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1. Introduction and Scope

Since the discovery of high electrical conductivity
in an organic complex in 1954, the field of molecular
conductors has stimulated a great deal of research.
A large number of electron-donor and -acceptor
molecules have been synthesized, and conducting
salts thereof have been crystallized, and we are
aware of well over 5000 publications in this subject
area. Major milestones include the discovery of
metallic conduction over a wide range of tempera-
tures in TTF—TCNQ?? (TTF = tetrathiafulvalene,
TCNQ = tetracyanoquinodimethane), the prediction
by Little* of high-temperature superconductivity in
certain organic compounds (not yet realized in the
way envisioned by Little), and the discovery of super-
conductivity in polymers,® crystalline electron-donor
radical cation salts,® and fullerene electron-acceptor
radical anion salts.” The field of radical cation salts
has been driven to a large extent by the search for
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new superconductors (see, e.g., the books by Williams
et al.® and Ishiguro et al.?), although other low-
dimensional physics phenomena and the develop-
ment (still in its infancy) of hybrid materials, where
one component is an organic conductor, also occupy
a good fraction of the literature. Review articles
abound,'°~26 and the proceedings of the International
Conference on Synthetic Metals (ICSM), published
in numerous volumes of Synthetic Metals, provide a
wealth of the primary literature. Finally, the review
articles in this volume present a good cross-section
over many aspects of this fascinating field.

Within this vast area this review attempts to
summarize all the work that has been carried out on
the conducting salts that are formed between molec-
ular radical cations (generated by the oxidation of
electron-donor molecules) and organic and organo-
metallic anions (the latter defined as having covalent
bonds between transition-metal cations and the
carbon atoms of carbanion ligands). For the purpose
of this review, we restrict ourselves to those anions
that are introduced already in the form of anions with
a well-defined charge state, while the radical cations
(often with fractional average charge) are generated
oxidatively during the crystallization process. This
type of salts is usually referred to as cation radical
salts. We therefore deliberately exclude the vast field
of ionic donor—acceptor complexes (or charge-transfer
salts sensu strictu), where a (fractional or complete)
charge transfer between the electron-donor and
-acceptor molecules takes place during the crystal-
lization. We are also omitting the (much less numer-
ous) radical anion salts between reduced electron-
acceptor molecules and diamagnetic, well-defined
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organic cations (e.g., tetraalkylammonium). Both
classes of salts have been reviewed elsewhere.?’33

The vast majority of the electron-donor molecules
treated in this review are based on tetrathiafulvalene
(TTF) and its homologues, although a few others are
also included for the sake of completeness. These are
summarized in Chart 1. Many of the organic anions
described here are shown in Chart 2. Because of its
propensity of yielding superconductors, the electron-
donor molecule bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF or ET) has attracted a disproportionally
large share of attention. We therefore devote a major
section of this review to the organic and organome-
tallic anion salts of this molecule alone. The salts of
the other TTF-related donor molecules are presented
in section 3, while the relatively few salts of donor
molecules that are not directly based on TTF or its
homologues are described in section 4. All the com-
pounds described through section 4 were obtained as
crystalline products—most of them as single crystals
and the remainder as polycrystalline samples. Sec-
tion 5 deals with the salts prepared as thin films
supported either by a liquid—air interface (Lang-
muir—Blodgett films) or on top of a solid substrate.
Within this narrowly defined scope we attempted to
include all known compounds and their literature
through the earliest parts of 2004. However, we
realize that inevitably some contributions are over-
looked in a work of this sort, and we apologize upfront
for any omissions—none are intended.
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Chart 1. Electron-Donor Molecules
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2. Salts of BEDT —TTF or ET, Bis(ethylenedithio)-
tetrathiafulvalene

Within this major section we grouped the literature
by anion type for convenience. A summary of basic
crystallographic data is given in Table 1. The (M,S,L)
scheme used in Table 1 is useful to classify the overall
unit cell building principle in the case of layered
salts.®® The three letters denote the number of
molecules (M) along the stack direction, the number
of stacks (S) within one conducting layer, and the

tetrathiafulvalene

number of donor molecule layers (L) per unit cell. In
some cases the unit cell parameters were trans-
formed from those in the literature in order to
facilitate comparisons or to present them in a stan-
dard setting.

2.1. Carboxylate Anions: R —CO,~

The carboxylate functional group is the quintes-
sential anionic group of organic chemistry and bio-
chemistry owing to the low pK, (usually around 4.7)
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Chart 2. Anions
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Chart 2 (Continued)

Polycyano Anions
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of the conjugate acid. It may seem therefore at first
surprising that very few electron-donor cation salts
with carboxylate anions have been reported. The
reason for this dearth of salts may be found in the
relative instability of the functional group, especially
upon prolonged exposure to oxidating conditions, as

typically found in the electrocrystallization procedure
commonly employed in the synthesis of cation radical
salts. Decarbonylation and decarboxylation are the
two dominant decomposition pathways. In chlori-
nated solvents, it is furthermore observed that de-
composition liberates chloride anion. ET forms a
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Table 1. Summary of Room Temperature (unless otherwise indicated) Crystallographic Data for ET (BEDT-TTF)
Salts

space unit cell
compound group a@) bA @A a)  BEO y ()  vol.(A® Z (M,S,L) ref

B carboxylate and sulfonate anions
B'"'-(ET)o(fumarate) P1 6.135 8.107 16.981 79.98 79.68 81.88 8129 1 (2,1,1) 34
(ET)2CF5S03 P2i/n 6.649 33.050 15.018 90 90.98 90 3300 4 (4,1,2) 35
1-(ET)2CF3S03 C2/c 34.171 8.239 11.623 90 99.74 90 3225 4 (--2) 36
(ET)2CF3S0; Cc 35.239 6.544 14.646 90 110.26 90 31685 4 (4,1,2) 37
p'"-(ET)2SF5CH»SO3 P1 8.805 11.799 17.728 75.88 86.16 77.33 17424 2 (2,2,1) 38
B"'-(ET)2SFsCHFSO3 P1 8.796 11.726 17.576 95.89 90.18 102.29 1761.6 2 (2,2,1) 38
['-(ET)2SF5CF3S03 P1 7.699 13.151 17.642 81.32 87.42 7499 1705.7° 2 (2,2,1) 38
p"'-(ET)2SF5sCH2CF2S03 P1 9.260 11.635 17.572 94.69 91.70 103.10 18355 2 (2,2,1) 39
p"'-(ET):SF;CHFCF2S03 P1 9.223 11.593 17.809 93.86 94.54 103.07 1841.9 2 (2,2,1) 40,41
B"-(ET)2CFsCH2SOs5 P1 8.878 11.724 17.222 77.30 86.95 77.24 1705.5 2 (2,2,1) 42
B'"-(ET):Li(CFsCHFSO3)s P1 8.640 11.498 20.344 82.01 80.06 80.64 1951.3° 2 (2,2,1) 42
0'-(ET);Li(CF3CHFSO3)5(H20), P1 13.325 15.546 18.658 85.173 78.856 86.968 3776.2¢ 2 (4,2,1) 43
0'-(ET)2CF35CF2S0s Pca2q 14.497 6.609 35.169 90 90 90 3369.8° 4 (4,1,2) 42
0'-(ET)2(CH2:CHCH,S03)(H20) Pma2 32.772  7.960 6.687 90 90 90 17445 2 (2,1,2) 44
(ET)3[SO3CHoCF(CF3)q]4(H502),  C2/c 60.454 11.213 12.764 90 99.14 90 8539 4 (3,2,2) 45
(ET)s(TEMPO-NHCOSO3)2(H20)s? P24/c 26.467 11.625 12.491 90 94.18 90 3833.0 2 (3,2,1) 46
a'/7-(ET)2(p-CH3-@-S03) P2 7.785 6.697 34.402 90 91.10 90 17932 2 (2,1,2) 35
(ET)2[(C6F5)SOsI(TCE)® P1 6.741 15.893 19.140 89.81 94.28 93.20 2095 2 (4,1,1) 40
B-(ET)2[(CeHs)CH2SOs](H20) P1 9.931 12.367 16.982 71.04 82.46 67.58 18234 2 (2,2,1) 47
kax4-(ET)2[(C¢H5)CH2S O3] (H20) P2y/c 16.576 21.706 10.174 90 95.00 90 3646 4 (--,1)* 40
B"-(ET)4[03S(C10Hg)SOs] P1 7.761 12.890 18415 73.14 78.67 73.38 16762 1 (2,2,1) 40

polycyano anions

0'-(ET)2[C(CN)s] P2/a 14.979 6.700 16.395 90 94.80 90 1639.7 2 (4,1,1) 48
p"-(ET)of CsH,OC[C(CN)2lo} P1 9.584 11.184 20.73 78.23 85.90 6542 1977 2 (4,1,1) 49
(ET){ CsH,OC[C(CN)2l3}, triclinic 678 7.8 314 348”7 901  96.0 923 g 49
(ET)2[C4(CN)s] P2/a 34.212 6.725 7.958 90 9418 90 18259 2 (2,1,2) 50
(ET)2[C4(CN)g](BzN)* P1 12.919 18.643 7.855 93.63 107.81 9143 17955 g 50
0'-(ET)2[C5(CN)5](TCE),¢ Pncm 6.774 14.657 41.471 90 90 90 4075 4 (4,1,2) 51
“B7-(ET)4lcis-Co(CN)s](THF)... o/ P1 9.523 11.666 19.620 89.35 96.38 112.72 2001.1 1 (4,1,1) 52
(ET)4ltrans-Cs(CN)s](THF)..o! P1 1296 15.365 21.369 77.02 99.92 105.22 4946 2 (4,1,2) 52
0'-(ET)2[N(CN)] Pcca 14.744 6.676 32.151 90 90 90 3165 4 (4,1,2) 53
o'-(ET)2[N(CN)2l(H20) P2,/c 17.145 4.333 22.928 90 99.92 90 1678.0 2 (14,1) 54
(ET):[N(CN).l,(H20), monoclinic 7.943 6.685 30.328 90 97.04 90 1598.2 J 54
(ET){N[C2(CN)sl2} P2/c 6.839 16.308 22.255 90 96.54 90 2466.0 4 k 55

