond dis-

C sHgN,S, M=408.5D

Monoclinic (b-axis unique)

P2 Jc

40 K@ 53 Kb 60 Kb 100 K@ 295 K4

a (R) 12.210 (5) 12.191 (10) 12.173 (10) 12.228 (6) 12.302 (6)
b (A) 3.729 (1) 3.731 (2) 3.733 (2) 3.754 (1) 3.817 (1)
¢ (R) 18.343 (6) 18.312 (10) 18.301 (10) 18.379 (10) 18.449 (9)
8 (deg) 104.38 (2) 104.43 (2) 104.33 (2) 104.42 (4) 104.49 (5)
V(A% 809.0 () 806.6 (8) 805.8 (8) 817.0 (7) 838.7 (3)
p(caled)(g/cm?) 1.68 1.68 1.68 1.66 1.62

aT}}e unit cell dimensions were determined from a least-squares refinement of the angular settings of 26 diffractometer-centered reflections
of a single crystal (ref 7). ®The cell dimensions were obtained from powder data measured by G. A. Jones, Central Research Department, du

Pont (private communication from L. J. Guggenberger).
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Table III. Final Positional and Thermal Parameters tor TTF—TCNQ at 45, 53, and 60 K

Atom x4 y z U (A%)b
S(1) —0.09416 (4) —-0.1843 (1) 0.07987 (3) c
—-0.0941 (1) -0.1836 (5) 0.07986 (8) ¢
—0.09389 (9) —0.1841 (4) 0.07988 (6) c
S(2) 0.14864 (4) —-0.1807 (1) 0.08545 (3) c
0.1485 (1) —0.1811 (5) 0.08548 (8) c
0.14832 9) —0.1806 (4) 0.08531 (6) c
N(1) 0.3837 (1) 0.6053 (5) 0.1908 (1) c
0.3836 (5) 0.6054 (13) 0.1909 (3) c
0.3840 (3) 0.6054 (10) 0.1906 (2) c
N(2) 0.7508 (1) 0.6347 (5) 0.1903 (1) c
0.7507 (4) 0.6342 (13) 0.1902 (3) c
0.7503 (3) 0.6332 (10) 0.1901 (2) c
C(1) —0.0019 (2) —0.3399 (§) 0.1612 (1) c
—0.0006 (5) —0.3424 (18) 0.1610 (3) c
-0.0012 (4) —0.3401 (14) 0.1610 (2) c
C2) 0.1094 (2) —0.3393 (5) 0.1640 (1) c
0.1079 (5) —0.3374 (18) 0.1637 (3) c
0.1076 (4) —0.3395 (14) 0.1635 (3) c
C(3) 0.0116 (1) -0.0779 (5) 0.0349 (1) c
0.0121 (85) —0.0760 (16) 0.0343 (3) c
0.0113 (3) —-0.0766 (12) 0.0344 (2) c
C(4) 0.4582 (1) 0.5233 (§) 0.1665 (1) c
0.4579 (5) 0.5189 (17) 0.1665 (3) c
0.4582 (4) 0.5235 (13) 0.1661 (2) c
C(S) 0.6588 (1) 0.5374 (§) 0.1663 (1) c
0.6600 (§) 0.5369 (16) 0.1659 (3) c
0.6597 (4) 0.5378 (12) 0.1665 (2) c
C(6) 0.5470 (1) 0.4191 (§) 0.1323 (1) c
0.5471 (5) 0.4193 (16) 0.1327 (3) c
0.5474 (4) 0.4175 (12) 0.1323 (2) c
C(7) 0.5239 (1) 0.2095 (5) 0.0674 (1) c
0.5234 (5) 0.2085 (16) 0.0677 (3) c
0.5237 (3) 0.2109 (12) 0.0676 (2) c
C(8) 0.4105 (1) 0.0945 (5) 0.0313 (1) c
0.4106 (5) 0.0938 (16) 0.0315 (3) c
0.4109 (4) 0.0929 (12) 0.0315 (3) c
C©) 0.6116 (1) 0.1053 (5) 0.0316 (1) c
0.6102 (5) 0.1070 (15) 0.0320 (4) c
0.6110 (4) 0.1045 (12) 0.0319 (3) c
H(1) —-0.031 (2) —0.434 (6) 0.203 (1) 0.013 (6)
—0.033 (5) —0.408 (19) 0.190 (3) 0.0134
-0.037 4) —-0.433 (13) 0.199 (2) 0.013
H(2) 0.171 (2) —0.435 (6) 0.208 (1) 0.005 (5)
0.163 (5) -0.419 (17) 0.206 (3) 0.013
0.161 (4) —0.418 (13) 0.202 (2) 0.013
