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Abstract

Stacked, conducting isocyanide complexes of rhodium(I) were
synthesized and characterized by x-ray diffraction and electrical
measurements. Good crystals of orthorhombic [Rh(CNCHCH2)4]CIO4, with
a, = 8.81 R, b, = 22.85 R, c, = 12.70 R, were obtained and a structural
refinement was carried out in space group Immm. The rhodium chain
is nearly uniform (Rh-Rh = 2.94 R) and ligands and anions show
considerable disorder. The room temperature conductivity is
~2 Q'I cm'] and conductivity is activated. The moderately high
conductivity of [Rh(CNCHCH2)4]C1041'SdUe to the presence of a low-
lying conduction band rather than a non-integral rhodium oxidation
state.

The disorder, tetragonal phase of (TTF)C]X, 3, = 11.19 K, Co ~
3.60 ﬂ, was studied for compositions x = 0.67, x = 0.70. A room
temperature structural refinement in space group P42/mnm revealed
eclipsed stacking of TTF cations and extremely high disorder of
chlorides in channels. Low temperature studies revealed ordering
of chloride ions for both compositions. (TTF)C10_67 undergoes an
incomplete structural transition to a monoclinic symmetry phase at
~250° K. Ordering of chloride ions occurs at the same temperature.
Fast cooling (>1° K/hr) results in peak broadening which is apparently
due to the very small size of diffracting domains within the crystal.

Both small domain size and the inequivalent environments of TTF



cations following chloride ordering may contribute to the drop in
conductivity observed at the phase transition.

Structural refinements of both the subcell (space group Cmca,
a = 18.47 R, b0 = 4.95 R, €y = 18.30 R) and full cell (space group
Pmc2,, a, = 18.47 K, b = 9.90 R, c_ = 18.30 R) of a Tow disorder
cyrstal of TTT213 were carried out. The jodine chain is highly
disordered and all sites have less than full pccupancy. The presence
of 13' and I, species in the chain is Tikely. The resulting
aperiodic potential due to the iodide chain may be expected to
be retained at low temperature and inhibit a metal-to-insulator
transition.

Electrochemical crystal-growth experiments involving TTF,
TMTSF, and HMTSF gave successful results with the first two donors.
Crystals of (TMTSF)Br‘O.8 and (TMTSF)(SCN)O'5 are isostructural,
although the latter exhibits satellite reflections (period = 4.6 x co)
in diffraction patterns. Both structures were refined in space
group Cmcm, and the satellite data of (TI‘JITSF)(SCN)O.5 was modeled 1in
space group Cmc2]. Unit cell parameters are a, = 9.798 R, bO = 23.837 ﬁ,
c, = 7.095 &, for the bromide and a, = 9.919 R, b = 24.124 k, c_ =
7.220 R, for the thiocyanate. The planes of these cations are

perpendicular to the z-axis and consecutive cations slip back and

forth by ~1.3 R to reduce methyl group steric repulsion.
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A1l of the systems studied are single carrier conductors with
conduction along the cation stack and high disorder of anions. The
nature of the disorder and its relationsihp to phase transitions,
as well as interchain coupling and stacking in the cation chain,
were evaluated in these compounds. Comparison of (TTF)CTO'67 and
(TTT)213 were especially useful, as both exhibit comparably very short
range order of halide ions at room temperature, but different
cation stacking arrangements (eclipsed and slipped, respectively) and
hence different interchain coupling and electronic bandwidth.
Structural studies at room temperature and low temperature provided
an opportunity to understand the important differences in the |

electrical properties of these two materials.
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CHAPTER 1
Introduction

During the past few years there has been considerable interest
in highly anisotropic conductors (1-2). From a theoretical viewpoint,
one-dimensional metals are much simpler than two- or three-dimensional .
metal, and they are predicted to have intefesting properties such as a
Peijerl's distortion -- an instability with respect to a metal-to-
insulator transition (3-4). Also, a great deal of controversy has
originated from theories predicting high temperature superconductivity
in highly anisotropic conductors (5-7). |

Quasi-one-dimensional conductors, which have high conductivity
along one crystal axis and much lower conductivity along the other
two axes (8), may approach the behavior of a true one-dimensionatl
metal in some respects, but consideration of the three-dimensional
structure and electronic properties of these real materials is necessary
for more complete understanding of their properties.

There are two major classes of quasi-one-dimensional conductors.
Organic charge-transfer (Figure 1) salts may have two kinds of
conducting chains, as in tetrathiafulvalene-tetracyanoquinodimethane
(TTF-TCNQ) (9), or only one conducting chain, as in the partially
oxidized halide salts of TTF (10-13). These materials generally

exhibit metallic conductivity down to a temperature, T,,. ~50-200° K,

MI
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where a metal-to-insulator transition takes place. The nature of
this transition is affected by the presence of disorder, the degree
of interchain coupling, and the nature of the molecular stacking
along the chain (i.e., eclipsed vs. slipped stacking).

The second major class of quasi-one-dimensional conductors,
stacked square planar d8 transition metal compliexes, include various
iridium carbonyl halides and partially oxidized platinum cyanide
and oxalate salts (14-18). Disorder and interchain coupling are
very important in understanding these compounds; stacking may be
quite complicated in these materials. The electronic description
of the stacked d® complexes is somewhat simpler, since metal-metai
bonds are the only strong interactions between adjacent monomer
units (19-21).

The materials which will be described here include members of
both classes. Rhodium(I) isocyanide complexes are electronically
similar to the other d8 metal complexes mentioned above. Since a
variety of isocyanide ligands may be employed, systematic alteration
of the electrical properties within the series of complexes may be
achieved. Conducting salts of organic donors with simple anions
were also studied. The donors include TTF, tetramethyltetraseleno-
fulvalene (TMTSF), and tetrathiatetracene (TTT) (see Figure 1).
Disorder, especially that associated with the anions, is an important
structural feature of all of the compounds. The results of detailed

structure determinations of tetrakis{vinylisocyanide)rhodium(I)



.67’ 2°3
reported. Less detailed crystallographic studies of other materials

perchlorate, TTF C1 TTT.I_, TMTSF(Br) g’ and TMTSF(SCN) g are

are described.

This work has three specific goals. First, the synthesis and
crystaltization of new quasi-one-dimensional conductors is important, since
the few materials which have received intense study are not sufficient
for a good understanding of nearly one-dimensjonal conductivity.

The newer materials have often had more exciting properties, such
as retention of high conductivity at very low temperature (22,23).

Second, structural investigations, chemical analysis, and
physical measurements carried out concurrently on crystals of the
same origin allow extremely useful correlation of subtle structural
features with physical properties.

Finally, these materials are of significant crystallographic
and chemical interest because of their unique structural characteristics.
TTTZI3 and TTF C1.67 have disordered halide lattices with periods
two and three times the stacking axis length of the organic sublattice.
Tetrakis{vinylisocyanide)rhodium(I) perchlorate has a rhodium atom
sublattice with Ap = 3g/33 the ligands and perchlorate anion have
extremely high disorder. TI‘*ITSF(Br)W.8 and TMTSF(SCN)N.5 are nearly
isostructural. In the latter, however, the thiocyanate positions
are modulated with a period C” = 4.5 Cor Important parts of the

structural work on TTF C] and tetrakis(vinylisocyanide)rhodium(I)

67
perchlorate are the lTow temperature investigations. A structural



phase transition of TTF C].67 at ~250° K was studied in detail, and
the symmetry of the low temperature phase was determined. A partial
structure refinement was carried out on diffraction data of tetrakis
(vinylisocyanide)rhodium(I) perchlorate at 22° K.

The structural and electrical characterization of [Rh(CNCHCH2)4]ClO4
provides an example of a second way of obtaining high conductivity in
d8 metal complexes, and provides evidence for. the importance of
interchain coupling in quasi-one-dimensional materials. The importance
of disorder in allowing retention of conductivity in single-carrier
quasi-one-dimensional materials was revealed in (TTT)213 and (TTF)C]X,
which exhibit comparable halide chain disorder at room temperature.
Ordering of chloride was in (TTF)C]x occurs with a simultaneous drop
in conductivity at ~250° K. In contrast, disorder and moderate
conductivity are retained at low temperature in (TTT)ZI3. It
appears that the Peierls' transition is incomplete because of the
aperiodic potential due to the iodine chain, which produces states
within the energy gap. The metal-to-insulator transition is complete
in (TTF)C]X, although the effect of chloride ordering on the transition
is not thoroughly understood. Since the superperiod of the chloride
lattice has reciprocal lattice period %c* = 2kF, a favorable inter-
action between chloride ordering and commensurate charge density
formation is expected.

The effect of disorder on conductivity of single-carrier systems

was further explored in (TMTSF)(SCN)0 5 and (TMTSF)BY‘0 g Moderate



disorder associated with the anion lattice is seen in both cases,
and an incommensurate superperiod which may result from a 2kF

distortion is seen in the thiocyanate.

Structure factor lists are collected in Appendix 1. Electrical
properties are described briefly in the text, and plots of the
temperature dependence of electrical conductivity and thermoelectric
power are collected in Appendix 2. A few remarks concerning structure

and refinement for these crystals are given in Appendix 3.



References

Annals of the New York Academy of Sciences, 313, Ed., J. S.

Miller and A. J. Epstein, The New York Academy of Sciences,
New York, New York (1978}.

J. S. Miller and A. J. Epstein, Chapter in Progress in Inorganic

Chemistry, Vol. 20. Ed. S. J. Lippard, John Wiley and Sons, Inc.,
New York (1976).

R. L. Peieris, Quantum Theory of Solids, Ch. IV, Oxford University

Press, London (1955).
G. Beni, Solid State Communications, 15, 269 (1974).

David Allender, James Brag, and John Bardeen, Phys. Rev., B17,

1020 (1973).
W. A. Little, Phys. Rev., Al13, 1416 (1964).

V. L. Ginzburg, Soviet Physics Uspekki, 13, 335 (1970).

Conductivities for Kth(CN)4BrO.30'3H20 are ~300 and ~0.001
@1 cm1 in the directions parallel and perpendicular to the
stacking axis, respectively. H. R. Zeller and H. Beck, J.

Phys. Chem. Solids, 35, 77 (1974). Conductivities for (TTF)(TCNQ)

are ~500 and ~5 @~ cm~! in directions parallel and perpendicular
to the stacking axis, respectively (9).

M. J. Cohen, L. B. Coleman, A. F. Garito, and A. J. Heeger,

Phys. Rev., B10, 1298 (1974).




10.

1.

12.

13.

14,

15.
16.
17.

18.

19.

20.

R. B. Somoano, A. Gupta, V. Hadek, M. Novotny, M. Jones, T. Datta,
R. Deck, and A. M. Hermann, J. Chem. Phys., 63, 4970 (1973);

R. B. Somoano, A. Gupta, V. Hadek, M. Novotny, M. Jones, T.
Datta, R. Deck, and A. M. Hermann, Phys. Rev., B15, 595 (1977).

F. Wudl, D. E. Schafer, W. M. Walsh, Jr., L. W. Rupp, Jr.,
F. J. DiSalvo, J. V. Waszczak, M. L. Kaplan, and G. A. Thomas,
J. Chem. Phys., 66, 377 (1977).

R. J. Warmack, T. A. Callcott, and C. R. Watson, Phys. Rev. B12,

3336 (1975).
B. A. Scott, S. J. LaPlaca, J. B. Torrance, B. D. Silverman,

and B. Welber, J. Am. Chem. Soc., 99, 6631 (1977).

K. Krogmann, Angew. Chem. Int. Ed., 8, 35 (1969).

H. R. Zeller, Adv. Solid State Phys., 13, 31 (1973).

T. W. Thomas and A. E. Underhill, Chem. Soc. Rev., 1, 99 (1972).

H. J. Keller in Low Dimensional Cooperative Phenomena, Ed. H. J.

Keller. Nato Advanced Studies Institute Series, 7B, Plenum
Press, p. 315.

A. P. Ginsberg, J. W. Koepke, J. J. Hansen, K. W. West, F. J.
DiSalvo, C. R. Sprinkle, and R. L. Cohen, J. Inorg. Chem., 15,

514 (1976).
K. R. Mann, N. S. Lewis, R. M. Williams, H. B. Gray, and J. G.
Gordon II, Inorg. Chem., 17, 829 (1978).

K. R. Mann, J. G. Gordon II, and H. B. Gray, J. Am. Chem. Soc.,

97, 3553 (1975).



21. J. G. Gordon II, R. Williams, C. ~H Hsu, E. Cuellar, S. Samson,

K. Mann, H. B. Gray, V. Hadek, and R. Somoano, Annals of the New

York Academy of Sciences, 313, 580 (1978).

22. L. C. Isett and E. A. Perez-Albuerne, Solid State Comm., 21,

433 (1977); L. C. Isett, to be published in Phys. Rev., B.
23. A. N. Black, D. 0. Cowan, K. Bechgaard, R. P, Pyle, R. H. Banks,
and T. 0. Poehler, Phys. Rev. Lett., 34, 1561 (1975).




10

CHAPTER 2
Conducting Rhodium(I) Isocyanide Complexes

The unusual properties of quasi-one-dimensional conductors have
stimulated much interest in the synthesis of new examples of these
compounds. WWhile a great variety of organic conductors have been
prepared, fewer examples of conducting stacked square planar d8
metal complexes are known. All of the highly conducting members
of the latter group are either iridium carbonyl halides or partially
oxidized platinum cyanide and oxalate salts (1-6). The rhodium
isocyanide complexes (7-9) reported here are electronically similar
to the iridium and ptatinum compounds.

The intense colors of crystalline rhodium isocyanide complexes
indicate that there are significant interactions between monomeric
units in the solid state. In addition, the electronic spectra of
solutions of these complexes have intense bands in the visible
region which show a non-Beers law dependence on concentration (8,10).
These bands indicate the presence of oligomers of the tetrakis(iso-
cyanide)rhodium(l) cations. The presence of a mixture of oxidation
states is not necessary for oligomerization in solution.

An investigation of several rhodium isocyanide complexes was
undertaken in order to determine iT highly conducting solids could

be prepared. High conductivity could result in these compounds in
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two ways. The essential feature of these a8 compounds is that
square-planar complex ions stack along an axis perpendicular to the
coordination plane to form linear chains of metal atoms (Figure 1).
Electrons are delocalized along this chain in a band formed by

2 metal orbitals, as shown in Figure 2. Since this

overlapping dz
is a filled band, partial oxidation is required to generate the
free carriers needed for metallic conductivity. A simple molecular
orbital approach predicts that there will be a low-1ying unoccupied
band derived from metal Pz and ligand w* orbitals. If the gap
between this band and the filled dz° band is sufficiently small,
thermally activated conduction will result without partial
oxidation (11). The shorter the metal-metal bond, the greater

the interaction between monomeric units which give rise to both

2 and Pz-n* bands will be. The gap will consequently be

the dz
smaller (Figure 2). Crystalline disorder may also be expected to
increase conductivity in this type of material, due to band broadening
or creation of states within the gap. In order to understand the
electrical behavior of conducting d® compiexes, it is necessary to
evaluate such parameters as the metal-metal bond length, the degree

and nature of crystalline disorder, and the oxidation state of the

metal.
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Figure 1. Stacking in square planar d8 complexes.
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Experimental

Synthesis
Bis(1,5-cyclooctadiene)-p-dichtororhodium, [Rh(]’S_CSHiz)C]JZ’
was prepared by the method of Chatt and Venanzi (12), except that
recrystallization from acetic acid was omitted.
Bis(1,5-cyclooctadiene)-bis{acetonitrile)rhodium perchlorate

+
and tetrafluoroborate, [Rh(]’S_CSHIZ)(CHBCN)Z] C104

~ and [Rh(1,5-
4’, were prepared by reacting [Rh(],S—CSHTZ)Cl]

4 and AgBF4 respectively, in 1:2 molar ratio in acetonitrile.