_ sulfonyl-stabilized methanide and amide anions
p"'-(ET)2[N(SO2CF3)s] P1 6.639 8.656 17.349 94.70 97.21 68.95 922.7 1 (2,1,1) 56
p"-(ET):[CH(SO2CF3),] P1 6.596 9.137 33.038 83.72 89.00 69.73 1856.1 2 (2,1,2) 57
p',6-(ET)2[C(SO2CF's)s] P1 6.269 8.422 40.249 94.566 90.949 106.73 20269 2 (2,1,2) 57
(ET)[C(SO:CFs)s] P1 8.641 11.591 13.658 85.97 88.18 86.56 13615 2 k 57

phenolate anions
o'-(ET):HCNAL! P2/c 7.606 6.773 34.53 90 93.12 90 1776 2 (2,1,2) 58
B 432-(ET)(HTNBP™ P1 8.691 12.936 16.208 97.38 96.23 103.89 17359 1 (2,2,1) 59
o'"-(ET)2(CeHoN30s) P1 8.422 21.761 23.331 80.96 84.44 89.99 42025 4 (24,1) 61
o'-(ET)9(CsH2N307)(THF)! C2/c 43.152 4.216 23.256 90 99.29 90 41754 4 (14,2) 61
organometallic anions

(ET)2Cu(CF'3)4 monoclinic  4.997 10.577 35.471 90 93.78 90 1870.7 2 j 62
(ET)2Ag(CF'3)4 P2i/n 5.004 10.594 35.728 90 93.69 90 1890.0 2 (1,2,2) 63
(ET)2Au(CF3)4 P2i/n 5.020 10.557 35.734 90 9397 90 18894 2 (1,2,2) 62
kL-(ET)2[Ag(CF3)2(CN)o] P24/n 4.966 9.336 38.772 90 9156 90 17969 2 (1,2,2) 62
kL-(ET)2Cu(CF3)4(TCE) Pnma 13.169 38.031 8.539 90 90 90 42764 4 (--2) 64
kL-(ET)2Cu(CF5)4(2DBCE)" Pnma 13.204 38.104 8.528 90 90 90 4290 4 (--,2)% 62
k1-(ET)2Cu(CF3)4DBCE)° Pnma 13.169 38.031 8.539 90 90 90 42764 4 (--,2)% 62
kL-(ET)2Ag(CF3)4(TCE) Pnma 13.175 38.174  8.595 90 90 90 4322.8 4 (-,-,2) 65
k-(ET)2Ag(CF3)4(2DBCE)" Pnma 13.209 38.123  8.602 90 90 90 4332 4 (-,-,2)¥ 62
kL-(ET)2Ag(CF3)4( DBCE)° Pnma 13.228 38.227 8.579 90 90 90 4338 4 (--,2)% 62
k1-(ET)2Ag(CF3)4(TBE) Pnma 13.270 38.284 8.588 90 90 90 4363 4 (--,2)% 62
k-(ET)2Au(CF3)4(1BDCE)? Pnma 13.262 38.071  8.592 90 90 90 4338 4 (--,2)% 62
kL-(ET)2Au(CF3)4(TCE)? Pnma 13.221 38.057 8.590 90 90 90 43221 4 (-,-,2)% 66
k1 -(ET)2Cu(CF3)4DBCE)° C2/c 39.235 8.5512 13.193 90 102.99 90 43129 4 (-,-,2) 67
k1~(ET)2[Ag(CF3)sCl(TCE)® Pnma 12.850 37.614 8.471 90 90 90 4094* 4 (--2) 62
(ET)Au(CgCls)y P24/c 14.784 20.227 16.730 90 101.40 90 4904.2 4 k 68

@ No stacks in layer. ? Unit cell at 120 K. ¢ Unit cell at 150 K. ¢ TEMPO = 2,2,6,6-Tetramethylpiperidin-N-oxyl. ¢ TCE = 1,1,2-
Trichloroethane. / Certainly a typographic error in the original. € No details given. » BzN = Benzonitrile. ' THF = Tetrahydrofuran.
7 Unit cell only. * Not a layered structure. ! HCNAL = Cyanilic acid monoanion, (CN)2Cs(0)3(OH)~. " HTNBP~ = 3,3',5,5'-Tetranitro-
4,4'-biphenyldiol monoanion. " 2DBCE = 2-Bromo-1,1-dichloroethane. ° DBCE = 1,2-Bibromo-1-chloroethane. » TBE = 1,1,2-
Tribromoethane. ¢ 1IBDCE = 1-Bromo-1,2-dichloroethane. " Unit cell at 123 K
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series of very stable chloride—hydrate salts, (ET)3;Cls-
(H20)2 being the best known,’®"72 that have been
found as unwanted side products by many research
groups attempting to synthesize other salts of ET.
This includes not only carboxylates but also a number
of labile metal complex anions.

The only ET carboxylate salt that has been de-
scribed in detail is the fumarate (monoanion), (ET).-
(trans-HOoCCH=CHCO,).?+" Given the above note
on chlorinated solvents, it is somewhat surprising
that the crystals of ET—fumarate were actually
grown in a mixture of dichloromethane and ethanol.
This could be due to extra stabilization against
decomposition by formation of an extensive hydrogen-
bonding network within the anion layer of the ET
salt. The packing of the formally +1/2 charged ET
cations is of the A"-type,”* but with only weak
interactions out of the plane of the ET molecule,
semiconducting in-plane resistivity results. Unusu-
ally anisotropic atomic displacement parameters in
the anion hint at some crystallographic complications
that were not taken into account in the published
structural analysis.?*

2.2. Sulfonate Anions: R —-S0O3;~

In contrast to the carboxylate anion, the sulfonate
group has much greater stability toward oxidative
decomposition, a fact that has been exploited in its
use as an electrolyte in batteries and fuel cells.”™ Its
greater stability is also reflected in the much lower
pK, of the conjugate acids, which rival or exceed the
strongest mineral acids and have often been termed
‘superacids’.”® Further stabilization of the anion and
increased strength of the conjugate acid is imparted
by partial or complete fluorination of the adjacent
carbon atoms. Correspondingly, there is a much
larger body of work on cation radical salts with
sulfonate-containing anions.

2.2.1. ET Salts with Trifluoromethylsulfonate

Salts of the trifluoromethylsulfonate (‘triflate’)
anion are commercially available and frequently
employed as a chemically inert counterion to crystal-
lize cations of special interest. It is therefore not
surprising that a triflate salt of ET was prepared
some time ago by Chasseau et al.?® It was electro-
crystallized from tetrabutylammonium triflate and
neutral ET in dichloromethane. The crystal structure
of (ET)2CF3SOs3 contains alternating layers of ET and
triflate, two layers each per unit cell. Within each
donor layer there are stacks of four ET molecules per
repeat, arranged into dimers that are twisted with
respect to each other by 30°. The electrical resistivity
along the most elongated crystal dimensions (as-
sumed to be within the donor layer, transverse to the
stacking axis) is that of a complex semiconductor:
below 218 K and above 306 K it is simply activated,
with gap energies of 0.1 and 0.07 eV, respectively,
but between these temperatures convex curvature is
observed in a plot of log(p) vs temperature (increasing
gap 9 In(p)/o(1/T) with increasing temperature). The
discontinuity at 218 K was not observed in the spin
susceptibility, which is characterized by a magnetic
excitation of ca. 0.1 eV. It was discovered later” that
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the upper transition in the electrical transport mea-
surements (including also thermopower) varied from
crystal to crystal (type A ~ 303 K, type B ~ 277 K),
although no differences were observed in the crystal-
lographic lattice parameters. The application of pres-
sure showed the most prominent (and most puzzling)
difference between the two types: the upper transi-
tion in type B was reduced strongly with increasing
pressure, coalescing with the rising lower transition
at ca. 7 kbar, while in type A the upper transition
remained essentially unchanged and the lower tran-
sition exhibited a small increase to ca. 240 K at 10
kbar.

Several additional phases containing ET and the
triflate anion have been reported: In 1995, Fettouhi
et al.?¢ described the «-phase of the 2:1 salt, and they
also mentioned without details a 1:1 salt solvated
with tetrahydrofuran (THF), (ET)(CF3SO3)(THF) 5.
The structure of the former contains the orthogonal
ET dimer arrangement typical of the «-type packing
motif, and the band electronic structure is said to be
typical of other x-phase salts.”® The anions were
found to be disordered, with superimposed trifluoro-
methyl and sulfonate groups. The salt is a semicon-
ductor with an activation energy of 0.10 meV between
270 and 220 K. The ESR spectra show an unusual
temperature dependence of the line width. Above ca.
200 K it is temperature independent (40—58 G,
dependent on sample orientation) and then under-
goes a broad maximum below 100 K, where it
approximately doubles and finally becomes much
narrower at liquid helium temperatures. The authors
attribute this result to magnetic fluctuations and also
imply an influence of the disordered dipoles of the
anions, with the possibility of an anion ordering
transition below room temperature not ruled out
(although there is no experimental evidence for that
at this time).