H(8) 0.357 (2) 0.167 (6) 0.057 (1) 0.012 (6)
0.350 (5) 0.171 (17) 0.062 (3) 0.013
0.356 (4) 0.169 (13) 0.052 (2) 0.013
H() 0.681 (2) 0.192 (6) 0.054 (1) 0.011 (6)
0.685 (§) 0.217 (16) 0.060 (3) 0.013
0.680 (4) 0.173 (13) 0.051 (2) 0.013
Anisotropic Thermal Parameters (X 10%)¢
Atom Ull UZZ U33 Ull U13 U23
S(1) 51(3) 85 (3) 84 (3) 3(2) 32 (2) 10 (2)
83 (7) 113 (7) 165 (8) 2(7) —15 (6) 16 (7)
104 (6) 136 (5) 171 (6) 2(6) 43 (4) 14 (6)
S(2) 44 (2) 87 (3) 75 (3) 6 (2) 17 (2) 11 (2)
82 (7) 116 (7) 170 (8) -6 (7) —40 (6) 23 (7)
97 (§5) 137 (6) 171 (6) 11 (6) 29 (4) 20 (6)
N(1) 97 (8) 112 (9) 91 (10) —4 (6) 22 () —10 (8)
157 (28) 105 (27) 236 (30) 18 (23) —18 (24) —20(23)
184 (20) 157 (22) 211 (22) 12 (18) 41 (17) -25(18)
N(2) 100 (8) 113 (9) 129 (10) 4 (6) 52 (8) 2(8)
142 (27) 125 (28) 251 (30) 13 (24) 22 (23) 19 (24)
149 (19) 142 (21) 164 (20) 16 (18) 35 (16) 10 (18)
C1) 83 (8) 89 (10) 43 (11 2(7) 8 (8) 15 (8)
159 (32) 135 (29) 159 (32) —15 (31) —30 (26) 18 (30)
193 (24) 149 (22) 130 (23) -3 (24) 10 (19) -9(23)
CQ) 102 (9) 67 (10) 74 (11) -3(7) 31(9) 4(8)
145 (32) 137 29) 191 (32) —42 (31) -75 (26) 9 (30)
154 (23) 137 (22) 157 (23) 0(23) —3(18) 28 (23)
C(@3) 46 (8) 73 (9) 115 (11) -2(7) 37 (8) —14 (9)
50 (27) 78 (25) 282 (35) -11 (24) —-19 (26) 4 (26)
31 (18) 122 (20) 137 21) -9 (18) 10 (17) 4 (18)
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Table III. Continued
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Atom Uy, U, Uss Uy, Ui U,
C(4) 86 (8) 45 (9) 23 (10) =22 (7) —21 (8) —-11 (8)
138 (34) 52 (28) 145 (32) 7 (26) —108 27) 26 (24)
110 (23) 105 (23) 137 (24) 26 (19) -72(19) -8 (19)
C() 118 (9) 51 (9) 50 (10) 19 () 44 (8) 2(8)
108 (31) 66 (26) 179 (33) 50 (26) -21 (26) -29 (26)
144 (23) 96 (21) 151 (24) 25 (20) 40 (19) 13 (20)
C(6) 76 (8) 52(9) 69 (11) 14 (7) 29 (8) 27 (9)
114 (30) 118 (28) 178 (33) 20 (26) —65 (26) 10 27)
128 (21) 102 (21) 152 (23) 25 (19) 29 (18) -4 (19)
C(7) 69 (9) 38 (9) 71 (11) 19 (7) 22 (8) 39 (8)
76 (26) 61 (23) 182 (32) 40 (26) 25 (24) 36 (25)
115 (20) 92 (19) 161 (24) 53 (20) 37 (18) 69 (20)
C(8) 64 (8) 59 (9) 95 (11) 16 (7) 45 (8) 19 (8)
114 (30) 109 (28) 151 (32) -7 (25) —48 (25) 54 (26)
104 (21) 144 (23) 130 (23) 20 (20) 24 (18) 37 (20)
Cc©9) 30 (8) 66 (9) 96 (11) 3(7) 14 (8) 18 (9)
106 (30) 65 (28) 207 (33) 23 (24) —69 (26) 24 (25)
66 (20) 110 (23) 204 (25) 25 (19) —6(18) 24 (20)

ax, y, z are fractional coordinates. The three lines for each atom are the 45, 53} and 60 K parameters in that erder. ¥ Isotropic temperature
factor of the form exp(—8n? U sin? §/A?). € Atoms refined-anisotropically. € The 53 and 60 K hydrogen temperature factors were not refined.