AgC1 was removed by filtration. Addition of diethyl ether yielded

+ -
)(CHBCN)Z] C104

+
C8H]2)(CH3CN)2] BF

with AgCl10

the yellow crystalline products. Both [Rh(],S—CBH]2

and [Rh(1,5~C_H were extremely soluble in aceto-

812 4
nitrile and other highly polar solvents, and quite insoluble in

+
)(CH3CN)2] BF

diethyl ether and hydrocarbons. If not stored in sealed vials,
discoloration of the solids occurred, presumably due to loss of
acetonitrile. (Caution: A1l organometallic perchlorates are
potentially explosive.)

A1l isocyanides were prepared by standard methods described in
the literature (13-17). Vinylisocyanide was synthesized and used
as 30 to 60 mole percent solution in ethanol, rather than in pure
form, and was identified by NMR. (Caution: Some isocyanides afe
explosive. An intermediate in the preparation of vinylisocyanide

is reported to be explosive.)
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Rhodium(I) isocyanide complexes were obtained by reacting each

+ -
)C11,5 [Rh(1,5-CHy,) (CHACN) ,T €10,

isocyanide with [Rh(‘I,S—CgH]2
+
or [Rh(],S—CSH]z)(CH3CN)2] BF4

invariably the most soluble, anion exchange reactions in acetonitrile

Since the chloride salts were

vere also useful in the preparation of the other salts. Growth of
crystals was inhibited by the presence of water or cyclooctadiene,
among other impurities. Multiple recrystallization of the complexes
from acetonitrile solutions containing excess isocyanide was necessary
if good single crystals were desired. Acetonitrile was degassed on
the vacuum Tine and distilled from molecular sieves; diethyl ether
was distilled from sodium benzophenone ketal. Single crystals

of several complexes could be obtained by layering diethyl ether onto
an acetonitrile solution of the purified complex; or by slow cooling
an acetonitrile-diethyl ether solution of the complex. A1l syntheses
were carried out on the vacuum line. Analytical data are reported

in Table 1.

Rn(CNCH,) |, BF: 0.33 g [Rh(],S-CSH]Z)(CHBCN)2]+BF4" was
dissolved in about 5 ml acetonitrile in a flask with attached Schlenk
fritted filters. About 0.5 ml methyl isocyanide was distilled into
the reaction flask. The solution became brown, and addition of
10 ml1 diethyl ether precipitated the complex. The solid was collected
on the frit and then recrystallized twice by addition of 1) 5 ml
acetonitrile and 0.5 ml methylisocyanide followed by 2) 10 ml diethyl



Table 1.
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%C

%N

#H

Analytical Data for Rhodium Isocyanide Complexes

%C1 %Rh %0

Rh(CNC6H5)4C1O4 calc 54.70 9.11 3.27 5.77 16.74 10.41
614.85 found 54.52 9.01 3.54 5.6 15.7 (11.63)
. C, H, N average of six analyses

Rh(CNC6H5)3.67(C104)].33 calc 50.28 8.?8 3.01 7.68%(R}Ilfd;130.;2.87
613.65 found 50.76 7.77 3.85 7.14 A=30.58

C, H, N, C1 average of two analyses
Rh(CNCBH5)4Cl calc 61.05 10.17 3.66 6.44 18.68
550.86 found 60.83 10.61 4.11 6.17 (18.28)

Cl average of two analyses
Rh(CNC6H5)8F4 calc 55.85 9.30 3.35 %F=12.62;%R=17.09;%B=1.’
602.20 found 56.69 9.58 3.80
o C, H, N average of two analyses
Rh(CNCHCH2)4C1 cale 41.11 15.98 3.45 10.11 29.35
350.4 found 41.06 16.04 3.74 10.14 29,12

C, H, N average of two analyses
Rh(CNCHCH2)4C104 calc 34.76 13.51 2.92 8.55 24.82 15.44
414.6 found 34.96 13.70 3.08 8.80 24.60 (14.86)

C, H, N average of four analyses
Rh(CNCH3)3-38C1O4 calc 23.82 13.95 3.00 10.39 730.16 18.75
341.24 found 24.41 13.37 2.92 -- -= -
Rh(CNCHCH2)2_7C1 calc 34.54 13.42 2.90 12.59 36.54
281.5 found 35.16 12.48 3,18  -- -
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ether. Crystals suitable for x-ray photographic work were obtained
by layering 15 ml! diethyl ether onto a solution of the complex in

20 m] acetonitrile and 1.0 ml methylisocyanide.

Rh(CNCHCH2)4C1; 2.0g [Rh(1,5-C8H12)C1]2 was reacted with
~3.0 g vinyl isocyanide in 8 ml diethyl ether. The black precipitate
was collected on a fritted filter and washed several times with
additional ether. Yield after drying was 2.7 g. The infrared CzM

stretching frequency was 2170 cm™! (KC1 pellet).

Rh§CNCHCH2)2 7Cl; 2.0 g (.008 mole) [Rh(],S—CBH]Z)m]2 was
reacted with 1.26 g (.024 mole) vinylisocyanide in diethyl ether.
The solid product was extracted with acetonitrile and dried.

Rh{CNCHCH,),C10

0.77 g [Rh(1,5-C )(CHscN)2]+C]04' was

2)4C10,: g2
dissolved in 40 ml acetonitrile. About 1 g of vinylisocyanide was
added. Solution was warmed to dissolve all of the complex, then
cooled to -15° C and filtered. The red-brown microcrystalline
residue was redissolved in 30 ml acetonitrile and ~.5 g vinyl
isocyanide. 40 ml diethyl ether was added and product was again
collected on the frit. The red-brown mat of hair-like microcrystals
was dried by pumping. Failure to recrystallize the initial product
apparently results in incorporation of 1,5-cyclooctadiene, which, if

present, seems to inhibit formation of good single crystals in later

experiments.
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Microcrystalline tetrakis(vinylisocyanide)rhodium(I) could
also be obtained by Soxhlet extraction of 1.0 g of Rh(CNCHCH2)4'C]
with 100 m1 dry, degassed acetonitrile containing 10.0 g tetraethyl-
ammonium perchlorate under a pressure of ~100 torr dry, oxygen-free
nitrogen. After completion of the extraction, the flask was allowed
to cool slowly and was left undisturbed for about a day. The yield
after filtration was 0.5 g. (Caution: The dry complex will detonate
on heating to about 270° C.)

Rh{CNCHCH could be prepared in an analogous manner, but

2) 4BFy
was very hygroscopic.

Rh(CNC.H,),C1: 4.0 g [Rh(1,5-CAH.
mixture of acetonitrile and diethyl ether. 12 ml (~9.6 g) phenyl
i GSHB)lfLC-I
was collected in two fractions totalling 8.25 g. The first

)C]]2 was dissolved in a 1:1
jsocyanide was added to the reaction flask. Solid Rh(CNC
fraction consisted of brown microcrystats.

Rh!CNC6H5)4BF4: 3.0¢g [Rh(1,5-C8H]2

dissolved in 40 ml acetonitrile. After filtration to remove NaCl,

)C]]2 and 1.5 g NaBF, were

8.0 g phenylisocyanide was added. Addition of ether gave 6.15 g

coppery-brown microcrystals. The infrared C=N stretching frequency

of a sample in dichloromethane was 2160 em!.
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BﬂﬁgﬂpﬁH5)4C1p4: 0.5 g [Rh(1,5- C8 ]2)(CH CN)2] €10~ was dissolved
in 13 ml acetonitrile. About 1 ml phenylisocyanide was distilled
into the reaction flask, giving a blue solution. About 20 ml diethyl
ether was added to precipitate product, which was collected on a
fritted filter and washed with an additional 10 ml of ether. Layering
of the additional ether over the filtrate in the receiving flask

resulted in crystals up to 0.05 x 0.05 x 0.5 mil.

Rh(CNC )3 67 6104)] 33° 0.5 ¢ Rh(CNC6H5)4C1, somewhat oxidized
by several months exposure to air, was extracted with about 10 m]l
acetonitrile. 0.11 g NaC]O4 was added and after stirring, the
solution was filtered to remove the fine precipitate of NaCl.

Addition of diethyl ether gave the complex as fine hair-like crystals.

Rh!CNC6H5)3.67(QlQ4)].33 crystals: 0.05 g Rh(CNC6H5)3 67(C104)1 33

was placed in a solvent diffusion cell (Figure 3). About 3 ml
acetonitrile were distilled onto the complex and about 5 ml diethyl
ether were distilled into the other leg of the cell. After sealing
and allowing the solvent to reach room temperature, the diethyl
ether was slowly distilled onto the acetonitrile solution of the

complex. Crystals ~1 mm Tong appeared after about 5 days.

Rh{CNCHCH2)401_04 single crystals: 0.40 ¢ Rh(CNCHCH2)4CTO4 was

placed in a solvent diffusion cell and degassed. 4 ml acetonitrile
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and 15 ml diethyl ether were distilled onto the complex and into the
second Teg of the cell, respectively. After warming to room temperature,
the ether was distilled onto the acetonitrile solution. Coppery

crystals, ~10 mm x 0.08 mm x 0.04 mm, were harvested after four days.

Electrical measurements

The electrical conductivity was measured on each complex with
the use of two probes applied to a pressed poﬁder of thickness 0.25-
0.6 mm. Single crystals of tetrakis(vinylisocyanide)rhodium(I)
perchlorate were large enough for four probe conductivity measurements
with silver paint contacts. Both kinds of conductivity data obtained
at room temperature are given in Table 2. The temperature dependence
of the conductivity of tetrakis(vinylisocyanide)rhodium{(I) perchlorate

is given in Appendix 2.

X-ray and density measurements

The sharp extinction of transmitted polarized light was used as
the criterion for selecting crystals for x-ray diffraction work.
Most crystals were fibrous and twinned; however, this resulted in
misalignment of the diffracting domains (within the crystal) only
in the directions perpendicular to the stacking axis. Axis lengths
and strong repeats along the stacking (needle) axis could be
identified, although the other unit cell parameters could not be
determined for most crystals. Tetrakis(vinylisocyanide)vrhodium(I)

perchlorate formed good single crystals and oscillation and Weissenberg
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Table 2. Room Temperature Conductivities of Stacked Rhodium

Isocyanide Complexes

Complex , Source Conductivity Q_]

cm

Rh(CNCHCH ) C10 single crystal 2 _3

2'4 4 powder 5.6 x 10
Rh(CNCHCH,) ,C1 powder 2.9 x 1074
-4

Rh(CNCHCH2)2.7C1 powder 2 x10
-7

Rh(CNC6H5)4CT powder 6 x 10
-5

Rh(CNC6H5)4BF4 powder 2 x 10
-4

Rh(CNCGH5)3.67(C]O4)1.33 powder 1.7 x 10
' -2

d .
Rh(CNCH3)4_XBF4 powder 2.2 x 10
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photographs were used to determine its space group and unit cell
dimensions. Table 3 gives stacking axis lengths and strong repeats
for the complexes studied. The axis length of tetrakis(phenyl
isocyanide)rhodium(I) chloride was determined from a tentative
indexing of a Guinier-Hagg powder photograph.

More accurate unit cell parameters (Table 3) were determined for
tetrakis(vinylisocyanide)rhodium{I) perchlorate by least-squares
refinement based on 26, ¢, and X of 12 accurately centered reflections,
measured on the quarter circle General Electric diffractometer.

The crystal used measured 0.05 x 0.1 x 0.5 mm. The intensities of
1199 unique reflections were measured using 26-6 at rates of 1°/min
or 2°/min. Intensities were corrected for Lorentz, polarization,
background, absorption and decay; atomic scattering factors of
rhodium and chloride were corrected for anomalous dispersion (real
part) (18). Initial atom positions were assigned on the basis of
Patterson maps. Oxygen atoms and vinyl carbon atoms (as well as
hydrogen atoms) could not be seen on Pattersons and were added at
calculated 2- or 4-fold disordered positions. After refinement
reached R = 0.09, the vinyl carbon atoms were removed from the model
and their positions were reassigned on the basis of différence Fourier
maps. Refinement in space group Immm proceeded to R = 0.084, wR =
0.02567 for 1199 reflections; R = 0.058, wR = 0.02462 for 676
reflections with F2 > 3a. The real goodness-of-fit reached 4.37

for 1199 reflections. Difference maps were essentially flat after
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Table 3. Unit Cell Parameters of Rhodium Isocyanide Complexes

a} Stacking Repeats

Complex 56 (A) n Eg/n (A) Source
[Rh(CNCHCH2}4]CTO4 8.78 3 2.93 oscillation
[Rh(CNCH3)3.38]BF4 5.87 2 2.93 oscillation
[Rh(CNCGH5)4]BF4 3.03 oscillation
[Rh(CNC6H5)4]C] 23.54 8 . 2.94 powder
[Rh(CNC6H5)3'67](C104)1.33 23.79 8 2.98 oscillation
[Rh(CNCBH5)4] C104 3.20 oscillation
b) Unit Cell Parameters of [Rh(CNCHCH2)4]CIO4
a (h) b (k) B v (&

Room Temperature 8.810 22 .85] 12.696 - 2556

22° K 8.671 22.114 12.391 2376

Space Group, Immm _ .
Absorbtion Coefficient 99.6 cm™1 CuKaj; 11.56 cm'] MoKo
Density, calc. 1.623 g/cm3 (6 Formula Units/cell)

Major Crystal Faces [010], [011], [001]

¢) Indexing of [Rh(CNC

6H5)4]C1 Powder Patterns

O(obs) hK%

5.63 003

7.25 222

8.625 400 o
11.33 006 a_ = b, = 20.64 R
11.685 520 B .
13.61 620 c = 23.54 A
16.96 650 0
17.39 652 - ‘
18.67 654
19.10 00lo

31.36 o0l6
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refinement, except for small residual peaks (~1e“/ﬁ3) at rhodium and
chloride positions.

The intensities of 1506 unique reflections were measured at
21 .4 - 22.4° K using 26-w scans on the locally designed Tow temperature
diffractometer (19). Graphite monochromatized MoKo radiation was
used. The crystal used measured 0.036 x 0.081 x 0.36 mm>. The
scan rate used was 1°{20)/minute, and backgrounds were measured at
both ends of the scan range for a total of 1 minute. The same kind
of corrections applied to room temperature data were applied (18).
Because of the small size of the crystal, and the low intensity cof
diffraction with MoK, only 1032 refiections had observed intensities
greater than zero after correction for background. Only 282
reflections had F2 > 30, Moreover, the rapid drop-off in intensity
with increasing 26 is nearly unchanged between 300° K and 22° K.