Yet another 2:1 salt was recently reported by Jia
et al.3” Its crystal structure is closely related to the
first salt.’® Both salts contain ET layers that are
made up of stacks with two twisted donor molecule
dimers per repeat unit and one stack per repeat in
the in-plane direction. The two salts differ in the
relative arrangement of successive layers: When
projected along the shortest crystallographic axis, in
the Chasseau salt,? adjacent layers have opposite tilt
with respect to the anion layer (2-fold rotation
relating the two layers), whereas in the Jia salt,?”
the sense of tilt remains the same (lattice centering
operation). It may thus be appropriate to regard the
two salts as polytypes. The conductivity of the Jia
salt, 0.29 S em™! at 298 K, is nearly temperature
independent above 150 K, but below that tempera-
ture it becomes gradually more insulating, approach-
ing an activation energy of ca. 0.1 eV.

2.2.2. Superconductor (ET),SFsCH,CF,S03

The study of ET salts with sulfonate anions was
greatly stimulated by our discovery, in 1996, of
superconductivity below 5 K in (ET):SF5;CHyCFs-
S03.397 This salt represented the first truly organic
superconductor among charge-transfer salts where
both the cationic as well as the anionic component
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Figure 1. Packing of the electron-donor radical cations
within the conducting layer of f"'-(ET);SF;CH2CF3S0;3 at
118 K. Intermolecular contacts shorter than the sum of the
van der Waals radii are indicated by dashed lines.

was made up of an organic molecule. Much of our
work since then has focused on finding (unsuccess-
fully) superconductors among the many salts with
closely related anions. These will be described below,
after the description of the superconductor, which has
attracted a great number of physical studies.
(ET)2SF5CH>CF2SO; was prepared® by electro-
crystallization in 1,1,2-trichloroethane (TCE). The
anion source was the lithium salt, solubilized by the
addition of 12-crown-4 (1,4,7,10-tetraoxacyclodode-
cane). Its layered crystal structure?® contains tilted
stacks of formally +1/2-charged cations of the elec-
tron donor in typical 5"-type packing,” except for a
doubling of the transverse axis due to the space
requirements of the large anion, see Figure 1. The
band electronic structure calculated from the crystal
structure exhibits shallow hole-like pockets of two-
dimensional Fermi surface in addition to warped 1D
segments. The band electronic structure was later
revised,® but the salient features remained the same.
(ET)2SF5CH>CF3SO3 is a semiconductor at room
temperature. Upon cooling, the resistivity undergoes
a broad maximum centered around 100—140 K.
Below that temperature range, the in-plane conduc-
tivity becomes metallic, with a sharp drop at the
superconducting onset temperature (around 5 K). The
low-temperature resistivity was studied in detail by
F. Zuo and co-workers.81-8% They determined the
upper critical field by measuring the interplane
resistance as a function of strength and orientation
of an external magnetic field.?? H., was found to
exhibit a sharp cusp of almost 12 T when the field
was applied parallel to the conducting layers, thus
well beyond the BCS Pauli limit of 9.6 T (calculated
for a superconducting critical temperature, T, of 5
K). A very pronounced peak in the interlayer mag-
netoresistance with the magnetic field applied per-
pendicular to the conducting layers was observed
when the field strength was just above that required
to suppress superconductivity.882 The peak was most
prominent at the lowest temperature studied (1.82
K), and it vanished when the temperature exceeded
T. in zero field (~5 K), where dp/dH remained positive
at all fields. The peak maximum was fitted to a form
Hyox = Ho(1 — T/T)*, with Hy=15+02T,n =2.1
+ 0.1, and 7. = 5.4 + 0.2 K. The origin of the peak
and the large negative magnetoresistance at fields

Geiser and Schlueter

above the peak remains unclear. A model of stacked
Josephson junctions was unable to account quanti-
tatively for the observed data. No peak was found
when the field was applied parallel to the conducting
layers.

The suppression of 7. with external hydrostatic
pressure (as measured with ac susceptibility in a
helium-filled pressure cell) was found to be es-
sentially linear up to the maximum measured pres-
sure of 2.4 kbar, with a slope of 07./op of —1.34 + 0.1
K/kbar.?* This slope is comparable to that found in
p-phase organic superconductors but somewhat
smaller than the higher 7. in «-phase salts. The
magnetic zero-pressure value was determined to be
4.45 + 0.05 K, slightly smaller than the 4.8—5.2 K
onset T, found in electrical transport measurements,
but this discrepancy, plus sample-to-sample varia-
tion, is commonly found in organic superconductors.
It was later found® that the derivative 9T/op de-
creases from the above value at pressures above ca.
3 kbar, and hints of superconductivity could be
observed up to 11.7 kbar at 0.4 K.

The specific heat of (ET).SF;CH2CF2SO3; was stud-
ied by Wanka et al.8 A small anomaly due to the
superconducting transition was observed on top of a
large phonon background (Debye temperature, ©p =
221 4+ 7 K), which also contained a contribution linear
in temperature due to the conduction electrons. The
latter was approximately 3.5 larger than the Som-
merfeld constant estimated for a two-dimensional
metal from the band electronic structure. It was
found to be necessary to include two Einstein modes
of energies 16 and 31 cm™! in the fit of the phonon
background, in rough agreement with observed Ra-
man modes between 20 and 50 cm ™! (see below). The
magnetic field (perpendicular to the conducting planes)
dependence of the specific heat anomaly allowed for
extrapolation of the upper critical field to 7' = 0 K,
B»(0) = 3.4 & 0.4 T, corresponding to an in-plane
coherence length of ca. 10 nm. The magnitude of the
specific heat jump was interpreted with an enhanced
gap ratio compared to simple BCS theory and a
strong-coupling limit. This assumption allowed ex-
traction of the electron—phonon coupling parameter,
A = 11 4+ 0.1. Comparison with other organic
superconductors whose specific heat has been mea-
sured indicated that the coupling parameter in these
salts increases systematically with T.. Together with
the mass enhancement of the Sommerfeld constant,
the magnitude of the electron—phonon coupling
parameter gives strong evidence for large many-body
effects in (ET)QSF5CHZCFQSO3

The same paper® also reported the temperature
dependence of the irreversibility field from ac sus-
ceptibility and of the lower critical field from mag-
netization measurements. With the field applied
perpendicular to the conducting layers, extrapolation
of the lower critical field to 7= 0 K was determined
to be B.1(0) = 2 £ 0.5 mT, while in the parallel
direction B.; was found to be smaller than 6 4T down
to 2 K. The thermodynamical critical field calculated
from B.1(0), 37 mT, agrees almost perfectly with that
obtained from extrapolation of the specific heat
anomaly, 40 mT. On the basis of the large reversible
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range of the phase diagram and the large Ginzburg—
Landau parameter, « ~ 59, (ET):SF;CH3CF2SO3
exhibits strong type II behavior.

The London penetration depth (1) of (ET)SF5CHs-
CF3S03 was measured by Prozorov et al.8” with the
external rf field applied both parallel and perpen-
dicular to the conducting planes. For the parallel
orientation, they extrapolated a value of 1—2 um for
T = 0 K, while in the perpendicular direction, it was
estimated to be several hundred times as large, i.e.,
~800 um, which is larger than the sample dimen-
sions. The temperature dependence of AL = A(T) —
Ai(0) was found to follow a T% law up to T/T. ~ 0.5. A
superconductivity mechanism based on p-wave pair-
ing was suggested, but it was conceded that strong
coupling with a realistic phonon spectrum in the
more conventional s-wave pairing model could also
account for this temperature dependence.

The Fermi surface of (ET),SF5sCHoCF2SO3; was
probed in a number of experiments by the groups of
J. Wosnitza, J. Singleton, F. Zuo, and J. S. Brooks.
Shubnikov-de Haas (SdH) and angle-dependent mag-
netoresistance (AMRO) oscillations were first re-
ported by the former group.888 At fields above 7 T
and with the field normal to the conducting planes,
SdH oscillations with a principal frequency of 200 T
(and minor harmonics) were observed at 0.44 K.
Oscillations were observed as long as the field angle
(0) remained less than 62°, but the SdH frequency
increased with increasing angle, following a 1/cos 6
law. The frequency at & = 0 corresponds to ~5% of
the first Brillouin zone. The absence of a beat pattern
indicates extremely small warping of the Fermi
surface cylinder, i.e., extreme two-dimensional be-
havior. The effective cyclotron mass (~2m. at 6 = 0)
was deduced from the temperature dependence of the
SdH amplitude. Its angle dependence is consistent
with the 1/cos 6 law of the oscillation frequency. The
presence of AMROs indicates that there is some
warping of the Fermi cylinder, but the warping must
be extremely small because of the absence of a beat
pattern in the SdH oscillations. The angle depen-
dence of the amplitude of the quantum oscillations
was analyzed in more detail by Symington et al.,?-%1
who concluded that a damping term proportional to
exp(—a tan 0) (0 = angle of the field with respect to
the normal to the conducting planes; o = a fitting
constant) had to be present at least in (ET);SF5CHos-
CF2SO;3 and (ET)2(NH4)Hg(SCN), but quite possibly
in quasi-2D organic conductors in general.