€ Anisotropic temperature factors of the form exp[—2#2(@**U, A% + ... + 2a*b*U sk +.. )].

Table IV, Principal Intramolecular Distances and Angles for
(TTF)(TCNQ)

Distance, A

Atoms? 60 K 53K 45 K
S(1)-C(3) 1.738 (4) 1.753 (7) 1.742 (2)
S(2)-C(3) 1.741 (4) 1.739 (6) 1.742 (2)
S(1)-C1) 1.729 (5) 1.736 (6) 1.732 (2)
S(2)-C(2) 1.731 ($) 1.729 (7) 1.732 (2)
C(3)-C@3Yy 1.348 (8) 1.342 (12) 1.369 (4)
C(1)-C(2) 1.314 (6) 1.311 (9) 1.347 (2)
C(1)-H(1) 0.97 4) 0.78 (6) 0.98 (2)
C(2)-H(2) 0.88 (4) 0.94 (6) 1.02 (2)
C(4)-N(1) 1.144 (6) 1.151 (8) 1.149 (2)
C(5)-N(2) 1.138 (5) 1.143 (7) 1.158 (3)
C(4)-C(6) 1.431 (6) 1.429 (9) 1.434 (2)
C(5)-C(6) 1.428 (6) 1.429 (8) 1.423 (3)
C(6)-C(7) 1.383 (6) 1.395 (8) 1.394 (3)
C(7)-C(8) 1.438 (6) 1.435 (8) 1.443 (3)
C(7)-C(9) 1.435 (6) 1.428 (9) 1.441 (2)
C(8)-C(9y 1.344 (7) 1.353 (8) 1.344 (3)
C(8)—H(8) 0.89 (4) 1.08 (6) 0.93(2)
C(9)-H(9) 0.87 (4) 1.01 (8) 0.90 (2)

Angles, deg
S(1)-C(3)-C(3Y 122.7 (4) 121.8 (6) 122.2 (2)
S(2)-C(3)-C(3) 122.8 (4) 123.9 (7) 122.6 (2)
S(1)-C(3)-S(2) 114.5 (2} 114.4 (3) 115.1 (1)
C(3)-S(2)-C(2) 95.0 (2) 95.1 (3) 95.2 (1)
S(2)-C(2)-C(1) 117.7 (4) 117.9 (5) 117.0 (2)
S(1)-C(1)-C(2) 117.8 (4) 117.9 (5) 117.8 (2)
C(1)-S(1)-C(3) 95.0 (2) 94.6 (3) 94.8 (1)
C(7)-C(8)-C(9y 121.8 (4) 121.0 (6) 121.6 (2)
C(8)-C(7)-C(9) 115.9 (4: 116.3 (5) 116.7 (2)
C(7)-C(9)-C(8Y 122.3 (41 122.6 (6) 121.8 (2)
C(6)-C(7)-C(8) 122.5 (4) 122.2 (6) 121.7 (2)
C(6)-C(7)-C(9) 121.6 (4; 121.4 () 121.6 (2)
C(4)-C(6)-C(7) 120.3 (4 119.9 (5) 120.8 (2)
C(5)-C(6)-C(7) 121.6 (4; 120.6 (6) 121.1 (1)
C(4)-C(6)-C(5) 118.0 (4; 119.5 (5) 118.1 (2)
C(6)—C(4)—N(1) 177.4 (5 177.0 (7) 176.9 (2}
C(6)-C(5)—N(2) 176.5 (6 177.8 (9) 176.5 (2)

2The primes associated with TTI" atoms indicate their coordinates
are transformed by X, ¥, Z. For TCNQ atoms, the transformation is
1-Xx,y2

tances and angles and, in Table V, the least-squares planes
and the distances of the atoms from their respective planes
are given for each temperature.

The packing of the molecules is summarized in Table VI
for the range of temperatures studied. It should be noted
that recent evidence has been obtained from diffuse x-ray

Figure 3. Thermal ellipsoids and labeling scheme for TTF in TTF-
TCNQ at 53 K.

Figure 4. Thermal ellipsoids and labeling scheme for TCNQ in TTF-
TCNQat 53 K.

scattering for a Peierls transition in TTF-TCNQ.!* How-
ever, in our experiments, no superlattice Bragg peaks were
observed down to 45 K and the molecules were considered
to be equally spaced along the b-axis direction at all tem-
peratures. The decrease in the interplanar distances be-
tween room temperature and 45 K is 0.078 (2) A for
TCNQ and 0.064 (2) A for TTF. In the case of TCNQ, the
decrease is due entirely to the contraction of the b axis,
while, for TTF, the angle of the molecular plane with the 5
axis changes slightly (0.7°) resulting in a slightly smaller
decrease in the interplanar distance. In addition, the rela-
tive orientation of the molecules remains fixed as shown by
the angles of the planes with the a and ¢* axes. The results

Schultz, Stucky, Blessing, Coppens / Bi-1,3-dithiole Tetracyano-p-quinodimethane



3198

Table V. Least-Squares Planes and the Distances (&) of the Atoms from Their Respective Planes?