The Tow temperature structure of [Rh(CNCHCH2)4]C104 was partially
refined by least-squares. Only the coordinates and temperature
factors of the rhodium atoms and the atoms of one of the three
independent vinylisocyanide ligands could be refined, due to the
poor quality of the data. The coordinates of the atoms of the
other two ligands were determined from Fourier maps. Spurious
(noise) peaks on the Fourier map had a magnitude of up to i3e‘/ﬁ3,
while the isocyanide carbon and nitrogen peaks Had a magnitude about
twice as great. Vinyl carbon peaks were of about the same intensity

as the larger noise peaks, and were assigned on the basis of both
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Fourier maps and geometrical considerations. The partly refined
model gave R = 0.342 for 1032 reflections with F > 0, and R = 0.132
for 282 reflections with FZ > 30, Weighted residuals, wR were 0.0729
and 0.0613 for all 1506 reflections, and 282 reflections having

F2 > 30, respectively. The weighted goodness-of-fit was 2.58 for the

full data set.

Electronic Spectra

Electronic absorption spectra of tetrakis(vinylisocyanide)
rhodium(I) chloride and tetrafluoroborate in a variety of polar
solvents were obtained from 10,000 to 50,000 cm~!. The observed
bands and intensities are tabulated in Table 4. The absorption
spectra of the chloride salt at different concentrations are shown
in Figure 4. Photoaccoustic spectra of [Rh(CNCHCH2)4]Cw4 and the

1(C10

partially oxidized [Rh(CNCGHS) were obtained using

3.67 4)1.33
powder samples, and are shown in Figure 5 (9).

Results

Characterization and composition

The complexes are black or coppery-brown, hygroscopic (especially
with smaller ligands and anions), and difficult to crystallize. The
chloride salts are soluble in water and polar organic solvents,

while salts of larger anions are nearly insoluble in water. Complexes
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Table 4. Solution Spectroscopic Data - [Rh(CNCHCH2)4]C1 and
[Rh(CHCHCH2)4] BF4

Monomer Spectra

* ¥
Absorbtion band Rh(CNCHCH,,) ,BF Rh(CNCHCH,)) ,C1
A € A €

intraligand absorbtion 233 (34,000) not measured
Ay » 1, 329 (19,000) 324 (17,000)
Targ ~ T8y, 409 (5,000) 395 (3,000)
g > %y 457 (700) 450 (550)

+ %

in CH3CN in H20
5 x 1075 and 3 x 1074 M 9 x 107 M

n
Positions of lowest intense band in the spectra of [Rhn(CNCHCH2)4n] ¥

F _ ¥
BF, c1
n =1 403 395
n=2 555 550
n=3 715 75
n =4 962
$inH20
4

9 x10°" M
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Figure 4. Absorbtion spectra of Rh(CNCHCH2)4C1
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Relative Intensity
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)4](2104

Rh(CN°6H5)3.57](C]°4)1 .33
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i i i ci10 d Rh(CNC H C10
Figure 5. Photoaccoustic spectra of solid [Rh(CNCHCH2)4] g 2" ( ; 5)3.67]( 4)1“33
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decrease in solubility with decrease in size of ligand, reflecting
stronger crystai-binding forces.

The analytical data in Table 1 indicate that deviations from
the expected stoichiometry of tetrakis(isocyanide)rhodium(I) salts
(c10

may occur. Rh(CNC clearly demonstrates both

6'5)3.67(0104)1 .33
non-integral ligand-to-rhodium and anion-to-rhodium ratios, although
the C, H, N analyses of “Rh(CNCH3)3.388F4" and ”Rh(CNCHCH2)2.7CT"
suggest similar non-integral stoichiometry. Careful preparation of
tetrakis(phenylisocyanide)rhodium(I) perchlorate in the absence of
oxygen results in a material without partial oxidation. Tetrakis(phenyl-
jsocyanide)rhodium(I) chloride, tetrakis(vinylisocyanide)rhodium(I)
chloride and perchlorate all appear to have little or no partial
oxidation. Deliberate attempts to produce high degrees of partial
oxidation by addition of Rh(III) complexes to the rhodium{I) vinyl-
isocyanide complexes have not been successful.

The stoichiometry of Rh(CNC6H5)3.67(C104)1.33 may reflect its
structural details. Extra perchlorate anions may occupy ligand
positions within the structure. Partial oxidation may account for

the increase in conductivity of this complex with respect to

tetrakis(phenylisocyanide)rhodium{I) chloride (Table 2).

Optical properties and crystal structures

Well formed needle-shaped crystals of [Rh(CNCHCH2)4]C104,
[Rh(CNC6H5)3.67(C]04)1.33, [Rh(CNCGH5)4]C104, [Rh(CNC6H5)4]BF4,

and [Rh(CNCH3)3 38]BF4 exhibit strong optical dichroism in plane
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polarized light. Maximum extinction occurs when the electric vector
is parallel to the needle axis, which in all cases coincides with a
unique crystallographic direction (Eb). A1l crystals transmit when
the electric vector is perpendicular to Eb, if the crystal is not
extremely thick. Crystals of [Rh(CNCHCH2)4]C1O4 transmit red Tight
in the b, direction.

The rotation photographs of each of the crystals (rotation axis =
Eb) showed the same typical set of intense layer lines corresponding
to a d spacing of about 2.95 ﬁ, except that the extremely fibrous
crystal of [Rh(CNC_H ) ]C]O4 showed a significantly Targer “strong

654

repeat" of 3.20 . In contrast, the partially oxidized [Rh(CNCGHS)3 67]

(c10,) showed a well defined pattern of seven pairs of weak layer

4°1.33
lines and one pair of strong layer lines corresponding to d = a0/8 =

2.98 R.

5)4]C1 showed a simple

pattern of 11 1lines which could be indexed to a tetragonal cell

Gunier powder photographs of [Rh(CNCGH

having co/8 = d(Rh-Rh) as in [Rh(CNC6H5)3.67](C104)1'33. All of
the Tines could be indexed to a tetragonal cell with _6 = 20.64;
¢, = 23.54 } (Table 3c). Since the cell is large, the indexing is
questionable, but the four strong 002 reflections (especially, very
strong, broad 0016 at 26 = 62.72) lend strong support to a Rh-Rh
repeat of 2.94 &.

The Rh-Rh bond iengths in these crystals are considerably shorter

than in dimeric rhodium isocyanide complexes (3.19 R)s Tonger than

in rhodium metal (2.69 ﬁ) (20) or in rhodium(0) complexes such as
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[Rh(CO)(PPh,),1, (2.63 &) (21); and similar to the bond Tengths in

hdoium(11 “H_0- .936 A ]

rhdoium(II) complexes as ha(DMG)z(PPhB)2 H20 C3H7OH (2.936 A} (22)
1c10

Only [Rh{CNCHCH,) crystals showed the diffraction patterns, on

2°4 4
osciltation and Weissenberg photographs, of non-fibrous single
crystals. The strong layer lines of this crystal were interspaced
with two additional, very weak layer lines, indicating that a, =
3 x 2.93 A for this compound. |

Weissenberg photographs indicate that [Rh(CNCHCH2)4]C104 forms
body centered orthorhombic crystals. Al1l reflections are of the
kind h + kK + 2 = 2n, and there are no other systematic absences.
Thus, the probable space group was determined to be Immm, Imm2
12]2]2], or 1222,

Crystal structure of [Rh(CNCHCHz)q]CIO4

A three-dimensional Patterson map, calculated with all of the
available room temperature diffractometer data, revealed that six
rhodium atoms occupy two point sets: 2 Rh in (000, ¥s%) and 4 Rh
in (000,%) + (x00,x00), where x = 0.33272(27). Six perchlorate

chlorines also occupy two point sets: 2 Ct in (040,%0%). and 4 Cl

in {00%,%50) + (0x0,0x0), where x = %. There are twenty-four

ligands of three independent kinds, four of each of two kinds bonded
to Rh at (000,%%%) and sixteen of one kind bonded to the other set
of Rh atoms. The former two ligands have vinyl carbons exhibiting

high thermal motion and disorder. Ligand 1 1ies along the (0,y,0)
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axis and both vinyl carbons have very high thermal motion, indicating
that the electron density maximum along the (Oy0) axis is the result
of an average of multi-fold disorder of atoms about this axis.
Since the root-mean-squared amplitude of vibration of these atoms is
so high, ~0.4 R, the required geometry of the 1igand (a C = C-N
bond angle of ~120°) is not contradicted. Ligand 2 1ies along the
(00z) axis. Its end viny! carbon atom is disordered across the
mirror plane at y = 0, and has extremely high thermal motion in the x
direction, perhaps reflecting torsional motion of the ligand. This
atom was revealed in Fourier maps (Fiqure 6) and its
position was not refined due to proximity to the z = 0 mirror plane.
Ligand 3 is not disordered, but has fairly high thermal motion. It
is bent significantly out of the x = 1/3 plane, allowing mirror related
ligands on Rh atoms at (+0.33272, 0.0, 0.0} to minimize their steric
interactions. The only close ligand-Tigand interatomic distances
involve isocyanide carbon atoms. Atom positions and temperature
factors are collected in Table 5. Bond Tengths and angles, as well
as some non-bonding contact distances, are shown in Table 6. An
ORTEP diagram of the structure is shown 1in Figure 7. Note that all
1ight atom bond lengths have fairly high standard deviations, due
to the dominance of rhodium scattering. Bond lengths and angles
associated with the vinyl carbon atoms have especially high standard
deviaticns,

The low intensity of the low temperature data set impeded

refinement of the structure. A rapid drop-off in intensity with
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R N

N

~.5 B/cm <

D z = .43 plane
| (I
> <

N g > <

Figure 6. Fourier map of ligand 2, [Rh(CNCHCH2)4]C104.

Contours at .Ze'/ﬁ3 intervals.
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Table 5a. Refined Atomic Coordinates for Rh(CNCHCH2)4C1O at Room

4
Temperature
X Y Z
Rh 1 0 0 0
Rh 2 33272 ( 27) 0 0
C11 0 50000 0
Cl 2 0 25000 50000
C1 0 8954 (134) 0
N 1 0 13490 (113) 0
c2 0 20425 (286) 0
c3 0 25026 (354) 0
C4 0 0 16582 (373)
N 2 0 0 25189 (326)
C5 4] 0 36326 (282)
C6 0 5000 41651 (635)
c7 32687 (199) 5936 ( 67) 11363 (107)
N 3 31173 (176) 9442 ( 60) 18026 (110)
c8 28888 (360) 13990 (160) 25897 (242)
C9 27718 (537) 13591 (267) 34075 (413)
X Y z
01 0 5639 0
02 0 4787 1084
03 1348 4788 -539
04 0 3139 5000
05 0 2287 6084
06 1348 2288 4460
07 0 1861 5000
08 0 2713 3916
09 -1347 2712 5540

Oxygen coordinates have been multiplied by 10%. A1 others have
been multiplied by 10°.
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01
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A11 Uij's have been multiplied by 104.

Refined Temperature Factors for Rh(CNCHCH )4(:104 at Room Temperature.

Un

592 { 22)
568 ( 11)
2590 (298)
1480 (102)
943 (215)
1105 (217)
4082
3063 (938)
312 (118)
1468 (314)
3814 (879)
6184

837

4837
1175 (241
3076 (529
4256 (937)
3085 (960)
1530 (114)
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U33

974 ( 40)
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4853 (246)
1767 (349)
2865 (434)
4203
1901 (563)
2456 (500)
1886 (427)
508 (188)
3048
1196
1705

188

5313

( 95)
(115)
2630 (296)
(783)

u12 u13 U23
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0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 g

0 0 -1887 (751)
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Rh(CNCHCH2)4{31O4 Room Temperature Structure, Bond Lengths, Angles.,

and Contact Distances

Table 6
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having Rh and €1 positions

C2

ORTEP diagram of the

carbon chain asymmetric
unit. Thermal ellipsoids

at 30% probability level.

Figure 7. [Rh(CNCHCH2)4]C]O4 structure.
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increasing k and 2 remained at low temperature, indicating retention
of disorder in y and z parameters. However, h = 9 and 12 reflections
were observed, reflecting a precisely defined Rh-Rh distance in the
x direction. The "high thermal motion" of several atoms at room
temperature is resolved into two-fold disorder at 22° K. However,
only the rhodium atom coordinates, anisotropic temperature factors,
and coordinates of the atoms of ligand 3, may .be refined by least-
squares. Other atom positions were obtained from Fourier maps.

Atom positions and temperature factors are shown in Table 7; bond
lengths, and bond angles are collected in Table 8.

There is no structural phase transition between 22° K and 300° K

in [Rh(CNCHCH2)4]C1O There is some reduction in thermal motion,

4
but disorder is retained. There is no crystallographic evidence for

partial oxidation in Rh(CNCHCH2)4C1O4.

Electronic Structure

The electronic properties of crystailine [Rh(CNR)4]+X" may be
rationalized from simple molecular orbital arguments and a knowledge
of the properties of oligomeric species in the solid state and
solution (1,2,10). Figure 2 shows a molecular orbital diagram for
[Rh(CNR)4]nn+ where n = 1,2, and 3, as well as a simple band diagram
for the polymeric solid. The dimer and trimer are assumed to have
staggered configurations, resulting in qu and D4h symmetry, respectively.
The highest occupied orbital of the monomer is a]g(dzz); the lowest

empty orbital is an a5, orbital with Rh Pz and ligand w* character.
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Table 7a. Atomic coordinates of Rh(CNCHCH2)4C104 at 22° K.

X y z
Rh 1 0 0 0
Rh 2 33333 0 0
c1 0 9700 0
C 2 4000 21000 2000
C 3 0 24000 9000
C 4 0 1000 14300
C5 0 1000 : 33000
C6 6000 5000 37000
c7 32761 6109 12042
C8 29552 14164 25196
C9 25326 12772 34295
N1 0 15700 0
N 2 0 1000 22500
N 3 31422 9248 18062
C1 1 0 50000 0
Cil 2 4] 25000 46000
01 0 56390 0
02 0 47870 10840
03 13480 47880 5400
04 0 31790 46000
05 ) 23270 56840
06 13480 23280 40600

5

Al1 coordinates have been multipled by 10°.
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Table 8

[Rh(CNCHCH2)4]C10 Low Temperature Structure, Bond Lengths, and Angles

4

PN = —
|
OO
~ =

14* Rh 1 - Rh 2 2.890 (10)
.78* Rh 2 - Rh 2~ 2.890 (10)
.01 (3)

.26%
.02*
.03 (4)

o
N—= N

I

OO0 X 0
—

~ e
1

W N~

—

1.29*
.30*
.41 (5)

vl

1.05*
1.14*
1.22 (6)

QoI W N =~
!
O oW ooo;n
—

164° *
145° *
116° *
175 (3)°
172 (4)°
115 (5)°

Z0O0Xx=2=20 OO0 ===
]
OZ2000= e XeKe) OO0 =222

-
WSNMNONY =

[ A
w~TN—
rr 3+ °r .1
OO0O=Z000
WOoWOYWMN

AAAAAA

*At least one atom position estimated from Fourier map, and not refined
by least-squares.
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On dimerization, in symmetry D4d’ two sets of a and b2 orbitals result,
each of which is primarily associated with either the a]g(dzz) or
azu(PZﬂ*) orbitals of the monomer. The low energy transition at 550 nm

in water or acetonitrile solutions of [Rh(CMCHCH 4]CTO4 is assigned

2)

to the Tb, » 2a, transition of [Rh(CNCHCH2)4]22+. Likewise, the 715 nm

1

+
band is assigned to the 2a1g + 2a,, transition of [Rh(CNCHCH2)4]33 .