The investigation of AMROs was extended to
higher fields and more azimuthal rotation angles
within the conducting plane, which allowed mapping
in detail the in-plane Fermi surface.”?% A strongly
elongated (1:9) elliptical pocket with an area of ~5%
of the first Brillouin zone (compared to band elec-
tronic structure calculations, which estimate 14%) is
deduced from the magnetoresistance data. A similar
result was obtained by Hayes et al.? The size of the
Fermi surface was also deduced from de Haas—van
Alphen (dHvA) oscillations.? Additional evidence for
the elongated Fermi surface pocket comes from
observation of cyclotron resonances in millimeter
wave absorption in a varying magnetic field.>* The
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Figure 2. Field dependence of the resistance perpendicu-
lar to the conducting planes of "-(ET):SF;CHyCF3SO3 at
several temperatures. (inset) Temperature dependence of
the upper critical field (W) and the irreversibility field
(circles). (Reprinted with permission from ref 100. Copy-
right 2000 American Physical Society.)

dHvA signal exhibited an almost ideal inverse saw
tooth shape, which was very well reproduced with
the assumption of a perfectly two-dimensional metal
with a charge-carrier reservoir.®”*® This explanation
implies the presence of a fixed chemical potential,
presumably due to the presence of localized electron
states at the Fermi surface. It furthermore requires
the existence of a quasi-1D band (in agreement with
the calculated band electronic structure) and an
exceptionally large density of states of this band (in
contradiction to the band electronic structure). This
view was contradicted by Nam et al.,?® who favor an
explanation based on thermal activation between
Landau levels based on a fit of the magnetoresistance
maxima to a Landau-level fan diagram. It is further
supported by the observation of bistability in the
zero-field resistance perpendicular to the conducting
layers between 35 and 140 K. Such bistability is
indicative of a density wave, presumably due to
nesting of the quasi-1D band, which is therefore
effectively removed from the electron transport at low
temperature.

SdH oscillations were observed even in the super-
conducting, mixed state at very low temperatures (25
mK), i.e., well below the upper critical field of ~3.6
T and not much above the field below which the
resistivity vanishes (see Figure 2).19° The fundamen-
tal frequency of the oscillations in the mixed state,
199 + 1 T, is exactly the same as in the normal state.
Moreover, no attenuation of the SdH (or the dHvA)
was observed upon crossing B.s. One possible expla-
nation, that of a gapless superconductor (i.e., nodes
in the gap function), was discounted because the
specific heat data®® clearly proved the existence of a
gap, at least at B = 0. The observation of finite
resistance in this extremely two-dimensional mate-
rial therefore requires a dissipative mechanism within
the superconducting regime, not only in the vortex
cores.'% In a later paper Wosnitza et al.l°! reported
dHvA oscillations in the mixed state at very low
temperatures (30 mK) and applied magnetic field (as
low as 1.4 T). A field-modulation technique was
employed in order to gain higher field resolution and
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sensitivity. The most important result of these mea-
surement was the reduced attenuation of the oscil-
lation amplitude upon entering the superconducting
state, indicating the importance of superconducting
fluctuations. Possibilities for the diminished damping
include a reduced quasiparticle scattering rate and
an additional oscillatory contribution in the super-
conducting state.

Early on'®? it was already recognized that the
background magnetoresistance underlying the SdH
oscillations was anomalous in that its temperature
and field dependence was more characteristic of a
nonmetal, unlike all other organic conductors where
oscillations had been observed. The dHvA and SdH
measurements were extended!'%%1%4 to higher fields
in a special cantilever device that allowed the simul-
taneous recording of both magnetic torque (propor-
tional to B2dM/dB) and magnetoresistance. The si-
multaneous measurement was essential to extract
the correct background resistance in order to derive
the anomalous SdH oscillations. It was found that
the background magnetoresistance exhibits a field-
induced metal-to-insulator (MI) transition at a criti-
cal field of ca. 3.5 T, which is near the upper critical
field of the superconductor, and the curves obtained
at different temperatures were scaled to a universal
curve. Again, the model proposed by Nam et al.®
based on the presence of a Landau gap and a
chemical potential that resides within the gap pro-
vides an alternate explanation of the large magne-
toresistance maxima near integer ratios of the oscil-
lation frequency with the applied field without
invoking a field-induced MI transition.

Hagel et al.® studied the pressure dependence of
the magnetoresistance of (ET);SF;CH3CF2SO3. The
SdH frequency increased by ca. 15% at 6 kbar from
the ambient pressure value of 199 T. This increase
is much larger than would be expected for a closed
orbit from the growth of the Brillouin zone due to
the compressed crystal volume. It is speculated that
the open (1D-like) bands contribute to this rapid
increase. The AMRO maxima measured at several
pressure values remained essentially constant, fur-
ther indicating that the elliptical closed portion of the
Fermi surface retains its shape and size under
applied pressure. By comparison of both the SdH and
AMRO signal, it was possible to extract the pressure
dependence of the effective mass and the spin g-
factor. The former was found to decrease much more
strongly than expected within an independent elec-
tron picture, thus indicating the presence of strong
many-body (electron—electron or electron—phonon)
effects. Simultaneously, the g-factor increases by
about 20% at 10 kbar, indicative of strong electron—
electron correlations.

The application of higher pressure led to observa-
tion of a first-order phase transition to an insulating
below 153 K state around 10 kbar.1% This transition,
which has a hysteresis of ca. 4 kbar, was observed
in the c*-resistance upon both varying the pressure
at constant temperature and changing the temper-
ature at various constant pressures. This transition
must be due to a subtle structural change, although
unpublished preliminary neutron diffraction results
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indicate no gross change in the crystal structure. In
the same paper!® the dependence of the fundamental
SdH frequency (at 0.44 K) on the angle of the
magnetic field with the conducting plane normal at
several pressure values was presented, which led to
a more precise determination of the effective cyclo-
tron mass and its approximately linear decrease from
2.0 £ 0.1 m. at 0 kbar to 1.23 £ 0.10 m. at 10 kbar.
In the insulating state the temperature dependence
of the second-harmonic SdH frequency indicates that
the band structure is reconstructed at high pres-
sure.!0?

The question of coherence in the interlayer trans-
port in quasi-2D organic superconductors was probed
by Wosnitza et al.1% in two ET salts, «-(ET).I3 (T. =
3.5 K) and (ET),SF5CH>CF3S0Os. The measurement
consisted of recording the resistance of the crystal
perpendicular to the conducting layers and carefully
rotating it in a magnetic field around an axis within
the layers and perpendicular to the field at very low
temperatures. For «-(ET)I5 it was observed that
when a field sufficiently large to suppress supercon-
ductivity was applied exactly within the conducting
plane, enhancement of the resistance occurred. The
full angular width of this peak was only 0.34°,
independent of field strength. This peak is indicative
of coherent interlayer transport, albeit marginal as
the interlayer overlap integral is only slightly smaller
than the scattering rate. On the other hand, no such
peak was observed in (ET):SF;CH.CF;SO; even
though it was looked for at a number of azimuthal
angles of the rotation axis. The peak was not found
even under an applied hydrostatic pressure of 6
kbar.197 Therefore, no evidence exists for coherent
transport in the latter material, probably due to a
much smaller interlayer overlap integral; thus, it
may be regarded as a most extremely two-dimen-
sional metal among the organic conductors.

The uniaxial thermal expansion coefficients of
(ET)2SF5CH>CF2SO3 were measured as a function of
temperature and in applied magnetic fields.1® They
were found to be highly anisotropic, even within the
conducting planes. There is a pronounced sharp
anomaly at the superconducting transition, but the
sign of the anomaly varies with the crystallographic
direction: it is negative perpendicular to the con-
ducting planes, positive along the in-plane b-direc-
tion, and negligible along the in-plane a-axis. When
combined with the specific heat anomaly at 7,36 the
dependence of 7. with uniaxial pressure along the
corresponding directions may be deduced via the
Ehrenfest relationship. The value of 07/dp; averaged
over the three directions, —1.6 + 0.5 K/kbar, agrees
well with the magnetic measurements under hydro-
static pressure (—1.34 £ 0.1 K/kbar).8* The overall
negative sign is dominated by the interlayer pressure
dependence, which illustrates the importance of
interlayer interactions for the onset of superconduc-
tivity. The same qualitative behavior is also reported
in the same paper!®® for another organic supercon-
ductor, k-(ET)2Cu(NCS)s.

The isotope effect on the superconducting transi-
tion temperature upon substitution of the electron-
donor molecule hydrogen atoms with deuterium was
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studied in our group.!%>119 We found that 7' increases
with the 2H substitution, as is the case for the
majority of organic superconductors, e.g., x<-(ET):Cu-
(NCS)g, 1117116 4 (ET)9Cu[N(CN)o] CL, 17 1-(ET)2Ag(CN)o-
(HQO),HS and K-(ET)QAg(CF3)4(CgH3ClzBI‘).119 In the
classical Bardeen—Cooper—Schrieffer model of su-
perconductivity!?%-12! the superconducting transition
temperature is proportional to the frequency of a
phonon that is strongly coupled with the electronic
system; thus, 7. is expected to be reduced with
increasing isotopic mass. The “inverse” isotope effect
observed in the organic superconductors for 2H
substitution indicates that the C—H intramolecular
phonons are not essential to the electron-pairing
mechanism. We speculated!? that the shortening of
the C—2H bond length compared to C—'H leads to a
slight increase in the intermolecular distances, and
from the point of rigid molecular assemblies, this
corresponds to a reduction in lattice pressure and
thus to an increased T. considering the negative
values of 9T /dp as illustrated above. This idea was
further studied by Kawamoto et al.'?? in their study
of the isotope effect in k-(ET)2Cu[N(CN)y]Br, where
the situation is complicated due to the vicinity of a
magnetically ordered state.