In each of the equations of the planes, X, Y, and Z are coordinates (A) referred to the unit orthogonal axes along g, b, and c*. The plane
equations have the form 4X + BY + CZ = D and the coefficients given below are x 10%.

(a) TTF molecular plane (non-hydrogen atoms)

T (CK) C D
60 172 -9132 —-4070 0
53 186 -9134 —4066 0
45 176 -9140 —-4053 0
295K 100 K 60 K 53K 45 K
S(1) 0.023 (1) 0.0258 (7) 0.025 (1) 0.022 (2) 0.0264 (4)
S(2) 0.021 (1) 0.0242 (7) 0.024 (1) 0.027 (2) 0.0257 (4)
C(1) 0.008 (3) —0.016 (3) -0.015 (5) —0.008 (7) —0.016 (2)
CQ) —0.015 (3) -0.012 (3) -0.013 (5) —0.020 (7) —0.014 (2)
C(3) —0.010 (3) 0.013 (3) 0.012 (4) 0.012 (6) 0.014 (2)
(b) TTF central plane defined by S(1), C(3), S(2), and their centrosymmetric mates
T (°K) A C D
60 180 —-9068 —-4212 0
53 172 -9071 —4206 0
45 183 -9072 —4202 0
295 K 100 K 60 K 53K 45 K
S(1) —0.0002 (7) —0.0004 (7) 0.000 (1) 0.000 (1) —0.006 (4)
S(2) —0.002 (7) —0.004 (7) 0.000 (1) 0.000 (1) —0.006 (6)
cQ) -0.058 (3) —0.066 (3) —0.065 (5) —0.055 (7) -0.068 (2)
C(2) —0.053 (3) —0.062 (3) —0.062 (5) —0.069 (7) —0.066 (2)
C(3) 0.001 (3) 0.002 (3) 0.002 (4) 0.001 (6) 0.003 (2)
(c) TCNQ molecular plane (non-hydrogen atoms)
T(CK) A c D
60 —183 8280 -5604 —1111
53 -209 8285 -5595 -1277
45 -192 8287 -5593 -1170
295K 100 K 60 K 53K 45 K
N(1) 0.022 (3) 0.018 (2) 0.019 (4) 0.025 (5) 0.018 (2)
N(@2) 0.028 (3) 0.029 (2) 0.028 (4) 0.027 (§5) 0.028 (2)
C4) -0.016 (3) —0.012 (2) —0.010 (5) -0.022 (6) -0.013(2)
C(5) -0.012 (3) —0.015 (2) —0.014 (5) —0.011 (6) —0.015 (2)
C(6) -0.024 (3) -0.022 (2) —0.024 (4) —0.019 (6) —0.019 (2)
C(7) —0.016 (3) -0.022 (2) —0.020 (4) —0.027 (6) -0.022 (2)
C(8) 0.000 (3) 0.004 (2) —0.004 (5) 0.003 (6) 0.005 (2)
C(9) —0.015 (3) -0.012 (2) —0.016 (5) —0.012 (6) -0.012 (2)
(d) TCNQ quininoid ring defined by C(6), C(7), C(8), C(9), and their centrosymmetric mates
T (°K) A C D
60 —136 8337 -5221 -825
53 —151 8337 -3521 -920
45 -125 8335 -5524 -762
295 K 100 K 60 K 53K 45 K
N(1) 0.046 (3) 0.041 (2) 0.050 (4) 0.049 (5) 0.037 (2)
N(2) 0.080 (3) 0.081 (2) 0.080 (4) 0.078 (5) 0.077 (2)
C4) 0.010 (3) 0.013 (2) 0.020 (5) 0.003 (6) 0.008 (2)
C(5) 0.029 (3) 0.026 (2) 0.028 (5) 0.028 (6) 0.023(2)
C(6) 0.002 (3) 0.004 (2) 0.004 (4) 0.006 (6) 0.004 (2)
C(7) -0.002 (3) —0.009 (2) —0.005 (4) —0.014 (6) —~0.010 (2)
C(8) —0.002 (3) 0.003 (2) —0.003 (5) 0.002 (6) 0.002 (2)
C(9) —0.002 (3) 0.003 (2) —0.003 (5) 0.002 (6) 0.002 (2)

@ The 295 and 100 K distancesare from ref 6 and 7, respectively.

indicate that the very close TCNQ-TCNQ distance of
3.091 (2) A is reached near the transition and remains rela-
tively constant down to 45 K.