Oligomerization is allowed because of significant mixing of the
a]g(dzz) and aZU(Pzﬂ*) derived levels of the monomer, stabilizing
the lower, filled orbitals of the oligomer, and destabilizing the
higher, empty orbitals. If the Rh-Rh interaction in the stacked

crystalline modifications is similar in strength to that in the

2

oligomers, a band gap between the dz" and Pz-n* bands might be

expected to be significantly smaller than lowest energy band of the
tetramer at 962 nm (10,400 em™! = 1.3 eV). Furthermore, the Rh-Rh
bond length in the polymer is apparently significantly shorter than in

i . i H
the oligomers. Photoaccoustic spectroscopy of [RhZ(CNCGHS)B][B(CG 5)4]2

in the solid state reveals absorbtion at about the same wavelength
as the 1b, » 2a; band in solution. The Rh-Rh bond length in
[RhZ(CNCGHS)S][B(C6H5)4]2’ from refinement of the crystal structure,
is 3.19 A. The significant shortening of the Rh-Rh bond in

[Rh(CNCHCH,),1C10,, must lead to a much stronger overlap of dz?

2)4
and Pzm* orbitals in the adjacent monomeric units, and a much lower

band gap than would be predicted from the oligomer spectra.

The photoaccoustic spectra of [Rh(CNC _H_) 1(c10,) d

6'5'3.67 2’y .33 2"

[Rh(CNCHCH2)4]C1O have strong absorbtion throughout the visible

4
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region. This is consistent with strong interactions resulting in
a band structure, with activation energy <1 eV for excitation into
the conduction band.

The room temperature conductivity of [Rh(CNCHCH
1

2)4](3104 is

~2 oV em™! as measured on single crystals. The plot of Tno vs. 1/T
(Appendix 2) reveals that the conductivity is activated, AE ~0.10 eV
in the linzar low temperature region. This electrical behavior is

2 and Pz-w* bands,

consistent with a small band gap between the dz
and conduction via thermal population of Pzn* band. Disorder may
play a role in increasing the conductivity.

The transmission of polarized 1light, with electric vector
perpendicular to E;, through single crystals of [Rh(CNCHCH2)4]C104
in the Bb direction, indicates that the activation energy for hopping
between chains is very high (>1.5 eV). Although crystals are far
too thin for conductivity measurements with the Montgomery configuration,
it is certain that these complexes are among the most anisotropic
of known quasi-one-dimensional conductors.

Powder conductivities increase with decrease in ligand size.

This is presumably due to greater interchain coupling when rhodium

chains are close together.
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Conclusions

Tetrakis(isocyanide)rhodium(I) salts crystallize in conducting,
stacked modifications if ligands and anions are reasonably small
(CN-R: R = methyl, vinyl or phenyl; x™: (15, BF4_, C104'). Partial
oxidation of the rhodium chain is 1likely in some of the complexes,
for exampie [Rh(CNC_H_) J(c10,)}

6 5°3.67 4'1.33°
average oxidation state does not seem to be a necessary condition

However, a non-integral

for moderately high conductivity (11). Chemical analysis and

refinement of the room temperature crystal structure of [Rh(CNCHCH2)4]CIO4
indicate that this complex has one perchlorate anion per rhodium atom.

If a very low ievel of partial oxidation exists, it may effect the
magnitude of the conductivity, but would be present as a crystallographic
impurity and no metallic state would exist. A minor difference in

two Rh-Rh bond lengths occurs at room temperature and probably at

low temperature. This inequality, along with the differences in

the chemical environments of the two crystallographically inequivalent
rhodium atoms, seems to be due to steric interactions {i.e., steric
repulsion, between the eclipsed sets of 1igands on the equivalent Rh
atoms at x = 1/3 and x = 2/3, results in displacement from the ideal
positions and lengthening of the Rh2-Rh2” bond) . Both integral
oxidation state and crystallographic inequivalence of metal atoms

have been observed separately in conducting, stacked d8 metal

complexes (11,23). The conditions for conductivity in these materials

seem to be less restrictive than previously thought.
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Non-integral oxidation has been described as a necessary condition
for high conductivity in d8 metal complexes (5). The conductivities
of complexes exhibiting both integral and non-integral oxidation
states have similar dependence on temperature. Magnitudes of the
room temperature conductivities of the rhodium isocyanide complexes
are ~190 times less than the partially oxidized platinum complexes,
while the activation energies are similar. The decrease of room
temperature conductivities in the sequence:
0>

Kth(CN)4B “H,0 > Ir(CO)361~KO.6[Ir(CO)2612]'0.5H

Yo.33°M7 2

[Rh(CNCHCH2)4]01O4

follows the 1increase 1in interchain distances.
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Abstract

(TTF)Cl, ., x = 0.67 and 0.70, is a quasi-one-dimensional organic con-
ductor with a room temperature conductivity of ~ 150 n‘l cm'l. At room
temperature the structure is tetragonal and consists of chains of uniformly
spaced, eclipsed TTF molecules surrounding channels occupied by chloride
ions, which form a disordered lattice. The chloride sublattice becomes
ordered and the TTF sublattice undergoes a structural phase transition
from tetragonal to monoclinic symmetry at ~ 250° K. The angle B of the
monoclinic crystal increases continuously as th; temperature is decreased
from 245° K to 19° K. The electrical conductivity shows a sharp decrease

at the phase transiticn which is suggestive of the formation of commensu-

rate charge density waves in the monoceclinic erystal.

Introduction

The stabilization of the metz2llic state in quasi-one-dimensional
organic metals has been a goal of researchers for many years. These
materials exhibit metallic behavior down to a temperature, Tyr ~ 50 -200° K,
where a metal-to-nonmetal (M-NM) transition takes place, resulting in non-
metallic behavior at low temperature. Tt is important to understand the
nature of the forces that drive this transition in order that it may be
controlled, and eventually suppressed, so as to stabilize the metallic
state, OSome of the experimentally controllable parameters which should
influence the phase transition are the interchain coupling, the degree of
disorder, and the nature of the molecular stacking along the chain (i.e.,

slipped versus eclipsed stacking).
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There have been numerous studies of the M-NM phase transition in
organic metals in which the cation and anion radicals stack in a slipped
fashion.l However, very little work has been done on systems such as
the halides and pseudohalides, (i.e., thiocyanate, SCN and selenocyanate |
SeCN) of tetrathiafulvalene (TTF)E’ 3,h , in which the TTF molecules 4in the
chain are eclipsed. In these materials the metallic state appears to be
less stable (i.e., higher TMI)- Recent X-ray diffuse scattering studies
of ('ITF)J_E(SCN)'Z reveal a tetragonal-to-monoclinic structural phase transi-
tion at ~ 340° K and the presence of one-dimens‘iona.l incommensurate charge
density waves (CDW) below this temperature.” In this paper, we report the
results of our single-crystal X-ray study of the erystal structure of
(TTF)C1, (x = 0.67 and 0.70) at various temperatures down to 19° K. Here,
the TTF molecules are eclipsed and uniformly stacked and the chloride
lattice exhibits considerable structural disorder at room tempera.ture.6
The electrical conductivity and thermoelectric power undergo changes at
200-250° K, which are suggestive of a M-NM transition. Similar changes
are observed in all of the halides and pseudohalides of TTF,

Experimental

Crystals of (TTF)Cl, were grown by co-diffusion of solutions of (TTF)
(Cth)O.rz, and tetraethylarmonium chloride in acetonitrile. The crystal
structure was studied by & variety of X-ray diffraction techniques. Oscil-
lation and Weissenberg photographs were obtained at room temperature. In
addition, oscillation photographs were obtained gt 120 + 10° K by cooling
with a stream of cold N, gas.

The room-temperature structure of (TTF)ClO_ 67 was determined and

refined with the use of a three-dimensional data set that was obtained
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with nickel-filtered CuK, radiation (A = 1..54178 A) and a Datex automated,
locally modified General Electric quarter-circle diffractometer. The crys-
tal used was a tetragonal prism of the size 0.11 x 0.11 x 0.63 mm3, the
prism axis being Co- A total of a.bout‘ 800 reflections were measured up to
20 = 155°, using 20 - O scans. These were corrected for Lorentz, polari-

zation, and absorption (p = 104 em™t),

and merged to a set of 303 unique
reflections.

For the study of structural changes at temperatures ranging from 300°
K to 19° K we used a locally designed and bui]:t low-temperature diffracto-
7

meter consisting of a CTI model 21 closed-cycle "Cryocooler", an E & A
full-circle and base goniometer, a Syntex Pl interface (and software package),
& graphite monochromator of our own design, and a molybdenum-target X-ray -
tube. The temperature can be varied in steps of 0.1° K and kept constant for
long periods of time, The crystal used for this study {(TTF)C.‘LO_ 67] was from
the same batch as that used for the room-temperature work and had the dimen-
sions 0,17 x 0.20 x Q.27 mm3. It was mounted with the gg-a.xis approximately
parallel to the rotation axis.

The electrical conductivities were measured by the standard four-probe
technigque using aquadag contacts.

Results

General Features of the Layer Lines and Stoichiametry

A number of batches of good crystals were obtained by the co-diffusion
method, The two kinds of crystals studied in detail represent the extremes
of the short range of stoichiometry exhibited by disordered tetragonal (TTF)ly.
Figure 1 shows an oscillation photograph taken at room temperature of

a crystal from one of the batches, which we label (TTF)Clg, 70. The rotation

exis is ¢5. It is seen that there are two sets of diffuse layer lines
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marked hkl and hk2. Single crystals from the other batch which we label
(TTF)C10.67 (again, rotation axis is 52) gave rise to two similar sets

of diffuse lines, which, however, differ somewhat in the spacings. In
each case the hkl set corresponds to the d-spacing dOOl ~ 3.0 x <, and the

hk2 set to d002 ~ 1.5 x Lo where [ is the length of the cell edge that

corresponds to d003 or the (non-diffuse) hk3 set (TTF sublattice).
Each hk2 set is due solely to the chloride iops in the channels (Cl-sub-
lattice) and the weaker hkl set results from both the Cl-sublattice and
the TTF-sublattice. If the assumption is made that d002 is the same
as the average Cl-Cl distance along z and that d003 represents the
average TTF-TTF distance, the stoichiometry should correspond to the
ratio d003/d002. In the absence of chemical analyses of sufficient
accuracy to determine the minute differences in composition of the
two batches, each label used above was assigned so as to represent the
d003/d002 ratio as determined from the corresponding oscillation photograph;
see Table 1. The nominal camera radius was used for the determination of
each d-spacing without applying a correction for film shrinkage. Thus,
each d-spacing by itself may lack accuracy, but for the practical purpose
considered here errors due to film shrinkage cancel out in the ratios.
The stoichiometries 1:0.70 and 1:0.67 are consistent with the composition
range previously reported6 for the disordered tetragonal (TTF)Clx.

In (TTF)C10_67 the chloride sublattice is commensurate with the TTF
lattice whereas in (TTF)C10.70 the two lattices are incommensurate with
each other. The diffuseness of the hkl and hk2 layer lines indicates

that there is a considerable degree of disorder in the chloride



Table 1.
Temperature
Phase (°K)
TTF Clo‘ 67 298
TTF Clo. 70 298

55

&
3.57
3. 54
3.58
3. 57

Repeat distances in the TTF and Cl Stacks

d
&)

5. 32
5.36
5.08
5. 363
L.o7

dprr/dey
0.671

0. 660
0. 705
0. 6663
0.718
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sublattices of each compound at room temperature. The diffuse nature
of the spots which make up the hkl and hk2 layer lines, indicates that

only very short-range order exists in the chloride sublattice.

The features of the oscillation photographs just discussed are in
general similar to those that we have observed on photographs of (TTF)BrO.Th,
(TTF )15 (SCN)7, and (TTF)12(SeCN)7, except that in the case of (TTF)Cl,, the
diffuseness of the anion-sublattice reflections is considerably enhanced.

Refinement of the Room-Temperature Structure of (TTF)ClO'67

Weissenberg photographs of (TTF)CJ.O_67 showed that the structure is
tetragonal with Laue symmetry Y4/mmm. All Ok£ reflections were of the type
k + £ = 2n and no other conditions for reflection were detectable. Thus,
the probable space groups are Pl,/mm, Phn2, and Phy mnm, of which the last
one has all the necessary properties to incorporate the flat TTF molecules
in columns parallel to the c¢c-axis and leaving channels parallel to these
for the chlorides, The lengths of the edges of the smallest unit cell
(TTF-lattice) are 8 = by = 11.1931(7) A ana co = 3.6002(2) A, as deter-
mined by a least-squares fit of 26 values for 1lb reflections measured with a
diffractometer which was carefully calibrated for 2.

The trial structure consisted of two TTF molecules, with mmm symmetry,
which are centered at (0,0,0; etc.)}, with ¢, perpendicular to the molecular
plane, The chloride ion and hydrogen atom were left out at this stage. A
nearly uniform column of electron density at x = 1/2, y = O was observed on
Fourier maps, and was ascribed to the highly disordered chloride ion. A
chloride was included in the model structure; it was placed corresponding

to the maximum in electron density of the column, at (1/2,0,1/4).
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This trial structure was refined first isotropically and then aniso-
tropically by full-matrix least-squares minimization of ZW(F02 - Fcz) and
weights equal to 1/02(F0)2+t), where t is a term accounting for errors other
than counting statistics (CRYM program). The scattering factors of sulfur
and chloride were corrected for the real part of anomalous dispersion; the
imaginary component was ignored for this centrosymmetric space group.

Inclusion of a population factor for chl?ride as refinable parameter
in the full matrix in some of the refinement cycles led to inconclusive
results because of the high standard deviation of that parameter. Also, the
chloride anisotropic temperature factor in the z direction, U33, could not
be refined. The Fourier section through the chloride chanmels ranging from
z =0 to z = 1/2 showed a variation in electron density of merely about 207
over that range, the minima being at z = 0 and z = 1/2 and the maximum
at z = 1/4; see Fig. 3. Thus, the refinement was continued with 1.34
chlorides distributed over the two point sets 4d(1/2,0,1/4; etc.) and
4c(1/2,0,0; etc.) and with the inclusion of population factors Pd and
Pc as refinable parameters that were constrained to PC =1 - Pd. These
population parameters could be refined adequately. The anisotropic
temperature factor of the chloride ions still showed high standard
deviations and oscillated after partial refinement. The chloride
temperature factors were held constant in the final stages of refinement,
when the hydrogen atom, positioned by geometrical considerations, and an
additional parameter to account for secondary extinction and counting

losses, were included in the least-squares calculation. The final



58

agreement index obtained was R = 0.062 for all 299 reflections with
F,> 0 and R = 0.057 for 271 reflections with Fo > 30. The goodness-of-
fit [Zw(FO2 - FEZ)/n—p]l/2 for n = 299 observations and p = 30 refinable
parameters (extinction included) was 4.39. This agreement is very
satisfactory in view of the complications caused by th;>disorder of

the chloride ions.