The optical properties of (ET):SF;CH;CF2SO3 were
studied in a series of papers by Musfeldt and co-
workers.8%-123.124 Polarized reflectance spectra in the
frequency range from 35 to 35000 cm ! were re-
corded between 10 and 300 K from the best-developed
crystal face (ab-plane, parallel to the conducting
layers). The spectra exhibit sharp molecular transi-
tions superimposed over a broad background band
due to the conduction electrons. As illustrated in
Figure 3, the electronic spectrum is anisotropic
within the plane, with considerably higher optical
conductivity along the interstack (b) direction than
along the stack at all frequencies up to 10 000 cm™!
(at 300 K). The anisotropy is consistent with the band
electronic structure calculation by Koo et al.?° The
low-frequency behavior is weakly metallic, but the
plasma edge is only visible in the interstack direction.
The room-temperature electronic spectra are similar
to several other S-type organic conductors'?>126 but
not as extremely anisotropic as 8"-(ET)Fe(C20.4)s-
(H30)(CsH5CN).127 The spectra remain characteristic
of a weak metal even at low temperatures (all spectra
were taken at T > T,), but the most surprising
feature is the absence of a Drude response even at
14 K. Instead, localization is observed in the far-
infrared. The broad electronic band in the mid-
infrared becomes enhanced and red shifted at low
temperature, possibly due to increased interdimer
interactions. Most of the molecular vibrations super-
imposed over the electronic background are totally
symmetric, because only these are enhanced due to
vibronic coupling, although a few other modes are
visible as well. They were assigned to either the
known vibrations of the partially ET cation or the
anion by Dong et al.1??

The electron-spin resonance spectra of (ET)sSF5-
CH,CF2S0; were examined by Wang et al.128129 At
room temperature the anisotropy of the signal was
recorded in rotations about the crystallographic b-
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Figure 3. Frequency-dependent conductivity of 8"-(ET);SF'5-
CH,CF3S0; (SC), f"-(ET):SF;CHFCF2SO3 (M/I), and f"'-
(ET)2SFsCHFSO3 (M) at room temperature, illustrating the
higher ac conductivity along the interstack direction.
Electronic excitations at 4800 and 9500 cm~! are high-
lighted in the spectrum of the 3""-(ET).SF;CHFCF2SOj5 salt.
(Reprinted with permission from ref 132. Copyright 2000
American Chemical Society.)

and c*-axes. The former compares the in-plane with
the out-of-plane response, while the latter probes the
anisotropy within the conducting planes. In the a*c*-
plane the maximum g-value (2.012) and line width
(34 G) occurred with the magnetic field near the c¢*-
axis. Minimum values were 2.004 and 23 G, respec-
tively. Within the conducting plane, g-values ranged
from 2.004 to 2.008 and line widths from 24 to 27 G.
In both rotations the maxima of the g-values were
observed at the same orientation as the maxima of
the line width. Spectra with the magnetic field in the
conducting plane were distinctly distorted by an
admixture of dispersion in the absorption signal
(Dysonian line shape).'®® This phase shift is indicative
of electrical conduction in the planes, and the amount
of distortion is directly related to the conductivity (the
exact relationship depends on the sample shape),
although absolute scaling is difficult. From a fit of
the Dysonian distortion at various rotation angles,
the anisotropy ratio of the in-plane microwave con-
ductivity was therefore estimated to be ca. 1.35
between the maximum (approximately along the
b-direction) and the minimum (approximately along
the a-direction) at room temperature. The observa-
tion of a conductivity maximum along the interstack
(b) direction is consistent with the band electronic
structure and the optical spectra.®’ The temperature
dependence of the ESR spectrum with the magnetic
field along ¢* was examined in the range 4—410 K.
At the lowest temperatures, the signal vanishes due
to the onset of superconductivity. The line width
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decreases monotonically throughout the entire range,
although the slope of the decrease changes gradually
from ca. 0.035 G/K well above 150 K to 0.155 G/K
between 20 and 150 K. The tiny residual line visible
at 5 K had a width of only 0.26 G. The spin
susceptibility (proportional to the integrated ESR
signal) also decreased with decreasing temperature
above ca. 120 K but remained approximately constant
below 120 K until the onset of superconducting
fluctuations below 10 K. The susceptibility is consis-
tent with the observation of activated bulk electrical
conductivity above 100—120 K and weakly metallic
behavior below 100 K. No phase transition was
observed in the ESR signal above room temperature
up to 410 K, where the sample started to decompose.

2.2.3. Other Aliphatic Sulfonate Anions

Building on the success of finding superconductiv-
ity in (ET)2SF;CHoCF2SO3, we quickly set out to
explore chemically modified analogues of this salt.
Four distinct modification routes may be envisaged:
(1) replacement of the SO3 anionic group, (2) replace-
ment of the SF5 end group, (3) modification of the
fluorine/hydrogen substitution pattern on the carbon
backbone, and (4) change in the length of the carbon
backbone. Other than a few unrelated carboxylates,
no cation radical salts with other organic oxoanion
groups have been reported. Route 1 is therefore still
open for future research. It is certainly conceivable
that organic phosphonate or selenolates will yield
novel molecular conductors, maybe even supercon-
ductors.

The first specifically targeted analogue was of the
third category, i.e., replacement of one hydrogen atom
by fluorine to form (ET):SFsCHFCF;S03.404! Super-
ficially, this salt is very similar to the superconductor
in many respects. The ET donor molecule layers in
the two salts are essentially the same, and the anions
occupy the same general crystallographic location.
However, the major structural difference is that in
the CHFCF; salt the backbone of the anion is
crystallographically disordered, consisting of a su-
perposition of the R- and S-isomers of the racemic
mixture (the anion contains one chiral carbon center).
Note that this disorder is not dictated by symmetry
as there are centers of inversion elsewhere in the
structure, and distinct locations for the anions of
opposite handedness are available. It is thought that
the disorder maximizes the number of attractive H-
--F intermolecular attractions.!! At lower tempera-
ture there are more pronounced structural differences
between the two salts, i.e., the ethylene end groups
of the ET molecules order in eclipsed fashion in the
superconductor but in the staggered conformation in
the CHFCF;, salt. The anion disorder does not disap-
pear, however, as it would require either the ex-
change of entire molecules between crystal sites or
the breaking and forming of C—H and C—F bonds.
The subtle structural differences manifest themselves
in the band electronic structure:*-132 In both salts the
ET molecules are increasingly more dimerized at
lower temperatures, with an alternation of the over-
lap orbitals along the stacking direction. In the
CHFCF; salt, however, this dimerization is much
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more pronounced to the point where the interdimer
overlap essentially vanishes and electron localization
sets in. The localization is seen in the electrical
resistivity, which is weakly metallic at room temper-
ature (pg9s = 0.08 Q cm within the conducting plane).
Upon cooling below 190 K, the resistivity suddenly
increases but then levels off to a value only slightly
higher than the room-temperature value. The dis-
continuity around 190 K is also seen upon warming,
but it does not retrace the cooling curve. The transi-
tion is accompanied with a rapid drop in the ESR
spin susceptibility. At room temperature the in-plane
conductivity anisotropy was estimated to be around
1.1 from orientation-dependent ESR spectra,*! in a
fashion similar to the superconducting salt (see
above). The temperature dependence of the unit cell
parameters within the conducting layer also exhibits
a transition below 200 K, with the a-axis increasing
slightly and the b-axis dropping by 1% in addition to
the normal thermal contraction.!3?

However, the optical properties!31132.13¢ of the
CHFCF; salt are much more anisotropic than the
CH.CF; superconductor. In the polarization along the
interstack (b) direction, the low-frequency reflectance
is high with a pronounced drop in the mid-infrared
quite similar to the superconductor, while in the
interstack polarization, the reflectance is low and flat
in the infrared but not overdamped as in the super-
conductor.’® As shown in Figure 3, a low-lying
electronic excitation around 2000 cm™! is observed
in the IIb polarization, while in the [0b polarization
strong absorptions near 9500 cm™! and a shoulder
around 4800 cm™! are manifest. The former is split
into a doublet at low temperature, indicating ad-
ditional localization. Otherwise, the changes between
300 and 10 K are slight, consistent with the observa-
tion that the electrical resistivity remains within the
same order of magnitude between the two tempera-
tures. The low optical conductivity along the stack
direction is consistent with the dimerization proposed
by the band electronic structure.*! The screened
plasma frequency (II6) of 4800 cm™! is very similar to
that in the superconductor (4700 cm™1).

Solid solutions (ET)o(SF;CH2CF2S0s3)1—.(SF;CHF-
CF3S0s), were studied for x = 0.25, 0.5, and 0.75.133
Two types of disorder are present in these salts: (1)
due to the distribution of the two constituents (spatial
disorder) and (2) local disorder due to the presence
of multiple configurations (SFsCHFCF2SO3~ anion)
or conformations (ET ethylene end groups at room
temperature). No superconductivity was observed in
any of the mixed salts, but the metal-to-insulator
transition was present only in the x = 0.5 samples.
The lattice parameters showed a gradual change
from x = 0 to 0.5 (increase in b and ¢, decrease in a),
but at x = 0.75 they were essentially identical to the
pure x = 1 salt, where a is larger and b smaller than
in the superconductor (x = 0). The bulk of the
paper,3® however, deals with the optical spectra of
the solid solutions and the influence of spatial vs local
disorder on the low-lying electronic excitations. It was
concluded that the local disorder is much more
effective in creating oscillator strength for these
excitations than spatial disorder.
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We subsequently reported on the modifications
with only one carbon atom in the anion backbone.3840
All three possible H/F substitution patterns were
prepared, and three very different 2:1 salts resulted.?®
The ET molecular packing in (ET):SF;CH2SO3 and
(ET)2SFsCHFSO; is of the §”-type,” but the layers
differ in detail. In the CHF salt, like in the CH;CFs
superconducting analogue, all molecules within a
stack are crystallographically identical but two crys-
tallographically distinct stacks exist. On the other
hand, in the CH; salt, all stacks are identical with
two alternating independent ET molecules per repeat
unit. Thus, in the former type the inversion centers
are located on the stacks, whereas in the latter they
are located between stacks. From an analysis of the
bond lengths!? within the ET cation it is estimated
that the +1/2 charge is approximately evenly distri-
buted over the two cation sites in (ET):SF;CHFSOs;,
while uneven charges of +0.4 and +0.6 may be
assigned to the two molecules in the case of (ET);SF'5-
CH3SOs;. In both salts the anions are weakly dimer-
ized via soft hydrogen bonds between the aliphatic
hydrogen atoms and sulfonate oxygen atoms. No
disorder of the type seen in the SF;CHFCF2SO3™ salt
exists in the crystal structure of the chiral anion
SF;CHFSO3~, which is also present as a racemic
mixture. (ET):SF5;CF3SO; crystallizes in the '-pack-
ing type, which is characterized by stacks of face-to-
face dimers that are laterally offset from each other.
Two crystallographically distinct stacks form one unit
cell within the electron-donor molecular plane. No
short intermolecular contacts are observed between
anions, as there are no hydrogen atoms present to
form hydrogen bonds.38