The variation of the lattice constants with temperature
{Figure 1) is anomalous for the a and ¢ axes and for the
angle 3 at the transition temperature. Similar behavior has
been observed in a single-crystal x-ray diffraction study of
TTF-(2,5-diethy]) TCNQ, which undergoes a metal to insu-
lator transition at 110 K.'* Even though these changes are
on the order of the standard deviations, the two independent
experiments indicate that there is some type of lattice dis-
tortion associated with the transition. In addition, it is ob-
served in TTF-TCNQ that all three axes contract as the
temperature is lowered to ~60 K, but remain constant
below the transition. This is in agreement with the intermo-
lecular distances calculated from the single-crystal data and
indicates that the 54 K transition occurs near the tempera-
ture of closest intermolecular approach upon cooling. How-

ever, this is not the case in TTF-Et,TCNQ, for which the
cell parameters continue to contract at temperatures below
the transition.'*

A comparison of the intramolecular dimensions at the
various temperatures is shown in Tables VII and VIII,
where mmm symmetry has been assumed for each mole-
cule. The low temperature bond distances have been cor-
rected for rigid body motion by the method of Schomaker
and Trueblood,!® though corrections are all less than one
standard deviation. Anisotropic thermal parameters for the
carbon and nitrogen atoms are not available for the room
temperature structure,® and therefore the TCNQ distances
are not corrected and the TTF correction is based only on
the therrmal ellipsoids of the sulfur atoms. It is seen that ex-
cept for the olefinic bonds in TTF, all changes of bond dis-
tances and angles are within approximately two standard
deviations. In TTF, the bonds labeled a and d are shortest
at 53 K and longest at 45 K, with changes equal to about 2¢
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Table VI. Intermolecular Distances and Angular Orientations of the Molecular Planes
295 K4 100 K? 60 K 53K 45K B
TTEF-TTF distance (A) 3473 (2) 3.426 (1) 3.409 (2) 3.408 (2) 3.409 (1)
TCNQ-TCNQ distance (&) 3.168 (2) 3.113 (1) 3.091 (2) 3.091 (2) 3.090 (1)
Angle of the normal to the
TTF plane with the
q axis (deg) 89.0 89.0 89.0 88.9 89.0
b axis (deg) 24.6 24.1 24,0 24.0 23.9
c* axis (deg) 65.4 65.9 66.0 66.0 66.1
Angle of the normal to the
TCNQ plane with the
a axis (deg) 89.0 89.0 89.0 88.8 88.9
b axis (deg) 34.0 34.0 34.1 34.1 34.0
c* axis (deg) 56.1 56.0 55.9 56.0 56.0
aReference 6. b Reference 7.
Table VII. Dimensions of TTF Molecules Averaged over Assumed mmm Symmetry4
S b
s s
TTF-TCNQ TTE®
295 Kb 100 K¢ 60 K 53K 45 K 295 K4
a (A) 1.372 (4) 1.366 (5) 1.349 (8) 1.343 (12) 1.370 (4) 1.349 (3)
b 1.745 (3) 1.745 (2) 1.741 (3) 1.749 ($) 1.743 (2) 1.757 (2)
¢ 1.739 (3) 1.736 (2) 1.731 (4) 1.734 (5) 1.733 (2) 1.726 (2)
d 1.326 (4) 1.336 (3) 1.315 (6) 1.313(9) 1.349 (2) 1.314 (3)
a (deg) 122.6 (2) 122.5 (2) 122.8 (3) 122.9 (5) 122.4 (2) 122.8 (1)
8 114.7 (3) 144.9 (1) 114.5 (2) 114.4 (2) 115.1 (1) 114.5 (2)
Y 95.0 (2) 95.0 (1) 95.0 (1) 94.9 (2) 95.0 (1) 94.4 (1)
5 117.4 (1) 117.5 (2) 117.8 (3) 117.9 (4) 117.4 (2) 118.3 (1)

aThe 100—45 K distances in TTF—TCNQ have been corrected for rigid-body motion. The 295 K distances are partially corrected (see text).
The TTF® distances are uncorrected. ® Reference 6. € Reference 7. d Reference 16.