Room-Temperature Structure of (TTF)CIO'67

The refined atomic coordinates and the occupancies of the two point
sets 4c and 4d by the 1.34 chloride ions are given in Table 2. The
anisotropic temperature factors are listed in Table 3 together with the
isotropic one for hydrogen.

Table 4 gives the molecular dimensions of the TTF species found in
four refined structures including that of (TTF)C10.67' All distances
and angles (column headings a, b...etc. and a, B,... etc) as identified
in the drawing at the bottom of that table are averaged over the mmm
molecular symmetry observed for (TTF)C10_67. Our estimated standard
deviations for (TTF)CIO.67 are in the range of 0.009 = 0.011 A (c-c),
0.005 ~ 0.006 & (C~S) and 0.4 - 0.8 degrees (bond angles).

An interesting trend exhibited in Table 4 is the gradual elongation
of the C=C bond labeled a and the shortening of the C-~S bonds labeled b
as the anticipated charge transfer (column e) increases. It is seen that
the central C=C bond length (column a) is most sensitive to charge transfer.

Some reservation seems appropriate as regards the degree of charge transfer

in (TTF)HgCl3 because HgClB_ species are not clearly identifiable in



Kind

of Atom -

c(1)
c(z2)
S

H
ci(1)

c1(2)

Table 2.

Ocecu~
pancy

L
8
8
8
0.73(2)

0.61(2)
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The refined positional parameters

Point
Set

Lf
8i
81
8i

he'

X
0. 04367 (k2)
0. 2h007(48)
0.19364(12)
0. 3147 (4k)
1/2

1/2

y

0. 04367 (42)

0.15649(49)

0.01008(11)

0.1759(L5)
0]

0
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Table 3. Refined anisotropic temperature factors for (TCIZ'F)ClO 67

Kind

of Atanm

c(1)

c(2)

c1(1)

cr(2)

ULl
0. 0653(10)
0.0781(31)
0. 0644(8)
0. 1051

0.1153

B(isotropic) = 6.00 A

U22
0. 0653 (10)
0. 0987(36)
0.0824(9)
0.1012

0.1183%
.2

U33
0.0468(32)
0.0736(35)
0. 0657(9)
0. 1069

0. 0678

Uiz
0. 0012
~0. 0224 (30)
0.0015(5)
-0. 0051

0. 0079
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Table 4. Dimensions of TTF cations in four refined structures

Type of -
Compound Ref. a b c d (o B Y 5) e
(TTF)° 10 1.349 1.757 1l.726 1.31h 122.7 11k.5 94.3 118.6 O,

(TTF)(TCNQ ) 11,24 1.369 1.743 1.736 1.3%323 122,6 1k, 7 94,9 117.7 ~O.

(TTF)CLo, 67 Presen® 1.383 1.720 L.719 1.323 122.h 115.3 95.0 117.h ~O.

.40 1,71 1l.72 1.33 122.3 115.5 Ohk.7 117.5:
(TTF )HgC1L 11%* .41 .72 1,72 1.3Q0 122.2 115.7 9&& 117.8° ~lL.
3
1.40 1.72 170 1.28 122.5 115.0 9ol,1 118.L4/
( - ’_”d
fa‘\y\

S/

*Bond lengths and angles from Kistenmacher, private communication,
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that structure. Nevertheless, the overall trend in the data is indicative
of a charge transfer of nearly one electron.

Figure 2 shows a projection of the structure onto the (001) plane.
The TTF cations stack in an eclipsed fashion with a uniform spacing of
3.6002 & and form segregated columns along [00z] and [1/2,1/2,z]. The
chloride ions reside in channels along [0,1/2,z] and [1/2,0,z] between
the TTF chains. The electron—-density map, through such a channel parallel
to the channel axis as shown in Fig. 3,c1earl§ exhibits the high disorder

of the chloride ions as do the diffuse layer lines shown in Fig. 1.

Effect of Lowered Temperature on the Chloride Sublattice

1. (TTF)Cl Oscillation photographs taken at ~120° K revealed

0.67°
considerable sharpening of the diffuse layer lines and the emergence of
weak but sharp Bragg reflections superimposed on these. A more detailed
study at various temperatures and a cooling rate of 1° K/hour with the use

7 revealed distinct effects close to

of our low-temperature diffractometer
250° K. Here, the reflections with £ = 1, 2, and 4, associated with
the chloride sublattice, increased substantially in sharpness and
integrated intensity as is shown in the graph, Fig. 5a; the increase
occurs over a relatively marrow temperature range (AT ~20° K). All
of these reflections remain weak in comparison to the TTF-sublattice
reflections (£ = 3n). Throughout this temperature range the
chloride sublattice remains commensurate with the TTF sublattice.

Below about 250° K the changes in the integrated intensities of the

chloride-sublattice reflections (R = 1, 2, and 4) are less distinct (and
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CL ¢ *CL

cd

Figure 2. Projection of the (TTF)Cly g7 room temperature structure onto

the (001) plane.
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Figure 3., Electron density map of chloride ion channel in (TTF)Cl0 67° Scale is about

0.15 &/cm.
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a) 265° K b) 256° K c) 234° K

d) 19° K e) 236° K; 10° K/hr

Figure 5. Peak profiles of 330 reflections (w scan) at various temperatures.

Profiles a) - d) taken with cooling rate of 1° K/hour.
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there is a smooth increase in the region between about 90° K and 150° K;
Fig. lLa).

The relatively sharp increase in integrated intensity close to
250° K reflects ordering in the chloride sublattice, which occurs over a
relatively narrow temperature range. The extremely high disorder of the
chloride lattice at room temperature, together with low-temperature
ordering, suggests that dynamic disorder is present at room temperature,
and disappears at the phase transition.

N

2. (TTF)ClO. 70° These crystals behave in a different marmer on
cooling. Each ome diffuse layer lines corresponding to hkl and hk2
on the room-temperature photograph splits at low temperature into a pair
of closely-spaced sharper layer lines on which weak diffuse spots are
superimposed. The temperature at which this splitting occurs is somewhere
above 120° K. (The low-temperature diffractometer was not used for this
study.) Thus ; there are now two chloride sublattices, one corresponding
to (TTF)zCly [oxr (TTF)Clg gg7] and the other to (TTF)¢Cls [or (TTF)Clg 741,
and each one is commensurate with the same TTF sublattice., The stoichio-
metries as determined from the oscillation photographs are (TTF)ClO. 666
and (TTF)ClO.?lS respectively. Thus, upon cooling through 250° K, the
highly disordered (TTF)C]_O. 70 erystal incorporates two kinds of domains,
one representing (TTF)3CJ.2 and the other (TTF)7CJ.5. Within each domain
the chloride lattice is commensurate with the TTF lattice. A phase of

stoichiometry 7/5 is also observed in the TTF-iodide system, (TTF)qIg.2?%2
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Effect of Lowered Temperature on the TTF Sublattice of (TTF)Cly &7

A1) studies of ('I'TF)CJ.O_ 67 at low temperature were carried out using
the same crystal. Anneal ing weas rapid and complete at room temperature,
and there was no permanent damage to the room-temperature single crystal,
even after repeated thermal cycling.

Changes in peak intensity and profile of the TTF sublattice reflec-
tions were monitored at various temperatures at cooling rates of ~ 1° K/hour,
~ 10° K/hour, and ~ 100° K/hour. In the temperature range ~ 295° X to
~ 250° K all changes were independent of cooling rate.

Figure 4b shows the temperature dependence of the peak intensity of
the 330 reflections and Fig. 4c the change in full width at half maximum
6bserved in omega scans of the same reflection. The cooling rate was
10° K/hour in both cases. Faster cooling (~ 100° K/hour) results in a
greater decrease in peak intensity, and a greater increase in the width of
the profile. Slower cooling (~ 1° K/hour) results in resolution of several
components of the peak profile, Figure 5 shows omega-scan profiles of the
same reflection at: (a) 265° K, (b) 256° X, (c) 134° K, and (4) 19° K.
Figure Se shows the effect of faster cooling (10° K/hour) on the scan pro-
file {[compare with Fig. 5c]. '

It is seen (Fig. 5) that peak splitting occurs as the temperature is
lowered, the onset being at about 256° K (Fig. Sb). From here on the two
smaller peaks in each profile increase in intensity at the expense of the
larger central one. Also, the separation between the individual peaks of
each profile increases as the temperature is lowered. At 153° K each com-
ponent was resoclved sufficiently tobe measured individually withthe

diffractometer.
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A least-sguares fit of the 20 values of the central peak of 1h
profiles gave the unit-cell parameters of the tetragonal phase at 153° K;
a, = 11.126(2) A end Co = 3,5768(L) A. An analysis and least-squares fit
of the 20, w, ¢, and X values of 13 sufficiently strong and well resolved
"side peaks" revealed that they originate from a monoclinic structure with

unit-cell parameters a, = 15.742(56) A, by = 15.721(38) A, ¢, = 10.7uk(21)4,
and B = 92.98(23) degrees. Seven of the 13 side peaks could be ascribed to
one of four possible orientations of the cell of the monoclinic phase with
respect to the tetragonal cell; the remaining six corresponded to a second
orientation. Within experimental error, the cells of the two phases are
related to each other by ay,,o = 8tety ° V2 and cpono = 3 Ciotpe

The four directions {1101, [110], [110], and [110] of the tetragonal
cell are equivalent. Increasing the angle, between one of these directions
and Cotety, from 90° to B, results in & monoclinie cell. Since the four
directions are equivalent, four orientations of the monoclinic cell with
respect to the tetragonal cell (and crystal) can result with equal proba-
bility. Because part of the crystal retains the tetragonal structure, the
result of the phase transition is a gquintuple twin containing domains of
the tetragonal phase and domains of the monoclinic phase having four
possible orientations.

The relationship between the monoclinic a,b plane and the tetragonal
(001) plane is shown in Fig. 6. The monoclinic angle B increases as the
temperature is lowered and reaches 93.6 degrees at 19°.K. At 247° K,

B is 91.8 degrees. TFigure 7 shows a plot of P versus temperature.
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ic and tetragonal a, b

Figure 6. Relative orientations of monoclin

" planes. The dashed line shows the tetragonal cell.
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The arrangement of the TTF cations in the monoclinic cell cannot be
determined with certainty because of the considerable overlap of reflec-
tions caused by the guintuple twinning. One interpretation of the mono-
clinic distortion is presented in Fig. 8, which assumes that the TTF mole-
cules retain 2/m symmetry in space group C2/m; the eclipsed stacking is
retained and the monoclinic c¢-axis remains perpendicular to the TTF mole-
cular plains, This interpretation implies that the individual TTF columns
are translated slightly relative to each other in the [00l] direction.
This slipping of parallel TTF columns is seen in the structures of several
monoclinic partially oxidized TTF halides and pseudoha.lides.s’6

The location of the chloride ions in this structure cannot be determined
from the present diffraction data, Nevertheless, it is tempting to attribute
the tripling of the monoclinic c-axis (TTF-stacking period) to ordering of the
chloride ions in each channel inasmuch as 3dppp = 2dcy- (or doo3/dooe = 0.67
as was discussed earlier in this paper; see also Table 1). In the absence
of refinable structure data (because of gquintuple twinning) we cannot , of
course, exclude the possibility of a very slight Peierls distortion that
would tend to drive the TIF entities toward dimerization or trimerization.
However, a large Peierls distortion seems unlikely because the reflections
with £ # 3n remain weak,

The phenomenon of increasing P-angle with decreasing temperature was
also observed in X-ray studies by Thomas et _g_:l._.s of (TTF)5(SCN)7, where it
is believed to reflect coupling of charge-density waves with lattice strains.
We cannot rule out the possibility that the TTF stacks are undergoing a

dynamic transition such as was measured in that compound and in (TTF){(TCNQ)

by X-ray diffuse scattering.
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Figure 8. Interpretation of monoclinic distortion. Long and short thick lines represent

side-. and end-on TTF catiomns, respectively,
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The peak broadening occurring on fast cooling of (TTF)CJ_O.67 com-
pletely obscures peak splitting when a cooling rate of ~ 100° K/hour is
employed. Furthermore, while there is little peak broadening and no
observable peak splitting in 20 scans after slow cooling (~ 1° K/hour),
the full width at half maximum, Wi/é, of these profiles increases dramati-
cally with fast cooling. For example, Wi/g corresponds to ~ 0.6° (28) at
300° K and ~ 3.0° (26) at 19° K after cooling at a rate of ~ 100° K/hour.
After cooling this quickly, a very slow increase in peak intensity may
occur.lh

This peak broadening is most likely due to formation of extremely
small diffracting domains within the crystal. Since there are five kinds
of diffracting domains below the phase transition, it is likely that indi-
vidual domains of any one kind are very small. The dependence of peak
profiles on the size of diffracting domains is well understood.15 We have
not investigated this phenomenon in great detail. A calculation based on
Wilson's treatment indicates that domains in (TTF)ClO_67 may be < 300 A
in diameter after cooling to 19° K at a rate of ~ 100° K/hour,

Electrical. Properties

The electrical properties of (TTF)ClO.67 are identical to those of
(TTF)Clo 70 88 determined by measurements on single crystals from the same
batches that were used in the crystallographic work. However, the proper-

ties differ from those of the other halides of TTF.2’3’h

The room-tempera-
ture conductivity is o ~ 150 0-1cm'l, the lowest in this series of com-

pounds, As the temperature is lowered the conductivity decreases and
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drops off sharply at the phase transition (~ 250° K), and then continues
to decrease less rapidly as shown in Fig., 9., The plot of log o versus
1/T is linear only over the narrow temperature range from 125° K to
200° K and yields an activation energy, A, of ~ 0.13 eV. Assumption of
a disordered model,l6 where fn ¢ ~1/T7 end y = 1/3 or 1/4, did not lead
to a significant improvement in the fit of the data. This was expected
because the results obtained from the erystallographic work provided
evidence for ordering in the chloride lattice.’

The thermoelectric power (TEP) is small and positive at room tempera-
ture, and is relatively constant down to 260° K. At 250° X there occurs
a sharp upturn and then the TEP continues to increase with decreasing
temperature.

Thus, both the electrical conductivity and the TEP change dramati-
cally at the phase transition. Below the transition nonmetallic behavior
is observed. In view of the disorder in the chloride lattice one might
expect (TTF)Clx to behave as & disordered 1-D metal in which all the states
of the conduction electrons are localized. The finite conduetivity would
then be due to the strong electron-phonon interaction such that electron
transport takes place by phonon-assisted h0pping.l8 Thus, the conduc-
tivity would be diffusive in nature and would decrease as the temperabture
is lowered, as was observed experimentally. However, the mere presence
of disorder is not sufficient to guarantee such behavior because of the
competing factors such as the disorder potentiai, 8, the interchain
coupling, and the electronic bandwidth. For example, in an anisotropic

conductor with nearest-neighbor transfer integrals, the critical value of
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the disorder potential is &; ~ (t; t,)1/2, where t, is the longitudinal
transfer integral (proportional to tﬁe electronic bandwidth) and tl is
transverse transfer integral (interchain cou.pling).19 A1l of the conduc-
tion-electron states will be localized only if & > 8,. The electronic
bandwidth is expected to be large in (TTF)Cl, because of the eclipsed

stacking of TTF molecules.e’20

Similarly, the occurrence of ordering and
e structural phase transition near 250° K indicates that interchain forces
are not weak. Therefore, we believe that the conductivity in the high
temperature state is not dominated by disorder, but reflects the presence
of fluctuations, or precursors, of the phase transition.