The resistivity of the CHF salt is similar to the
superconductor, with a broad transition from semi-
conducting at high temperature to weakly metallic
below ca. 100 K. However, it does not become a
superconductor at ambient pressure and exhibits a
turnover to semiconducting behavior below 10 K. The
metallic nature of this salt is reflected in the band
electronic structure, which is in most respects very
similar to that of (ET),SF5sCH,CF2SOs3. The other two
one-carbon analogues are less conducting (psg0 ~ 19
and 1.3 x 10° Q cm for the CH,; and CF; salts,
respectively), and both show activated conductivity
(E, = 56 and 110 meV, respectively). The activated
behavior in (ET).SF5CH2SO3; may be explained by the
partial charge localization, which splits the HOMO
energies of the two crystallographically distinct mol-
ecules by ca. 0.17 eV. The two charge states are also
observed in the Raman spectrum of (ET);SF;CH2SOs3,
where two separate v3 C—C stretching vibrations are
observed at 1460.4 and 1476.8 cm™!. These cor-
respond to fractional charges +0.38 and +0.54 in the
empirical relationship between frequency and charge
in ET molecules,3% in excellent agreement with those
estimated from the bond lengths.38

Because of its similarity with (ET),SF;CH2CF3SO3
and (ET):SF;CHFCF3SOs, the optical properties of
(ET)2SF5CHFSO3; were examined (see Figure 3).13%134
The electronic excitation spectrum at room temper-
ature was found to be more similar to the supercon-
ductor than to the second salt, again highlighting the
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role of anion disorder in the oscillator strength of the
higher energy (~5000 and 9500 cm™') transitions.
Garlach et al.’3? studied the solid solutions between
(ET)28F5CHQCF2803 and (ET)QSF5CHFSO3 in several
ratios (0.25:0.75, 0.5:0.5, 0.75:0.25). Unlike the case
of mixing the two 2-carbon chain salts (see above),
the lattice constants vary almost linearly between the
two end points (pure salts). The 50:50 salt exhibits
an electrical resistivity that is almost identical to that
of the pure CHF compound, and no superconductivity
was observed in any mixing ratio. Interestingly, a
significant enhancement of the conductivity peak at
~9500 cm™! was observed, compared to the pure
compounds, where it was barely or not at all visible.
Again, these charge-transfer excitations are thought
to be enhanced by the random potentials created by
the spatial disorder.33

As mentioned before, 3'-(ET)2SF5CF3SO;3 is more
unique compared to the 5"-type salts described above.
The different ET packing type naturally leads to a
different band electronic structure,?®1%7 which nev-
ertheless predicts the possibility of metallic behavior
in the one-electron representation, especially along
the b- (intrastack) direction. However, both the
optical conductivity within the ab-plane!®” and the
magnetic properties3®137 are indicative of a magnetic
semiconductor. No crystals large enough to measure
electrical properties have been obtained to date. The
optical data exhibit pronounced anisotropy within the
plane, with pronounced electronic excitations at
4000—6000 (E||b) and 3200 cm™! (E0b). The former
may be assigned to the 1+ — y_ interband transition,
but the latter is not adequately explained by the band
electronic structure. Rather, it may originate from
the charge transfer from one singly charged dimer
to a neighboring and thus provide a direct measure
of the on-site Coulomb repulsion, U. As the latter is
of similar size as the bandwidth, electron—electron
correlations are important in this material. The
vibrational transitions of symmetry type A, are
enhanced by electron—phonon coupling, and they
dominate the reflection spectra.

The temperature dependence of the optical spectra
of 5'-(ET)2SF5CF2SO;3; was analyzed by Pigos et al.!37
The broad charge-transfer band centered around
3200 cm ! was modeled by the superposition of three
oscillators whose characteristic parameters varied
with temperature. The lowest frequency oscillator
exhibited a significant weakening between 100 and
50 K, thus leading to a shift of the band envelope to
higher frequency in this temperature range. On the
other hand, the largest changes in the vibronic
spectrum occurred around 200 K (for details, see the
paper'®?), indicating a possible structural transition
in that range.?® However, there is no obvious change
in the crystal structure obtained from X-ray diffrac-
tion, except for the typical thermal contraction (de-
tails of the room-temperature crystal structure are
not published), although the variation of the lattice
parameters with temperature exhibits a minute
anomaly of Ab = 0.010 + 0.002 A, Aa = 0.030 +
0.011°, Ay = 0.066 + 0.014° around 160 K.'3® Future
work is needed to clarify the nature of this transition.
A much more pronounced transition is observed at
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45 K, where the ESR spin susceptibility along all
three crystal axes exhibits a sharp spike followed by
a precipitous drop at low temperatures.3®137 The
temperature of the transition was later redetermined
to be 33 K rather than 45 K.13? Above the transition,
the spin susceptibility follows approximately the one-
dimensional S = 1/2 Heisenberg antiferromagnetic
chain model. The transition was originally thought
to be to a spin-Peierls transition, albeit at an ex-
traordinarily high temperature, but more recent
high-field ESR and NMR measurements'*’ have cast
doubt on this interpretation. Instead, below the
transition (shifted to 20 K due to the presence of a
large magnetic field of up to 24 T), three-dimensional
antiferromagnetic order appears to prevail, presum-
ably due to interchain magnetic interactions. Single
crystals large enough to perform anisotropic static
magnetic susceptibility measurements at lower ap-
plied fields will be required to fully clarify this
transition.

The next type of modification possible in the search
for superconducting analogues of (ET);SF;CHoCFo-
SOs consists of replacement of the SF5 headgroup
with other fluorinated substituents, e.g., CF;. We
recently compared the crystal structures and some
preliminary properties of the ET salts with fluori-
nated ethylsulfonate anions, i.e., CFsCH2SO3~, CF's-
CF3S037, and CFsCHFSO3.#2 The former two formed
2:1 salts with ET, but the CHF analogue formed a
double salt (ET):Li(CF3sCHFSO3),, where the lithium
ion originated in the electrolyte. The CH; salt adopts
the " packing and is in many respects very similar
to (ET)2SF5CH2SOs. The packing of the ET molecules
in (ET),CF35CF2S05 is made of stacks of ET dimers
that are twisted with respect to each other around
an axis perpendicular to the ET molecular plane. This
packing motif is frequently designated as ¢'.1%! The
double salt (ET):Li(CFsCHFSOs), contains strongly
dimerized ET molecule in a packing that is reminis-
cent of the 5'-type, but the lateral offset of the dimers
is so pronounced that the structure hardly contains
stacks anymore. More interesting in this structure
is the anion layer, which is composed of ribbons of
tetrahedrally coordinated Li* cations and bridged by
the sulfonate groups of two anions. Both (ET),SF'5-
CH,SO; and (ET);Li(CF3sCHFSOs3), are semiconduc-
tors, the latter with an activation energy of 0.1 eV.
No resistivity data are available for (ET);CF3CF2SOs3,
but ESR spectroscopy reveals that the spin suscep-
tibility drops substantially below 50 K, perhaps
indicating antiferromagnetic long-range order. Since
the publication of this paper*? we identified at least
three more phases in the ET*":(Li"):CF3CHFSO3~
system: a 2:1 §"-type salt without lithium similar
to (ET).SFsCH2SO3, another double salt, (ET),Li(CF's-
CHFSO3)3(H20)s, and an additional phase of a com-
position yet to be determined (preliminary results
indicate that it, too, contains lithium).43142 In (ET)4-
Li(CFsCHFSO3)3(H20); each lithium ion is complexed
by two CFsCHFSO;3~ anions and two water molecules
and a third CF3CHFSO;3;~ anion bridges the com-
plexes via hydrogen bonds and organizes them into
ribbons within the anion layer. The ET molecule
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Figure 4. Space-filling rendering of the crystal structure
of (ET)3[SO3CoH4CF(CF3)q]4(H505) illustrating the extreme
thickness and the bilayered nature of the anion layer: gray,
carbon; white, hydrogen; magenta, fluorine; red, oxygen,;
yellow, sulfur.

packing is a variant of the d'-mode with twisted
dimers.*3

The synthesis (electrocrystallization from sodium
allylsulfonate with 18-crown-6 in 1,2-dichloroethane)
and crystal structure of (ET)x(CHy:CHCH,SO3)(H,0)
was recently reported.** The ET molecules pack in
the 0'-type twisted dimer mode. The allylsulfonate
anions are located on mirror planes, where they are
lined up by weak C—H---O hydrogen bonds. The
water molecules are also hydrogen bound to the
sulfonate end groups. The resistivity of this salt is
activated, with a room-temperature resistivity of
0.049 Q cm and an activation energy of 0.32 eV. A
figure in the paper** shows a maximum of the
resistivity at ca. 180 K, but as the text does not refer
to it, it may reflect an experimental artifact.