Table VIII. Dimensions of TCNQ Molecules Averaged over Assumed mmm Symmetry4
Sl
V4 A
TTF-
TeNQ TCNQ® TCNQ™
295 Kb 100 K¢ 60 K 53K 45K 295 K4 113 Ke
a (A) 1.356 (3) 1.352 (4) 1.345 (7) 1.353 (4) 1.343 (3) 1.346 (3) 1.373 (4)
b 1.433 (3) 1.435 (3) 1.437 (4) 1.431 (6) 1.444 (3) 1.448 (4) 1.423 (4)
¢ 1.402 (3) 1.395 (3) 1.383 (6) 1.396 (8) 1.393 (3) 1.374 (3) 1.420 (4)
d 1.423 (3) 1.434 (3) 1.431 (4) 1.429 (6) 1.430 (3) 1.440 (4) 1.416 (4)
e 1.151 (4) 1.150 (3) 1.142 4) 1.148 (5) 1.155 (3) 1.140 (3) 1.153 (4)
a (%) 121.4 (2) 121.5(2) 122.0 (3) 121.8 (4) 121.7 (2) 121.0 (2) 121.0 (3)
8 117.2 (2) 116.9 (2) 115.9 (4) 116.3 (5) 116.7 (2) 118.1 (2) 118.0 (3)
B 117.8 (2) 118.0 (2) 118.0 (4) 119.5 (5) 118.1 (2) 115.9 (2) 116.3 (3)
5 177.1 (2) 177.0 (2) 177.4 (4) 177.4 (6) 117.6 (2) 179.5 (2) 179.2 (3)

a All distances except 295 K TTF-TCNQ and TCNQ™are corrected for rigid body motion. ® Reference 6. ¢ Reference 7. ¢ R. E. Long, R. A.
Sparks, and K. N. Trueblood, Acta Crystallogr., 18, 932 (1965). ¢ A. Hoekstra, T. Spoelder, and A. Vos, Acta Crystallogr., Sect. B, 28, 14

(1972).

and 40, respectively. Furthermore, the distances at 53 K of
1.343 (12) and 1.313 (9) A approach the neutral TTF room
temperature distances of 1.349 (3) and 1.314 (3) A6 for a
and d, respectively.

It must be emphasized that the differences in the bond
distances are in all cases less than 4¢. However, though it is
possible there are other factors responsible for these obser-
vations, such as anharmonic vibrational modes, the changes
are systematic and are consistent with a model in which the
degree of charge transfer between TTF and TCNQ de-
creases as the conductivity increases. At 45 K, the complex
is in an insulating state and the a and 4 bonds are equal to

or longer than their respective distances at room tempera-
ture. The only anomaly in the decrease of the olefinic bonds
from 295 to 53 K is in bond distance d, which appears to be
shorter at room temperature than at 100 K. However, ther-
mal libration of the molecule should be greatest at room
temperature, but these distances could be only partially cor-
rected (vide ante).

In TCNQ, molecular orbital calculations indicate!? that
bonds a and ¢ should be the most sensitive to molecular
charge. The systematic changes for these bonds shown in
Table VIII are generally compatible with those of TTF if
they are due to changes in the degree of charge transfer.
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Table IX. Rigid-Body Thermal Parameters?

() TTF Axes in the system of
inertia
O—T—O —_
L Tensor Elements X 10* rad?
T (CK) L, L, ) Ly, L,, L,, Ly,
100 38 (7) -1 (1) -2 5(2) 0 (1) 9 (1)
60 11 (9) 2(2) -3(3) 2(2) -2 (2) 12 (2)
53 7(15) 1(3) -5 (6) 4 (3) -303) 10 (3)
45 10 (8) -1(2) 0@3) 1) -1@Q) 4 (2)
T Tensor Elements X 10* A?
T(°K) T, Ty, Ty T, T Ts;
100 148 (6) 0 (6) S5y 9209 -4 103 (14)
60 133 (8) 17(7)y 13 (8) 60 (11) 1(11) 12817
53 165(13) 70(13) 36(14) 90(19) 34(19) 11530
45 70 (7) =5(7) 2(8) 4010 -7 (10) 68 (16)
Principal Axes
L T
Rms Rms
am- am-
pli- pli-

T twdes Directioncosx 10° tudes  Directioncosx 10*
CK) (deg) l m n (A) l m n
100 3.5 -9968 292 744 0.12 -9939 -70 1099

1.7 -697 1388 —9879 0.10 -1065 3176 —-9422
1.3 —-392 -9899 —-1363 0.10 —283 -9482 -316S§
60 2.2 5496 1824 —-7830 0.12 -8050 -1617 -5709
1.7 7925 311 6091 0.11 -5523 -1474 8205
0.7 1355 —-9827 —1261 0.08 -2168 9758 294
53 2.2 -5443 -2962 7849 0.15 -7739 —-4927 -3979
1.2 -7433 6041 -2875 0.10 —4411 -315 8969
0.8 —3890 -—-7399 -5489 0.07 —-4544 8696 -—1930
45 1.8 —-9949 949 328 0.09 7552 2294 6140
1.2 -110 2213 -9752 0.08 6429 767 -7621
0.5 -998 -9706 -2191 0.06 1277 9703 2054