Another example of this interaction between disorder and interchain
coupling is (tetrathiatetracene)2(iodide)3, (ITT)2I3. This is a single-
carrier, quasi-one-dimensional organic metal in which the TTT molecules
stack uniformly in a slipped fashion, in contrast to the eclipsed stacking
of the TTF molecules in ('.T.“.'[‘F)3C312.'1'lL The iodine chains exhibit considerable
disorder. Unlike (TTF);Clg, the temperature dependence of the conductivity
of (TTT)2I3 is metal-like, even in the presence of observable disorder,

The conductivity exhibits & broad maximum near 100° K and slowly decreases
as the temperature is lowered. A possible phase transition occurs at
20-25° K, X-ray diffraction studies do not reveal any significant ordering
of the iodiné ions, nor is there any evidence of a structural transition in

16 We believe that this is another

the TTT lattice upon cooling to 27° K.
example of structural disorder disrupting interchain correlations such that
the phase transition is smeared and suppressed to low temperatures. Two

other interesting points emerge from the comparison of (TTF)3012 and
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(TTT)213: (a) the temperature dependence of the structural disorder may
vary significantly among different quasi-1D organic metals; and (b) the
disorder observed at room temperature may be quite different at low
temperatures.

Below the transition, the conductivity exhibits a nonmetallic tempera-
ture dependence even though the chloride sublattice is now ordered. In
view of the recent work on ('I'E[‘F)lg(SCN)7,5 which is electronically and
structurally analogous to (TTF)Cl,, we feel that a dynamic distortion
occurs along the chains and that charge density waves are present in the
monoclinic phase, However, an important difference between the monoclinie
phases of the two materials should be noted. (TTF)yo(SCN )7 exhibits struc-
tural disorder corresponding to the two possible orientations of the SCN

16

anions in the chains,”~ while the chloride lattice is ordered in the mono-
clinic phase. We feel that the effect of the disorder in the SCN lattice
is to favor the formation of incommensurate CDW, The influence 1is absent
in (TTF)3012 and should lead to commensurate CDW and semiconducting be-
havior. A similar situvation is found in Ta.S5 where & Pelerls transition
occurs along with the formation of commensurate CDW. 17 The temperature
dependence of the conductivity of (TTF)3CJ.2 and TaS; are quite similar.
Obviously, (T’.‘[’F)Clx needs be studied by X-ray diffuse scattering experi-

ments to verify or disprove our predictions.

Conclusions

The chloride sublattice in (TTF)CJ_X, x = 0,67 and 0.70, is disordered
at room temperature. The disorder diminishes over a narrow temperature

range at about 250° K. For (TIF)Cl, 70» in which the disordered chloride
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sublattice is incommensurate with the TTF sublattice at room temperature,
the chloride chains order into two different configurations, resulting in
the formation of the commensurate structures (TTF)5012 and (TTF)7015. In
(TTF)ClO. 673 the chloride sublattice is ordered and remains commensurate
below the transition temperature. The TTF sublattice undergoes a static
structural phase transition from tetragonal to monoclinic symmetry at
~ 250° K. This transition is incomplete in the sense that domains of both
tetragonal and monoclinic symmetry are present, No evidence of a static
Peierls transition is observed. The ordering of the chloride sublattice is
important for the development of the structural phase transition of the TTF
sublattice., Comparison of the electrical conductivity of (T'IT‘)CJ_X with
other quasi-1D conductors [i.e., (TTF)J_E(SCN)7 and Ta.S5] suggests that a
dynamic distortion occurs along the TTF chains, resulting in the formation
of commensurate CDW and semiconducting behavior. The monoclinic cell of
(TTF)Clg, g7 is similar to the room temperature cells of (TTF)BrO.f?h_O' 78
and (TTF)IO_ 7 except that the co-axis periods are different. We would
expect to observe a high temperature tetragonal phase for the two latter
materials,
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CHAPTER 4

The Structure of Low-Disorder

Bis-Tetrathiatetracene Triiodide

Introduction

The tetrathiatetracene (TTT) iodide system is of great current
interest because it contains two quasi-one-dimensionally conducting
phases, (TTT)213 and (TTT)I, both of which have unusual structural
and electrical properties (1,2), Furthermore, the highly conducting
phase, (TTT)213, exists in several modifications which show a
systematic variation in iodide-associated disorder and a concurrent
variation in temperature dependent electrical properties (3). A
room temperature x-ray diffraction study of low-disorder (1.d.)
(TTT)213 was undertaken in order to learn more about the nature of

the ijodide chain (2,4).
Experimental

Long, flat, needle-1ike crystals of 1.d. (TTT)213, grown by
slow cooling of a nitrobenzene solution of TTT and I2 from 95° C
to room temperature, were supplied by Dr. R, B. Somoano. Crystals
were six-sided prisms with [001] and [101] faces predominating and

a metallic-gold luster. Crystals were initially characterized by
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x-ray diffraction photography using oscillation and Weissenberg
photographs. Unit cell parameters were obtained from a least-
squares fit to the 28, ¢, and x values of 9 reflections manually
centered on the diffractometer with the use of beam splitter and
peak profiles. Crystal data are listed in Table 1. The crystals
were all very small; therefore, intensity data were collected using
Ni-filtered CuKa radiation. A crystal measuring 0.383 x 0.043 x
0.008 mm was used for intensity data collection at room temperature
on a quarter-circle G.E. diffractometer. A total of 1276 unique
reflections, 915 due to the sublattice and 361 from the diffuse
third layer, were measured using 26-6 scans and scan rates of 1°/min
and 1/2°/min, and background intensities were measured at the
beginning and end of each scan for periods tataling 1 min or 1 min,
20 sec. Three standard reflections, 224, 002, and 606 were measured
every 40 reflections for purposes of scaling. They did not show
(>1%) significant crystal decay, although oscillation photographs
taken after data collection revealed that sharpness and intensity
of the diffuse h32 reflections of the supercell had decreased
substantially. The intensities and their standard deviations were
scaled (including minor decay correction), and corrected for
absorption (p = 272,9 cm']), Lorentz, and polarization effects (5).
The atomic scattering factors of S and 1 were corrected for the
real contribution to anomalous dispersion (6). 26-6 scans of

several reflections of the subcell and third diffuse layer were

recorded with a strip-chart recorder in order to compare profiles.
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Table 1. Crystal Data (1.d.) TTT213

18.468 (2)

7]
1]

o
"

9.851 (1) b subcell = b/2
18.299 (2)

(@]
1

Volume = 3329.0 A3

Space Group = Cmca {subcell)

Pmc2y (full cell)

F.W. (C 1085.75

36165813) *
z = 4 formula units per cell

d = 2.166 g/cm

calc

1 (absarption coefficient) = 272.87 em™ ! Cuka rad.
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Electrical measurements of TTT213 crystals were performed using
standard 2 and 4 probe techniques and aquadag contacts. Conductivity
vs. temperature and thermoelectric power vs. temperature are shown as

plots in Appendix 2.

Photographic results

Oscillation photographs of 1.d. (TTT)ZIS,revealed a set of
sharp diffraction 1ines corresponding to a spacing of 4.92 E.
Diffuse layer lines corresponding to a spacing of 9.86 R were also
seen, with spots superimposed on the third diffuse 1ine. These
diffuse spots correspond to a doubled unit cell, within the limits
of the measurement. The photograph is shown in Figure 1,
Weissenberg photographs of subcell layers indicated conditions
for reflections, hO%: h = 2n, & = 2n and hk&: h + & = 2n,
consistent with Cmca symmetry. A Weissenberg photograph of the
third diffuse line revealed spots with slight extension in w and
not significantly broadened in the 20 direction. No systematic
absences were seen in this Weissenberg photograph, implying that the

jodide lattice and TTT lattice have different symmetry.

Structure determination and refinement

Atomic coordinates for C, S, and I atoms were obtained from
previous work (7), and provided sufficient phasing to make refinement

of C and S in the subcell possible. Positions of I atoms could
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not be refined. After C and S atoms were refined, I atom coordinates,
populations, and anisotropic temperature factors were adjusted in
order to obtain a flat difference Fourier map. H atom positions
were calculated, and the final stage of refinement consisted of
refining H atom coordinates and isotropic temperature factors, and
I atom populations and anisotropic temperature factors. C and S
atom parameters were fully refined at this level. The converged
structure gave R = 0.111, wR = .037 for all 915 subcell reflections;
R = 0.085, wR = .034 for 548 reflections with F° > 3o. The
distribution of iodine obtained from subcell data is a smoothly
varying column of electron density along (%,y.%) with a minimum of
5.15 and a maximum of 26.2 e/R3. This is similar to the results
obtained by Smith and Luss {4), except that they see a variation
from 16 to 37 e/ﬂ3. Comparison of relative maxima and minima
imply a greater degree of registry between the 1 chain and TTT
lattice in (1.d.) TTT,15, as is also suggested by the differences
in diffuse layer 1ine spacings observed photographically. The
differences in absolute value of electron density maxima is not
significant, or grid size on Fourier maps may have been different.
As there is only one I-chain maximum in electron density in the
asymmetric unit , interpretation is subject to question. For this
reason, a structural refinement was carried out on 1276 unique
data, including 915 subcell data, and 361 h32 data. Since there

are no systematic absences in the h3% data set, the symmetry of the
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full cell is lower than Cmca. Space group Pmc2] is consistent with
the arrangement of the TTT molecules, and with the Tack of systematic
absences for h3% reflections. The most important effect of adding
k = 3 data is to add electron density to two of the four now
independent electron density maxima along (%,y,%) and to subtract
electron density from, and smear out, the other two maxima. The
presence of weak h3%, h odd, reflections requires a small displacement
from x = % for some of the iodine atoms. The phase of h3%, h even,
reflections is determined by the arbitrary selection of two of the
four equivalent electron density maxima for reinforcement. The
phasing of the h3%, h odd, reflections cannot be determined as

they are all very weak, and do not interact with other data. These
reflections would have zero intensity if the iodine atoms were
located precisely at x = 4. The magnitude of the displacement can
be determined from the h3%, h odd, reflections, but the direction
of the displacement cannot be determined. Refinement of the model
was performed by adjustment of populations, temperature factors,
and coordinates of iodine atoms until the difference Fourier map
was nearly flat. The R factor reached 0.137 for all 1276 data, and
0.091 for 623 data with F> > 36. The weighted residuals were

0.055 and 0.050, respectively. The residual, R, for third level
reflections alone was 0.297. Fourier maps of (%,y,z) and (X,y,%)
ref]ections.aréshown in Figure2. Note that there is significant

electron density at three of the four minima; that all maxima
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represent less than full iodide occupancy, and that the distance
between the strongest maxima is 2.68 R, just 0.02 & longer than the

I, bond length. Although minor diffracted intensity in diffuse lines,

2
corresponding to one-dimensional order, could not be included in

the structural refinement, this additional diffracted intensity is
fairly weak. The diffraction pattern, with third level data included,
is clearly inconsistent with discrete triiodide ions. The electron
density map is consistent with the presence of species such as I,

I,, and 13_, which may be in dynamic equilibrium.

The atomic coordinates and temperature factors of the TTT
cation were not refined in the lower symmetry space group of the
complete cell, Patterson maps of the h32% reflections show significant
intensity only at (0,y,0); (0.5,y,0}; (0.5,y,0.5); and (0,y,0.5).

Thus only iodine-iodine vectors are necessary for interpretation of
the Patterson map, and contributions from C and S atoms of TTT
molecules are negligible.

The atomic coordinates and temperature factors of C, S, and H
atoms in the subcell are given in Table 2. Figure 2 shows the
molecule and 1its bond lengths and angles., Coordinates and
temperature factors of the iodine atoms used to model the I chain
structure in the subcell and full cell are given in Table 3. It
should be understood that these parameters model a continuous
distribution of iodide species and, individually, have Tittle

significance,.



Table 2. Refined Atomic Coordinates and Temperature Factors of the TTT

X y z Uil
C1 96094( 52) 0 0 419(55)
€ 2 92395{ 37) 17964(176) 4441(46)  370(36)

C3 96052( 37) 36659(178) 8951(38) 484(43)
55312(184)  13493(46) 728(57)

(
C4 92279( 48
C5 96146(

(

) (
46)  73247(202) 17678(46)  798(58)
S 1  82910( 11) (

15187( 55) 3861(14) 362( 9)

X y z
H 8473 5561 1161 B =7.48
H 2 9135 8661 2109 B =8,25

5

Atomic coordinates of C and S are multiplied by 107,

multiplied by 104.

U33
373(48)
481(42)

Cation in (TTT)213 (

-100

1.d.)

u23
~58(57)
25(47)
27(39)
44(46)
-17(48)

15)

——~ e

Uij's and atomic coordinates of H atoms are

¢6
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Figure 3. Electron density maps through iodine chain in (1.d.)
(TTT)213. Scale is about 0.8 B/cm; contours at 2e/ﬂ3

intervals.



Table 3. Coordinates and Temperature Factors used to Model I-Chain in TTT213

Subcell - Cmca

X y z Ul ya22 U33 ule U13 u23 PopuTation

I1 250 125 250 852 2306 1667 0 772 0 0.224
12 250 285 250 414 2624 505 0 -14 0 1.074
I3 250 405 250 2233 435 4125 0 -683 0 0.121
Full Cell - P

T 254 25 246 380 2483 560 93 171 9 0.657
12 253 420 248 380 12910 560 0 171 0 0.153
I3 253 758 254 380 2483 560 93 171 0.693
[ 4 247 218 250 380 2483 560 93 -171 92 0.351
I5 245 499 254 380 2483 560 93 171 92 0.369
I6 251 92 250 518 12910 679 0 171 0 0.050
I7 248 580 250 518 12910 679 0 7 0 0.020
I8 253 680 250 518 12910 679 0 171 0 0.060
19 242 194 250 518 12910 679 0 171 0 0.065
110 255 340 250 B=6.0 0.030
I 240 840 250 B=6.0 0.040
112 256 940 250 B=6.,0 0.040

A1l coordinates have been multiplied by 103. A1l Uij's have been multiplied by 104.

6
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Discussion

Figure 4 shows a model which adequately explains the observed
electron density of the jodine chain in (1.d.) TTT213. It is
likely that 13- is the dominant species. Two-fold disorder between
the crystallographically distinct configurations shown in 4a and 4b
accounts for the fractional occupancy (~.6) of two of the iodine
positions (y = .28; y = .50), and the "smearing out" of electron
density in the y direction. The fractional occupancy (~.8) of the
other positions may be explained by additional configurations.
However, the very significant electron density between maxima suggests
that there is exchange of iodine atoms between sites. Intermediate
configurations such as Figure 4c and 4d may be involved in transitions
from 4a to 4b. These would occasionally leave the higher occupancy
sites empty. Species such as 12, 1, 15", and perhaps others would
be present, although they would be much less likely than 13', in
agreement with the observation of 13' in TTT213 by Raman spectroscopy (8).