We recently explored what would happen if a really
bulky fluorinated organic substituent would be at-
tached to the sulfonate anionic group and crystallized
with ET. We succeeded in the growth of extremely
thin crystals of the salt (ET);[SO3CoH4CF(CF3)ols-
(H505)2.%5 The crystal structure (shown in Figure 4)
is layered, with the ET molecules arranged in stacks.
The molecules in adjacent stacks are tilted in the
opposite direction from the stack axis, similar to the
o-packing type.” However, in contrast to most other
a-phases, except for (ET)3(CuBrg)os5(CuBry)os'*? and
(ET)3(CoCly)(TCE),'** the molecules within a stack
are grouped into trimers, followed by a stack slip. The
analysis of the bond lengths!® indicates that the ET
molecule at the center of the trimer has a charge
approaching +1, while the outer molecules are less
charged (+0.6 = 0.1). The anion layer is a most
peculiar one for cation radical salts. It consists of a
bilayer (similar to that formed by detergents and
biological lipids) with the fluorocarbon end groups in
the center and the anionic sulfonate groups, hydrogen-
bound by water or hydronium molecules, on the
outside. It is thus the sulfonate side of the anion that
is in contact with the ethylene end groups of the ET
molecules. The bilayer nature of the anion packing
leads to one of the largest separations between ET
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layers, i.e., the thickness of the anion layer up to the
van der Waals radius is 17.8 A. The extreme layered
nature of the crystal structure is reflected in the
flakelike morphology of the crystals. Unfortunately,
insufficient material is available for physical proper-
ties measurements. However, the ET packing, to-
gether with the charge segregation, makes it unlikely
that (ET)3[SOngH4CF(CF3)Q]4(H502)2 is a good con-
ductor.4

2.2.4. TEMPO Sulfonate Anions

The functional group 2,2,6,6-tetramethylpiperidin-
N-oxyl (TEMPO) is a commonly used stable radical
in the search for purely organic magnets as well as
a paramagnetic marker in biological systems.145-147
Derivatives of the radical have also been employed
as electron donors in a number of charge-transfer
salts.1487152 In a series of papers Akutsu and co-
workers described anions derived from TEMPO with
sulfonate groups, where the anionic substituent is
connected via a suitable spacer at the 4-position of
the piperidine ring (para to the nitroxyl group).
Anions containing the amido (—INH—),53:154 ox0 (—O—
),154 and acetylamido (—NHC(O)CHy—)*¢ spacers have
been reported, and the ET salt of the last derivative
iS kl‘lOWIl, i.e., (ET)3(TEMPO—NHCOCH2803)2(H20)6.46
The packing of the ET molecules in this salt is quite
similar to that in (ET)3[SO3CoHyCF(CF3)o]4(H503)0,4°
with a-type™ stacks of trimers and a thick anion
layer with hydrogen-bonded water—sulfonate entities
on the outside. However, here the charges of the ET
molecules are estimated to be approximately equal
(+2/3), irrespective of their position within the trimer.
The salt should therefore be a band insulator, al-
though the resistivity is that of a semiconductor with
activation energy 0.05 eV and prr = 5.1 Q cm. The
magnetic susceptibility shows weak ferromagnetic
interactions between the TEMPO spins. A fit to the
1D Heisenberg model indicates an exchange param-
eter J/kg = +0.42 K.

2.2.5. Aromatic Sulfonate Anions

The ET salt with p-toluenesulfonate (tosylate),
(ET)2(p-CH3-0-S03), was first synthesized in poly-
crystalline form by use of (hydroxytosyloxyiodo)-
benzene as a chemical oxidant.'? Little information
about its properties were given until Chasseau et al.??
obtained the salt by traditional electrochemical means
and reported its crystal structure. The ET donor
molecule packing is of the type referred to variously
as o' and 7,'*! i.e., it contains stacks of coplanar ET
molecules that are twisted with respect to each other
around the normal to the molecular plane. A slight
dimerization is observed along the stacks. The tosy-
late anion appears to be disordered with overlapping
positions of the sulfonate and the methyl substitu-
ents. As is common to the ET salts of most aromatic
sulfonate anions described here, the plane of the
aromatic rings lies approximately within the anion
plane. The conductivity measurements indicate that
(ET)o(p-CH3-@3-S03) is a semiconductor with an ac-
tivation energy of 0.13 eV between 150 and 300 K.
The spin susceptibility is reminiscent of other o'-salts
where the static susceptibility followed the 1D Heisen-
berg antiferromagnetic model.
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Figure 5. «(4 x 4)-packing of the ET molecules in (ET)s-
(benzylsulfonate)(H20). Two of the tetrameric units char-
acteristic of this packing type are outlined by black ovals.

We recently reported several new ET salts with
aromatic sulfonate anions.*° The crystal structure of
(ET)2[(CeF5)SO0s](1,1,2-trichloroethane) contains stacks
of ET molecules that are twisted with respect to each
other. Four ET molecules are present per repeat
distance along the stack, two of which are located on
inversion centers. Significant intermolecular interac-
tions are primarily in the transverse direction. The
plane of the anion phenyl group is perpendicular to
the anion plane but also approximately perpendicular
to the ET molecular planes. This arrangement leads
to the maximal number of C—F---H interactions. The
salt is a semiconductor with an activation energy of
0.22 eV.

Two phases were found in the system ET:benzyl-
sulfonate. The published salt*’ has the composition
(ET)2[(CsH5)CH2SO3](H20). Its crystal structure
(shown in Figure 5) contains ET tetramers that are
rotated by ca. 90° with respect to each other, in
analogy to the well-known «-phases, which contain
rotated dimers.”® This so-called «(4 x 4) packing was
first seen in (BETS),C104(1,1,2-trichloroethane), 5,156
but the present salt is the first example of an ET
compound with this packing motif. The anion layer
is composed of hydrogen-bonded (BzSO3)(H20)2(Os-
SR) dimers that are tilted in the bc-plane in the same
orthogonal fashion as the ET tetramers. According
to preliminary results, (ET)2[(CsH5)CH2SO3](H20) is
metallic above 200 K, where a metal-to-insulator
transition occurs. We also found a second phase of
the same composition.*’” In this second phase the
same hydrogen-bonded anion dimers are arranged all
in parallel with each other, and the ET molecules
follow this structure-directing motif to pack in a
B-type.

We also investigated several aromatic disulfonate
anions. The 4:1 salt with centrosymmetric 1,5-naph-
thyldisulfonate*’ belongs to the B"-family of ET salts.
Its conductivity between room temperature and 210
K was weakly semiconducting, but below that tem-
perature the salt was metallic to the lowest temper-
ature that it was measured (1.2 K). However, no
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superconductivity was found at ambient pressure.
Other ET disulfonate salts prepared in our group
include the salts with indigo carmine disulfonate and
p-biphenyldisulfonate, although they have not been
published to date.

2.3. Methanides (R 3C~), Amides (R oN~), Extended
Polycyano Anions (C x(CN),*")

Carbanions normally are among the strongest
Brgnsted bases that will abstract protons from a vast
number of sources. Thus, they are not very stable
under the conditions that are employed to synthesize
cation radical salts. Even if they could be synthesized,
the salts would decompose under all but the most
rigorously controlled environments of physical mea-
surement. However, two factors can stabilize these
anions (i.e., reduce the pK, of the conjugate acid into
the single digits): conjugation and electron-with-
drawing substituents, such as cyano (—CN) and
sulfonyl (—SOsR) (especially when R is perfluoro-
alkyl) groups. Although secondary amines are con-
siderably more acidic than hydrocarbons, their con-
jugate bases are still stabilized by the same sub-
stituents. Salts of ET as well as other electron-donor
molecules with a number of these stabilized anions
have been synthesized.

2.3.1. With Cyano Groups

The simplest of the polycyano anions is tricyano-
methanide, C(CN);~ (tcm, also known as cyanoform),
and its 2:1 ET salt was reported by Beno et al.*® and
independently also found by Yamochi et al.?® The
crystal structure was determined at both room tem-
perature and 125 K. Except for a contraction of the
unit cell parameters and a reduction of the atomic
displacement parameters at the lower temperature,
the two structures were reported as being identical,
ignoring the observation of extremely weak Bragg
reflections with half-integer k-index on long-time
photographic exposures at 125 K (doubling of the
b-axis). The donor molecule layers contain stacks of
face-to-face ET dimers that are twisted with respect
to each other, according to the ¢’ packing type.'*! The
tem anion plane is parallel to the conducting (ab)
planes, and the anion is placed on the 2-fold rotation
axis of the space group. A sharp metal-to-insulator
transition around 180 K was observed in the electri-
cal resistivity (along the a-axis), ESR spectrum, and
bulk magnetic susceptibility.*® Above the transition,
the conductivity is approximately constant and weakly
metallic (ca. 1*® or 6 S em™1,%° at room temperature),
and it drops by 3 orders of magnitude within 5
degrees of 180 K.*® Similarly, the magnetic suscep-
tibility (both in ESR and in the bulk) exhibits a sharp
transition from constant Pauli paramagnetism at the
higher temperatures to diamagnetism at low tem-
perature. The ESR signals also become much sharper
at the transition (25—27 G above 185 K, 10 G and
less, but with vanishing intensity, below 180 K). The
band electronic structure calculation® revealed the
possibility of one-dimensional metallic conduction
(along a, transverse to the stack direction) with
strong warping of the Fermi surface and the presence
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of a nesting vector a* + b*/2. It is therefore reason-
able to interpret the 180 K transition as a Peierls
distortion of the electronically one-dimensional sys-
tem.