(b) TCNQ Axes in the system of
inertia
)
>_< >.__.< —
L Tensor Elements X 10* rad?
T(o K) Lu Lu L13 Lzz Lzs Lzz
100 31 (1) 0(1) 0@2) 2(2) -1 (1) 4 (1)
60 14 (6) -2(1) -1(1) 1) -1Q) 2()
53 8 (8) 0(Q) 0(2) 3(2) 0(1) 1(1)
45 19 (5) 0 (1) 0 (1) 0(1) 0 (1) 1(1)
T Tensor Elements x 10% A?

T
(o K) Tu Tu T13 Tzz Tzs Ty
100 133(8) -5¢(8) 909 10912y -6(12) 57(14)

60 158 (8) 8(8) =179 119@12) -37(12) 80(14)

53 171 (10) 62(10) —41 (10) 153 (14) —57 (14) 65(17)

45 82 (6) 8 (6) -2(6) 65 (9) -1 (1) 24 (10)

Principal Axes

L T
Rms Rms
am- am-
pli- pli-

T tudes Direction cos X 10*  tudes Direction cos X 10*
(CK) (deg) l m n (R) l m n
100 3.2 10000 -92 - 33 0.12 -9687 2118 -1295

1.2 55 2452 -9695 0.10 -2217 -9728 672
0.8 81 9694 2452 0.07 -1118 938 9893
60 2.2 -9884 1136 1009 0.13 -—8585 —-3899 3331
0.9 -—-304 5025 -8640 0.11 -5012 7759 -3832
0.4 -1488 —-8571 —4933 0.08 -1091 —4959 -8615
53 1.6 -9969 -710 352 0.16 —6852 —6392 3492
0.9 -—614 9730 2227 0.10 -7216 6610 —2060
0.5 =501 2198 -9742 0.06 —-991 -3931 -9141
45 2.5 -9999 114 88 0.09 -9354 -3525 275
0.7 —88 181 -9998 0.08 —-3526 9358 3
0.2 -114 -9998 181 0.05 -258 -94 -9996

@ All tensor and direction cosines are referred to the inertial system.

However, there are 16 bonds in TCNQ vs. only 10 in TTF,
so that the bond lengths in TCNQ should be less sensitive to
changes in molecular charge. This appears to be the case.
Since a closer interplanar distance results in greater in-
termolecular orbital overlap, it is worthwhile to examine
charge transfer vs. TCNQ interplanar distance. An analogy
can be made with the partially oxidized tetracyanoplatinate
complexes, where it is seen that, in general, slightly greater
oxidation results in a shorter Pt-Pt distance.!® For example,
the complexes with Pt oxidation numbers of +2.32 and
+2.30 have Pt-Pt distances of 2.88 and 2.89 A, respective-
ly, while the complexes with oxidation numbers of +2.28
and +2.26 have Pt-Pt distances of 2.99 and 2.96 A, respec-
tively. In addition, Interrante and Bundy!® have shown that
the conductivity of K;Pt(CN)4Brg 3-2.3H,0 increases with
increasing pressure up to ~35 kbar, which corresponds to a
decrease of ~0.07 A in the Pt-Pt distance. These properties
have been explained in terms of the decreasing metal-metal
distance resulting in greater orbital overlap and higher con-
ductivity.!? Bloch and Weisman?0 suggest that a decreasing
lattice repeat distance should result in fewer electrons in a
one-dimensional conduction band. If one considers less
charge transfer as oxidation of TCNQ™ ‘and reduction of
TTF*, the same type of band description could apply to
TTF-TCNQ above the¢ transition temperature. It is possible
that the unusual properties of TTF-TCNQ are related to
changes in oxidation states with decreasing intermolecular
distances in the crystalline state. In the tetracyanoplatmate
salts, the oxidation state of the platinum is established dur-

ing crystallization by the stoichiometry and this does not
change with temperature.

Though a comparison of the bond lengths in TTF-
TCNQ with those in neutral TCNQ and its various salts
gives some indication of the amount of charge transfer be-
tween the component molecules, the result depends on the
assumption that in salts as NaTCNQ a full electron has
been transferred. When accurate x-ray data are available,
direct evaluation of the charge transfer can be made by in-
tegration of the observed electron density over the molecu-
lar volume. If the molecular volume can be enclosed by a
parallelpiped or some other well-defined body, the integra-
tion may be performed analytically.! Application of this
technique to the pyrene tetracyanoethylene complex has
shown the charge transfer in the ground state of the com-
plex to be zero.?? The technique was applicable in this case
because of the regular (almost square) shape of the TCNE
molecule. For TTF-TCNQ, however, a number of attempts
to describe the molecular volumes by an easy to integrate
analytical expression failed, as invariably parts of adjacent
molecules were included.