The presence of disorder in the iodide chains of TTT213 has been
invoked to explain the retention of conductivity at Tow temperature,
although the nature of the disorder and its behavior with cooling have
not been understood (1-4,7). The iodide chains in (1.d.) TTT213
contain partially occupied sites which are statistically filled by

several species in several possible configurations. Microscopically,

these chains result in an aperiodic potential around the TTT stacks.
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It is unlikely that there are important changes in the jodide chain
at Tow temperature (3,7). This aperiodic potential may suppress a
complete Peierls' transition by creating states within the gap and
suppressing "locking" of charge density waves on adjacent stacks.

This qualitatively explains the retention of moderate conductivity
at low temperature in TTT213, although a complete explanation must

await completion of low-temperature structure refinement.
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CHAPTER 5

Tetramethyltetraselenofulvalene Bromide and Thiocyanate;
Electrochemical Preparation of

Conducting Organic Crystals

Tetrathiafulvalene (TTF)} forms highly copducting stacked charge-
transfer salts with both organic acceptors such as tetracyanoquino-
dimethane (TCNQ) and simpler anions such as halides and pseudohalides (1,2).
Derivatives of TTF and its selenium analog, tetraselenofulvalene (TSF),
also form highly conducting TCNQ complexes (3,4), but their halide
and pseudohalide salts have been studied less thoroughly (5). 1
have prepared crystals of tetramethyltetraselenofulvalene bromide

and thiocyanate (TMTSF)Br and (TMTSF)(SCN)0 50 in order to

0.82
expliore further the relation between structure and physical properties
in quasi-one-dimensional conductors.

Preparation of good single crystals of organic conductors is
often the most serious obstacle to study of these materials.
Electrochemical crystal growth techniques have successfully
exploited the conducting properties of a variety of inorganic
materials (6,7) and a few organic materials (8). The crystal
formed by electrolysis must be quite insoluble in the solution or

melt in which the precurser is dissolved. As the conducting crystal

grows, it acts as an extension of the electrode. Defects inhibit
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crystal growth, because of conductivity decrease. Large crystals
are, therefore, well formed single crystals. Insulating phases, which
are often formed in other kinds of crystallization experiments, are
avoided by this technique. Electrochemical crystal growth experiments
involving oxidation of TTF, TSF, TMTSF, and HMTSF (hexamethylene-
tetraselenofulvalene) in the presence of C1~, Br~, I~, SCN , and
SeCN™ were carried out at a variety of okidatjon potentials and
temperatures in several solvents. This investigation was not

exhaustive, but some conclusions about the suitability of electro-

chemical crystal growth to these systems can be drawn.

Experimental

Synthesis
(TMTSF)gBr)O_BZ: 0.01 g TMTSF was dissolved in 1.5 ml. benzo-

nitrile containing 0.1 Molar tetraethylammonium bromide. This
solution was placed in the working electrode cell (Figure 1) and
oxidized, at 0.02 Volt vs. Ag /AgC10, (sat), with a Pt wire
electrode, at 69-70° C. Well formed black crystals up to 1 mm

long were recovered after eight minutes.

(TMTSFI(SCNlO 50° 0.006 g TMTSF was dissolved in 1 ml benzo-

nitrile containing 0.02 Molar tetraethylammonium thiocyanate.
Oxidation, at 0.00 Volt vs. Ag/AgCLO4 (sat), at a Pt wire electrode,

for fifteen minutes at 56-64° C, gave good crystals up to ~1 mm long.



in benzonitrile

working electrode (Pt)

counter electrode (Pt)

-reference electrode (Ag)

TMTSF and NEt4Br \ — = ~ -— ______________._——,—-—/-"" !\‘Et4ClO‘! -
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—_ ’ - -AgClO4 + NEt4CIO4
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— ‘ in benzonitrile
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et
—— 1 t i
- constant temperature il bath y

Figure 1.

Electrochemical crystallization cell.
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The conditions, and results, of these and other electrochemical
crystallization experiments, are collected in Table 1.

The oxidizing potential was controlled using a Wenking 68 FR 0.5
potentiostat. Crystals of both of the TMTSF salts were flat needles
exhibiting well formed {110} and {010} faces. Oxidation at
temperatures greater than ~80° C resulted in 1ittle crystallization
because of solubility of the products. Near room temperature,

TMTSF is only slightly soluble in benzonitrile and oxidation gives
crystals << .01 mm in thickness.

HMTSF is very insoluble in all common solvents at room temperature;
a benzonitrile solution at 100° C is less than 0.02 Molar when
saturated. Unfortunately, at this temperature, the oxidation product
seems to be quite soluble also, even in the presence of fairly high
concentrations of bromide or thiocyanate.

Oxidation of solutions containing I~ or SeCN™ resulted in
oxidation of the anion, and formation of no solid product. Crystals
of (TMTSF)Ix can be prepared by co-diffusion of (TMTSF)C'IO4 and

NBu4I in acetonitrile.

Electrical measurements

Conductivity and thermoelectric power were measured for both
kinds of crystals at room temperature and at lower temperatures. The

results are shown in Appendix 2.



Table 1. Conditions, Results of Electrochemical Crystallization Experiments

Electrolyte,
Concentration, Oxidation
Donor, Working Electrode Potential, vs.
Concentration Cell Solvent Ag°/AgC1O4(sat) Temperature Results
TTF NH4SCN,4x]0'2M acetonitrile{ 0.0-0.5 VYolt | Room (TTF)12(SCN)7* good
1x10'3-6x10'2M NEt4Br,1x10'1M Temperature (TTF)(BY‘)O 74 crystals,
NEt,C1,5-20x10"2M TTF)(C1 10x.1x) mn’
4 X (TTF)(C )0.67 0x.1x) mm
TMTSF NEt4Br,1x10'1M benzonitrile| ~0.0 Volt 60-80° C (TMTSF)(Br)0 82 good
1-2x1072M NEt,SCN,2x107TH (TMTSF)(SCN) 4 5, Crystals
NBu,I,1x10” M oxidation of 17, no solid o
Room extremely thin crystals of
Temperature | bromide and thiocyanate
100-120° C no crystals, some coating
of electrode
HMTSF NEt4Br,1xIO']M benzonitrile | 0.0-0.2 Volt | 100-720° C no crystals, some coating
-3 2 of electrode
7x10 “M NEt4SCN,2x10 M
TSF NEt4C1,5xTO"ZM acetonitrile { 0.1-0.4 Volt |[Room (TSF)C1,.tiny hairlike
-3 -2 Temperature | crystals
3x10 M KSeCN,1.5x10"“M 0.0-0.4 Volt no solid produced in
oxidation in presence of
KSeCN
. :
%C %K %N
calc 33.19 1.69 3.43
found 33.01 1.94 . 3.39
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X-ray diffraction photographs

Oscillation photographs of (TMTSF)(Br)O.82 and (TMTSF)(SCN)O.50
mounted with the rotation axis parallel to the C axis were
taken. The € axis is ~7 R 1long for both compounds,
but photographs of TMTSF(SCN)O.50 show additional weak layer lines.
An oscillation photograph of T!‘dTSF(SCN)O.50 is shown in Figure 2.
Accurate measurement of this fiim gave the lattice spacings listed
in Table 2. The satellite reflections are due to a superperiod
C' = 32.815 = 4.56 C. The presence of strong satellites of the hkO
Tayer indicates that the superperiod is due to a structure factor
modulation rather than a C axis length modulation, since the latter
would give hk0 satellites of vanishingly small intensity (9).
Systematic absences (hk&, h + k =2n + 1; h02, 2 = 2n + 1) were
determined from lWeissenberg photographs prior to data collection and

indicated that the space group of both compounds was Cmcm.

Data Collection

Both data sets were obtained with Ni-filtered CuKa radiation
(M@ + 1.54178 ﬂ) using 26-6 scans at rates of 0.5 or 1.0 degrees per
minute on a locally assembled, Datex automated, General Electric
quarter circle diffractometer. Background intensities were measured
at both ends of the scans for a total of 60, 80,'or 120 seconds.

Two TMTSF(SCN)O_SO crystals were used for data collection. An

entire hemisphere of data was collected, and merged, in order to
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Table 2. Layer Line Spacings of (TMTSF)(SCN)

0.50
d (A" g g d/2 = ¢, (R) C'o+
32.8146 0 1! 32.8146
9.1088 1 -1 34.2313
7.1893 1 0 7.189
5.8934 1 4+ ) 32.5899
4.0242 2 -1 33.9013
3.5983 2 0 7.197
3.2363 2+ 32.2572
2.5774 3 -1 34.4791
2.3970 3 0 7.191
2.2268 3 41! 31.1683
1.8000 4 0 7.200

X
Very weak £ = n + 2' satellite reflections were observed but could not

be accurately measured.

T 1

Calculated assuming that d = (2/C; + R'ICO')' <Co> = 7.1944;

<Co'> = 33.063; C,'py' = 32.815; <C0i>/<C0> = 4.60.
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average errors in data collection. A crystal measuring 0.070 x 0.033 x
0.533 mm3 was used for intensity measurement of 1052 reflections
due to the 9.919 x 24.124 x 7.220 A3 cell; satellite reflections
could not be well resolved on the diffractometer with this crystal
which required a 1 mm collimator. A smaller crystal measuring
0.073 x 0.027 x 0.193 mm3 was used for measurement of satellite
reflection intensities. Using a 0.25 mm collimator, 197 unique hk1'
and hk2' satellite reflections were measured, as well as several
hundred combination reflections (hkg = 2').

The (Tl‘lETSF)(Blr')O.82 crystal used for data collection measured
0.05 x 0.017 x 0.40 mm3. A1l 1029 reflections of TMTSF(Br‘)O.82
in one octant, having 20 <155° were collected. The data from both
crystals were corrected for Lorentz, polarization, absorption, and
decay effects (10). The scattering factors of selenium, sulfur,

and bromide were corrected for the real part of anomalous

dispersion (11). Crystal data for both crystals are given in Table 3.

Structure determination and refinement - TMTSF(Br)0 g2

Symmetry, stacking, and steric considerations indicated that the
TMTSF molecules were oriented perpendicularly to C, lay on mirror
planes at Z = 1/4 and 3/4, and that successive molecules were slipped
along b by ~1.0-1.5 AR. This initial model provided adequate phasing
for refinement and tocation of other atoms in Fourier maps. The

structure was refined to R = 0.071, wR = 0.023 for 1029 data; for
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Table 3. Crystal Data, (TMTSF)Br0 g2 and (TMTSF)(SCN)O 50

9.798 (2)

a

b

23.837 (5)

]

7.005 (1)
1657.1 R3

C

il

v
Space Group = Cmcm

z = 4 formula units per cell

deatc = 2.058 g/cm’

u (absorption coefficient) = 145.2 cm™! (CuKa)

(TMTSF)iSCng.so

a= 9.919 (3)
b= 24.124 (14)
c = 7.220 (6)
°3
v= 1729.3 A

Space Group = Cmcm

F.W. (C1O.SSe4H12No_5So.5) = 494.5

z = 4 formula units per cell

d = 1.899 g/cm3

calc
u (absorption coefficient) = 122.3 cm"] (CuKa:)

Space Group of modulation Cmc2,
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755 reflections having F2 >30, R = .061, wR = .023. During refinement,
four peaks on the Fourier map of the x=0 plane indicated the incorporation
of a disordered small molecule in the structure. These were refined

as partially occupied carbons and nitrogens. Figure 3 shows the
structure in the z = 1/4 plane. Figure 4 shows a projection showing
overlap of consecutive TMTSF molecules view down z; and Table 4 shows
bond angles and lengths in the molecule. Table 5 contains atom
coordinates and temperature factors. Most shifts were less than

a/2, all other shifts were less than o at refinement, except for

the coordinates of Br~ ion, which has very high thermal motion in

the z direction, and can be fit equally well by constraining it to

the z = 1/4 plane or placing it in two~-fold positions above and below
this plane. Hydrogen positions refined satisfactorily but their
isotropic temperature factors could not be refined. The deviation

of C-H bond lengths and angles from expected values may be due to
torsional motion of the methyl groups. A difference map, based on
refined coordinates of non-hydrogen atoms, through the plane of

the hydrogen atoms, is shown in Figure 5,

Structure determination and refinement - TMTSFjSCN)O_SO

The TMTSF(SCN)0 5o datawere phased by placing TMISF molecules
at positions equivalent to those in the refined'TMTSF(Br)0 82
structure. After several least squares refinement cycles, the

thiocynates could be seen in difference Fourier maps. They lie
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Table 4. Bond Lengths and Angles in (TPWSF)BrO 8

1 - C2 1.406 (22)
€t - Sel 1.861 {13)
2 - Se? 1.845 {17)
Sel - C3 1.871 (16)
Se2 - C4 1.889 (16)
C3 - C5 1.519 (24)
C4 - Cé6 1.542 (24)
c3 - C3' 1.340 (36)
4 - C4' 1.320 (36)
C5 - HI1 1.24 (18)
£5 - H2 1.12 (18)
C6 - H3!' 1.11 (18
C6 - H4 1.11 (18
<1 - €2 - Se? 121.9 (.1)
<C2 - C1 - Sel 122.2 (.1)
<Sel - C1 - Sel 115.6 (.2)
<Se2 - (2 - Se2 116.0 (.2)
<C1 - Sel - C5 93,3 (1.0)
€2 - Se2 - C4 93.2 (1.0)
<Sel - €3 - C3' 118.9 (1.0)
<Se?2 - C4 - C4' 118.7 (1.0)
<Sel - €3 -~ C5 115.5 (1.0)
<Se?2 - C4 - C6 114.2 (1.0)
<C3 - C5 - HI 94 (10)
<C 3 - €5 - H? 122 (10)
<C4 - C6 - H4 109 (10)



Table 5. Refined Atomic Coordinates and Temperature Factors of (TMTSF)(Br)O 8

X y z un uz22 U33 u12 U13 Uu23
Se 1 16068 (14) 9935 (5) 25000 313 (7) 359 (6) 538 (9) -20 (6) O 0
Se 2 15994 (13) -4216 (5) 25000 324 (7) 359 (6) 540 (9) 36 (5) 0 0
C1 0 5763 (56) 25000 286 (83) 248 (64) 369 (102) 0 0 0
C2 0 -130 (73) 25000 214 (76) 391 (78) 460 (112) 0 0 0
C3 6759 (126) 16826 (44) 25000 435 (72) 376 (55) 527 {84) -52 (51) O 0
(' 6689 (131) =11167 (45) 25000 494 (78) 376 (55) 444 (80) 9 (55) 0 0
C5 15622 (157) 22005 (45) 25000 673 (92) 238 (49) 1076 (131) =178 (64) O 0
Céo 16145 (150) -16310 (49) 25000 523 (78) 380 (56) 628 (971) 68 (60} © 0
H1 26450 (1000) 19750 (560) 25000 B =6.00
H 2 14380 (910) 24880 (370) 13610 (1000) B = 6.00
H 3 2535 (910) 34320 (350) 11820 (1000) B = 6.00 .
H 4 1485 (1000) -18640 (560) 25000 B = 6.00 =
Br~ 50000 17573 (20) 23600 589 (23) 755 (24) 5269 {148) 0 0 3996 (382)
Solvent
c7 0 41050 (80) 17800 (290) B = 4,50
c8 0 45730 (140) 5240 (550) B = 4.50
co 0 50670 (170) 10530 (590) B = 4.50
C10 0 51960 (170) 25000 B =4.50

A1l coordinates have been multiplied by ]05; all Uij's by 104.
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z =0.25

(0.177, 0.231,
— 0.250)

-
|

R,

Figure 5. Difference map through hydrogens of methyl carbon (5).
F(ca1c) based on refined positions of all non-hydrogen
atoms. Contours are in steps of .1 e/ﬂs, with outermost

contour at .3 e/ﬁ3. Scale is 4.9 cm/ﬁ
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across mirror planes at 1/4 and 3/4, and there is two-fold disorder
between sulfur and nitrogen. Electron density in the difference
map also shows the presence of a disordered small molecule similar
to that seen in TMTSF(Br)O_Sz. Hydrogen atom positions in
TMTSF(SCN)O'50 are even less satisfactory than in the bromide.
The structural refinement proceeded to R = 0.054, wR = 0.0124 for
all data; R = 0.042, wR = 0.0118 for reflections with F~ » 3o.
The temperature factors of the thiocyanate are fairly large,
reflecting disorder and perhaps the modulation of the thiocyanaﬁe
position, At the Tevel of refinement achieved, all non-hydrogen
coordinate and temperature factor shifts are less than o/4;
hydrogen coordinate shifts are less than o and hydrogen isotropic
temperature factors could not be refined.