A numerical integration technique was therefore devel-
oped which is of much more general applicability, and
which will be described in full detail elsewhere.?3 Briefly,
the method consists of a subdivision of the unit cell volume
into small parallelpipeds (typically 0.25 X 0.25 X 0.25 A).
The density is integrated over each of the parallelpipeds
separately and subsequently summed over the molecular
volume. The subvolumes in the intermolecular region are
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assigned to either of the adjacent molecules on the basis of
the ratio of the van der Waals radii of the atoms in its prox-
imity. If r4 is the distance to atom A with radius Ra and ry
the distance to atom B with radius R, the subvolume is as-
signed to the molecule containing the atom with the small-
est value of the ratio »;/R;. This procedure leads to a com-
plete assignment of all space in the crystal and is applicable
to any molecular shape. Errors are evaluated as described
by Coppens and Hamilton,?! using an approximate single
volume element for the molecule.

The results of the calculation are mildly dependent on the
choice of van der Waals radii. Using a set given by Pauling
(S, 1.85; C, 1.85; N, 1.5; H, 1.1 A) a value of 0.45 £ 0.15
electron is obtained for the transfer from TTF to TCNQ at
100 K. A different choice of radii (S, 1.85; C, 1.65; N, 1.55;
H, 1.2 A) leads to increased transfer, due to the increase in
some of the peripheral atoms of the TCNQ componet mole-
cule. Nevertheless, the result of 0.50 £ 0.15 electron is not
significantly different from that obtained earlier. The re-
sults can by summarized as providing definite evidence for
transfer of electrons from TTF to TCNQ and as being com-
patible with an average transfer of less than an electron.
With more accurate diffraction data, it should be possible
to reduce the standard deviation in the result, which may
make a study of the temperature dependence of the inte-
grated charge feasible. Such an extension is presently being
considered.

In Table V, the distances of the atoms from the least-
squares mean planes are tabulated. It is seen that in both
TTF and TCNQ, the terminal atoms deviate from the cen-
tral planes so that both molecules have a chair conforma-
tion. The deviations from the planes remain essentially con-
stant throughout the temperature range, but it has been
noted previously® that molecular charge does not appear to
affect the planarity of the molecules.

It was originally proposed?® that enhancement of elec-
tron-phonon interactions at the transition temperature re-
sults in the “superconducting” fluctuations. Since the
Debye-Waller factor for the elastic scattering of x-radia-
tion is approximately inversely proportional to the frequen-
cy of the atomic oscillations,? it might be possible to find
evidence for a soft phonon mode (a lattice vibration with a
frequency approaching zero) by examination of the rigid-
body thermal parameters. Morawitz?® has recently pro-
posed an orientational Peierls transition for TTF-TCNQ
for which a rotational displacement of ~1° in the libration-
al motion about axis / of the TCNQ molecule was calculat-
ed. This corresponds to a change of 0.9° between the 53 and
45 K structures. As seen in other structural studies,!® the
largest principal axis of libration for TCNQ coincides with
the inertial axis / shown in the figure in Table IX. In addi-
tion, the root mean square amplitudes are small, as would
be expected, in comparison to molecules at room tempera-
ture. However, for the TCNQ molecule, it is seen that from
100 to 53 K there is a decrease in the librational ampli-
tudes, but in going from 53 to 45 K the amplitudes increase.
Correspondingly, the translational root mean square ampli-
tudes appear to increase slightly from 100 to 53 K, but the
45 K values are seen to be smaller than those at 100 K. Fur-
thermore, the principle axes for both L and T have very
similar orientations with respect to the inertial system at
100 and 45 K, but differ significantly at the in-between
temperatures. Regardless of whether or not these observa-
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tions indicate the existence of a soft phonon mode, there
does appear to be systematic changes in the thermal param-
eters associated with the transition at 53 K.

In conclusion, the upper limits have been established for
any transition based on a lattice distortion associated with
the 53 K transition. We do see evidence for unusual changes
in the lattice constants near the transition temperature.
However, with respect to the techniques which we have
used, there is no observable static lattice transition associ-
ated with a change in symmetry or cell doubling to 45 K.
Other properties of the crystalline complex that do appear
to be related to the metal-insulator transition temperature
are small, but systematic, changes in the intramolecular
bond distances and rigid-body thermal parameters.
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