Atom coordinates and temperature factors of the refined
structure of (TI‘«H’SF)(SCN)&50 are given in Table 5. PRond angles
and lengths of the TMTSF cation are shown on an ORTEP plot (Figure 6).

Analysis of the satellite reflections

Only the hk1' and hk2' (C' = 33,815 R) reflections were used
in the analysis of the structure modulation. The pattern of
intensity, with respect to indices h and k, is about the same for
the hk1' and hk2' and the combination reflections resulting from
both latices, A Patterson map based on hkl' and hk2' data shows

a number of peaks with interatomic vectors having x-component = 0,

0

Only one (independent) relatively weak peak lies off of the x



Table 6. Refined Atomic Coordinates and Temperature Factors for TMTSF{SCN)

0.50

X N z unl uee U33 u12 ui3 u23
Se 1 15849( 13) 9724( 4) 25000 470( 6) 521( 6) 644( 8) -38( 5) 0 0
Se 2 15855( 12)  -4293( 4) 25000 413( 5) 519( 6) 628( 7) 33( 4) 0 0
C1 0 5617(55) 25000 468{ 73) 529(70) 434(79) 0 0 0
2 0 ~139(57) 25000 384( 58) 506(64 ) 509(83) 0 0 0
C3 6744(107) 16531(40) 25000 626( 62) 510(46) 631(68) -21(45) 0 0
C4 6595{100) =~11165(37) 25000 528( 56) 470(43) 609(63) 51(41) 0 0
C5 15512(233) 21669(63) 25000 1097(106) 651(69) 858(98) -271(82) C 0
Co6 15495(134) -16238(45) 25000 556( 55) 545(51) 748(76) 117(55) 0 0
H 1 2829 1794(47) 2500 B =6.00
H?2 1609{ 92) 2204(34) 1531 B =6.00
H 3 2205( 70) -1508(28) 1567 B =6.00
H 4 748( 98) ~1902(46) 2500 B = 6.00

s
c7 0 32400(131) 75000 310(141) 526(150) 1159(334) 0 0 0
S/N 0 33333( 88) 58084(299384( 57) 2421(207) 1803(170) 0 -711(169)
Solvent

¢8 ¢ 4623(19) 4607(69) B = 10.15(1.75)
C9 0 4798(22) 7500 B = 10.68(2.17)
C 10 0 4119(11) 1775{40) B = 9,28(0.97)
C 1 0 5111(19) 1000{88) B = 8.91(1.94)

91l



Figure 6.

Bond angles and distances of the tetramethyltetraselenofulvalene cation in
(TMTSF) (SCN)
level,

0.5° Thermal elljpsoids are drawn at the 50% probability

LLL-
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plane of the Patterson. The strongest vector is (0.0, 0.025, 0.5)
which was interpreted as a vector between the extreme positions of

a modulated thiocyanate chain. It appears that a slight displacement
in the y coordinates of the thiocyanate anions occurs with a period
of 32.815 A. This model of the modulation, in Space Group Cme2, ,
along with fitting of several smaller peaks, results in R = ,397

for 54 reflections with F2 > 30. A Fourier map based on this
unrefined model is shown in Figure 7. Larger peaks (.5 e/ﬂB) at
(0.0, 0.333, 0.0), (0.0, 0.307, 0.5), and (0.0, 0.353, 0.5) are
associated with the thiocyanate ions. A smaller peak (.2 e/ﬁ3)

at (0.0, 0.463, 0.0) is associated with an atom in the disordered
solvent molecule. Small peaks are associated with the TMTSF
cations, in the region of the C=C bonds and methyl groups, but these
cannot be identified with particﬁ]ar atoms. The atomic coordinates

and temperature factors used to model the satellite data are given

in Table 7,
Discussion

The TMTSF cations in (TMTSF)(Br) and (TMTSF)(SCN)( ¢ are

0.82
s1ip-stacked and have their molecular planes perpendicular to EO,

as shown in Figure 8a. This method of stacking is quite different
than the stacking of TTF cations in TTF halides (8b) and (TTF)(TCNQ)

{8c)., The stacking is rather similar to that observed in tetra-
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0,33

0.25

Figure 7. Electron density map of satellite reflection data (z=0). Contour intervals
are at ~,05 e/EB. Scale is ~3.44 cm/R. Dotted contours represent positive
electron density at z = 0.5; solid contours at z = 0.0. Strong peaks at
and near y = 0.33 are due to the thiocyanate ion; peak at y = 0.46 is an

atom in the solvent molecule.

10.24

X+
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Table 7. Atomic Coordinates and Temperature Factors used to model (TMTSF)(SCN)0 ; Structure Modulation

X y z umn u22 U33 Population
S 1 0 3333 0 498 443 321948 1.9
S 2 0 3066 5000 498 443 321948 0.9
S 3 0 3528 5000 498 443 321948 1.5
C1 0 4628 0 498 443 321948 2.0
C2 0 1580 5000 498 443 321948 1.4
C3 0 150 5000 498 443 321948 1.5
C4 1850 1600 5000 498 443 3271948 0.7

0ct

Uij = 0 for 1 # j.

A1l parameters have been multiplied by 104.
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methyltetrathiafulvalene bromide, (TMTTF)(Br)O’S; where only a
slight tiit away from perpendicularity to the stacking axis is
observed (5).

Interchain coupling should be quite low in (TMTSF)(Bur')O_82
and (TMTSF)(SCN)O.SO. There are no short contacts between stacks,
and van der Waals contacts (3.77 R in the bromide) only occur between
methyl groups (see Figure 3). TMISF salts, including those with
TCNQ, generally have longer interchain contacts than are observed
for TTF and HMTSF, for example (4).

High disorder exists in both (TMTSF)(Br) and (TMTSF)(SCN)

0.82 0.50°
In the former, the bromide ion exhibits very high thermal parameters
in the z direction. In the latter, the orientation of the thiocyanates
is two-fold disordered. In both compounds, anion sites are not fully
occupied, and a partially occupied small molecule (solvent) site
exists in the x=0 plane.

The period of the modulation of the (TMTSF)(SCN)O.50 structure
is similar to the periods of incommensurate charge density waves
observed in K2Pt(CN)48r0.30 "xH,0, (TTF)(TCNQ), (TSeF)(TCNQ),
(HMTSF)(TCNQ), and (HMTTF)(TCNQ) (12), It is not unreasonable to
interpret the modulation of the SCN™ chain as a response to a
charge density wave on the cation column,

While the electronic transport properties of (TMTSF)(Blr')O_82
and (TMTSF)(SCN)O.50 are still being investigated, several predictions

may be made on the basis of the structural properties. Exchange
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of anions between sites cannot occur, so that some disorder will be
retained at Tow temperature. Thiocyanate orientational disorder
will also be retained, while the high thermal motion of the bromide
jons should decrease. Disorder in (TMTSF)(SCN)O.50 may be expected
to result in retention of moderate conductivity to lower temperatures
than in the bromide.

The 32.8 K superperiod in (TMTSF)(SCN)O.‘50 may be tentatively
identified as a distortion resulting from an incommensurate charge

density wave. If this is true, then 2k. = .215 c*, which implies

F
that the average charge on each TMTSF is +0.43. This is reasonable
in view of the uncertainty in the stoichiometry of this material,
and the possibility of back-charge transfer (SCN + TMTSF+ >

scN® + TMTSFO).
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APPENDIX 1
Structure Factors Tables

The following tables contain the observed and calculated
structure factors for refined and partly refined structures reported
in this thesis. The heading above each group gives the indices
for that group of reflections, with one index indicated by a letter.

That index varies and is given in the first column. F is given

obs
in the second column, Fca]c in the third, and the standard deviation
in the fourth. A negative sign on FObs means that the observed

2

intensity, I ~ Fobs’

was negative.



A.

[Rh(CNCHCH2)4]C‘IO4

obtained with Ni-filtered Cukx

29%2
3069
147¢
2506
152¢
1534
%36
876
4594
453
30
199
129
65

0

1710
1716
2005
1223
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(TTF)ClO.67 - Structure factors, room temperature

Ni-filtered CuKa radiation.
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D. (].d.)(TTT)213 - Structure factors Cmca subcell. Ni-filtered

CuKa radiation.
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(TMTSF)Br, g - Structure factors, Ni-filtered CuKa radiation.

Space group Cmcm.
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(TMTSF)(SCN)O_5 - Structure factors, Ni-filtered CuK3

satellite reflections, Space group Pmc?
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APPENDIX 2

Electrical properties of crystals. Conductivities were measured
using the standard 4 probe technique., Silver paint contacts were
used with [Rh(CNCHCH2)4]C104; aquadag contacts were used with all

other crystals.
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APPENDIX 3
Notes on Structure Refinement

A1l structure refinement was carried out using CRYM system

programs and the Institute's IBM 370/3032 computer. Least-squares

. e . . - 2 2
refinement proceeds by minimization of the quantity LW(FODS 'Fcacl )

The weighted residual, wR, is 2w’ (F,, “-F

obs
['/ZlFObS. The real goodness of fit

calc

residual, R, is ZIIFobsl—cha1c

is [zw(F 2-F 2)2/n-p]”2. Weights are determined from counting

obs calc

statistics:

_ 2 2
w = ]/(U FObS

+t)
where t is a term which accounts for errors other than counting
statistics.

In the refinement of structures with considerable disorder,
refinement of some parameters is difficult or impossible. There
are three important cases.

1) Atoms are located close to, but not on, symmetry elements
such as mirror planes or rotation axes. Terms in matrices blow up
if refinement places the atom very close to the symmetry elements.

2} The fitting function is incorrect. If thermal motion is

high, approximation with thermal ellipsoids may be far from correct.
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Compare, for example, the electron density map and ORTEP of carbon 6
in the room temperature structure of [Rh(CNCHCH2)4JC104.

3) The fitting function is not unique. Fitting very "smeared
out" electron density such as that observed for halide chains in
(TTT)213 and (TTF)Clo_67 or the disordered perchlorates in
[Rh(CNCHCH2)4]C104, can be done in many ways which are equally
valid.

In all cases, the observed electron density is far more
informative than the parameters used to fit it. Some parameters
were not refined by least squares. A fit which provided a flat
difference map, low residuals, and convergence of refinable parameters
was considered satisfactory. |

The kinds of structure disorder and distortion which give rise
to diffuse spots in the diffraction patterns of (TTF)CIO'67 and
(TTT)213, and satellite reflections in the diffraction pattern of
(TMTSF)(SCN)O_S, are fairly well understood.

Disorder which appears as "mistakes" with respect to an ideal
lattice gives rise to broadening of diffraction peaks (1,2,3).

This phenomenon arises for the same reason that peak broadening in
powder diffraction occurs. Diffraction peaks are infinitely sharp
only for infinite lattices. As the number of repeating units in a
diffracting domain (a single particle in powder diffraction or a
mosaic block in single crystal diffraction) decreases, the resulting
diffraction spots will increase in width, According to Wilson's

treatment, the probability of mistakes (o) will determine the
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average size of the diffracting domains and the intensity (I) as a
function of a normalized coordinate (w) in reciprocal space will

be given by:

(W) ~ 5=

o W

This expression was used to determine the size of diffracting
domains in (TTF)Clo'67 after fast cooling. It also might be used
to determine the range of order of the chloride sublattice in
(TTF)C10.67 at room temperature, and the iodide lattice in (TTT)213.
This was not done quantitatively for the following reasons.

a) Accurate profiles must be obtained using a very small

or narrow aperture for the x-ray beam.

b) Chloride sublattice reflections were extremely weak and

very diffuse at room temperature.

¢) The diffuse third Tayer reflections were only ~50% wider

than sublattice reflections in (1.d.)(TTT)ZI3, and w scans
could not be obtained on the quarter-circle diffractometer.

Qualitatively, the range of order of chlorides in (TTF)C10.67
might be <100 A, The range of order of fodide ions in (1.d.)(TTT),I,
is hard to estimate, as part of the diffracted intensity indicates
only one-dimensional order, while the spots on the diffuse third
layer indicate quite long three-dimensional order (31000 R),

Modulation of structures results in superperiods and leads to

the observation of satellite reflections on diffraction patterns.
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Early treatments of this effect distinguished between modulation of
unit cell parameters and structure factor amplitude (4). In the first
case, for modulation in, say, the x direction of the crystal,
satellites with index h = 0 will have very small intensity. If the
structure factor amplitude is modulated, these satellites will have
significant intensity. Later treatments describe satellite intensity
for specific kinds of structure modulation (5). A number of
structures have been solved in which refinement of satellite, or
study of its significance, played an important role (6,7).
The modulation of the (TMTSF)(SCN)O.5 structure clearly involved
structure factor amplitude moduiation rather than unit cell
parameter modulation. Patterson maps showed that most of the
modulation was associated with the x = 0 plane. Further details
of the model are given in Chapter 5. In general, satellites of
order greater than one are not observed or are very weak. No attempt
was made to fit the great decrease in intensity on going from first-
to second-order satellijtes, which could be observed for (TMTSF)(SCN)O.S.
The space groups used to fit the full cell data of (1.d.)(TTT)213
and the satellite data of (TMTSF)(SCN)O_5 were picked to be consistent
with the basic structures of the crystals, Symmetry elements which
the superperiod necessarily destroyed were removed, and lower
symmetry space groups were then picked which contained the remaining
symmetry of the structure. Likewise, the space group of the Tow

temperature monoclinic phase of (TTF)C}O 67 has the most symmetry that
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can remain after the distortion of the tetragonal cell. A good

treatment of derivative crystal structures exists (8).
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