The room-temperature-polarized infrared reflec-
tance spectrum'®” (ab-plane) of (ET)2C(CN); exhibited
anisotropic charge-transfer bands at 2000 cm™! (||b)
and broad transitions 1400 (||a) and around 1200
cm~! (||6). The 1400 cm~! band was ascribed to the
vibronically enhanced vo7 (b1,, antisymmetric ring C=
C stretching) mode, which is strongly coupled to the
electronic system. The anion C=N stretching mode
at 2350 cm ™! was observed in both polarizations, and
a few additional vibrational features are visible in
the ||a-polarization below 1000 cm™!. The tempera-
ture dependence of the vibrational features was
determined in the infrared spectrum of polycrystal-
line (ET)2C(CN)3 in KBr pellets.’5” The vy7(b1,) mode
shows a dramatic change at the 180 K phase transi-
tion, shifting from 1410 cm ™! just above the transition
to 1425 cm™!. In addition, because of its strong
vibronic coupling it becomes much sharper and more
intense below the transition, in agreement with the
pronounced changes in the electronic system, as seen
in the other physical properties (see above).*8

ET salts based on the polycyano-allyl (or -pro-
penide) anion include the pentacyanoallyl®® and vari-
ous tetracyanoallyl anions where the central back-
bone carbon atom contains another substituent such
as CnH2n+10_ (I’L = 1_4),49’158 CnH2n+1NH_ (I’L = O,
1),%5 and CH3S—.5% (ET);[C3(CN)sl(solvent)o s (where
solvent is THF, tetrahydrofuran, or TCE, 1,1,2-
trichloroethane) was obtained only in polycrystalline
form, but the semiconducting electrical resistivity of
compressed pellets was remarkably low (pggs = 17 Q
cm, E, = 0.11 eV for the THF solvate; pa9s = 1.0 Q
cm, E, = 0.01 eV above 270 K, 0.07 eV below 238 K
for the THF solvate).?°

Yamochi et al.*? reported the synthesis of ET salts
with CsH7;O[C(CN)g]e~ and C4HoO[C(CN)gls™, al-
though only the former was described in any detail.
(ET)o{ CsH;O[C(CN)3l2} occurs in two triclinic modi-
fications, i.e., needles and plates; only the structure
of the needle form was determined fully, but a unit
cell was reported for the plate form (its stoichiometry
is not known with certainty, but a 2:1 composition
may be assumed from the unit cell volume). The ET
donor layer of the needle phase is a variation of the
p'"'-packing type with slanted stacks (along a + ¢) of
approximately parallel ET molecules. In contrast to
other f"-phases, the ET molecules are grouped into
tetrameric units that are offset from their neighbors
along the stack by a slip along the long molecular
axis. The anions are loosely stacked along the a-axis.
The band electronic structure indicates a complete
gap between the occupied and unoccupied states,
consistent with the activated behavior of the conduc-
tivity (0298 = 3—42 S em™!, E, = 0.06 eV; later
revised!'®® to o293 = 25 Sem ™1, E, = 0.09 eV). The plate
modification is also a semiconductor with gg9s ~ 0.01
S em™ and E, ~ 0.12 eV.4 A few more salts of
general composition (ET)o{C,Hz,+10C[C(CN)slo}-
(solvent), (x = 0—1) were mentioned in a subsequent
conference proceedings paper!®® without much detail.
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The methoxy derivative occurs in three monoclinic
salts, a metallic needle phase without solvent (g29g
=120 S cm™!) with the §"-structure (space group P21/
n, no unit cell parameters given) and two semicon-
ducting solvated platelike o'-phases (space group P24/
n, no unit cell parameters given), one with 1,1,2-
trichloroethane and the other with tetrahydrofuran
in the structure (o298 =~ 0.001 S ecm™1, E, = 0.1 eV for
both). The salt with the ethoxy derivative is also
solvated with THF, adopts the o'-packing (space
group P21/n, no unit cell parameters given), and is a
semiconductor (o295 &~ 0.0026 S cm™, E, = 0.18 eV).
(ET)o{ C4H9OC[C(CN)2lo} adopts the o'-packing in a
different space group (C2/c, no unit cell parameters
given) and is a semiconductor with os9s ~ 0.0028 S
ecm™ L, E, = 0.11 eV. The magnetic susceptibility of
the o'-phases was fitted to a quasi-1D Heisenberg
antiferromagnetic model with |J|/kg ~ 60—80 K.
Single crystals of the solvated methoxy salts were
converted to the metallic nonsolvated phase upon
heating at 332 K for 24 h. The samples retained their
original shapes but were polycrystalline after heat
treatment.'58

The needlelike salts (ET)o{ CH3SC[C(CN)glo}, (ET)e-
{CHsNHC[C(CN)qls}, and (ET)of NHoC[C(CN)olo} were
recently reported without much detail.?® The first two
are metallic down to at least 2.5 K with a 77
dependence of the resistivity (at room temperature,
0.010 and 0.013 Q cm, respectively). The amino
derivative is a semiconductor (pges ~ 1.1 x 103 Q cm)
with a magnetic susceptibility indicative of a Mott
insulator with antiferromagnetic interactions (fit to
a 1D Heisenberg model with |J|/kg ~ 65 K). The
crystal structures of these salts were reported to be
under investigation.?®

Only one polycyano anion with a four-carbon
backbone has been reported to form a salt with ET,
i.e., the branched dianion C[C(CN).]3?~ (hexacyano-
trimethylene methanediide, HCTMM?"). Two modi-
fications that are not distinguishable by sight were
obtained by electrocrystallization from benzonitrile:
a monoclinic 2:1 salt without solvent and a triclinic
4:1 salt with cocrystallized benzonitrile.’® The struc-
ture of the former contains ET molecule layers that
are composed of twisted dimers with short S---S
contacts within the dimer as well as in the direction
perpendicular to the stack. The HCTMM?2™ anions are
disordered across an inversion center, and there are
some short N---S contacts between the anions and
the outer sulfur atoms of the ET molecules. The
electrical resistivity of this salt is semiconducting but
very anisotropic, i.e., pgog &~ 59 Q cm, E, = 0.19 eV
along the c-axis (stacking direction) and pgg9s ~ 3.1 x
10* Q cm, E, = 0.10 eV along the a*-direction. Thus,
the short contacts between the anion and cation
layers do not facilitate electrical transport signifi-
cantly. No structure was reported for (ET){C[C-
(CN)2l3}(C¢H5CN). It is also a semiconductor but with
a smaller room-temperature resistivity of 2.6 Q cm
(along an unspecified direction), probably due to the
nominally partial charge on the ET molecule in this
salt.

The ET salt of the pentacyanocyclopentadienide,
(ET)2[C5(CN)5](TCE), (TCE = 1,1,2-trichloroethane),
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was reported by Watson et al.?! Its crystal structure
contains ET layers with a ¢'-type packing,'*! i.e.,
stacks of face-to-face dimers that are twisted with
each other along the b-axis and major S---S interac-
tions transverse to the stacking direction. The mixed
anion/solvent layer contains “pancake” stacks of
Cs5(CN)5s~ anions along the 2; screw axis of the
a-direction interspersed with channels of disordered
1,1,2-trichloroethane solvent molecules along the
same direction. The structure of a solvate with
tetrahydrofuran (THF) is assumed to be isostructural
based on geometrical X-ray data. Both TCE and THF
solvate are semiconductors with an activation energy
of ~0.12 eV and room-temperature conductivities
along the needle (a) axis of 0.32 and 0.45 S cm™!,
respectively. ESR spectra with the magnetic field
along the c-axis were recorded as a function of
temperature. The line width was approximately
constant (~18—20 G) from room temperature to 90
K, below which it increased rapidly to become too
broad to be measured below 30 K. The relative spin
susceptibility exhibited a broad maximum with a flat
top between 200 and 100 K and slowly falling values
below 90 K. Antiferromagnetic interactions in a Mott
insulator are implied.?!

Several isomers of octacyano-hexadienediide anion
are possible, but only two, the cis- and trans-isomers
of 2-dicyanomethylene-1,1,3,4,5,5-hexacyanopentene-
diide (DCHP?"), have afforded salts with ET so far.52
Both are of the composition (ET)4[Cs(CN)sl(THF ).,
and both adopt packing types with coplanar ET
molecules in the electron-donor layer. In both cases
the layers are separated by bulky anion/solvent
layers that lead to extremely anisotropic electronic
properties. The cis-salt, labeled ET1 by Saito et al.,>?
contains stacks of dimers in a fashion intermediate
between the f3, #, and "' packing types.”™ The band
electronic structure places ET1 at the border between
a narrow-gap semiconductor and a semimetal, al-
though the in-plane conductivity at room tempera-
ture is rather high, orr = 10—100 S cm™ L Its
temperature dependence in some of the samples
(others remained semiconducting in the entire tem-
perature range) is weakly metallic to about 180 K,
below which the resistivity increases rapidly. The
transition to insulating behavior is accompanied by
a gradual decrease and narrowing of the ESR signal.
The trans-salt, ET2, contains tilted stacks of tet-
rameric ET units with short intermolecular S---S
contacts only along the transverse direction, similar
to those seen in (ET)sClO4TCE)y5.1%2 The band
electronic structure?®? exhibits small hole and electron
pockets, consistent with the observation of metallic
in-plane conduction (orr &~ 10—100 S ecm™, 013 =
50grr) in most samples. The ESR signal in ET2 shows
a weak decrease with falling temperature above 150
K, below which the decrease becomes much more
pronounced. The spin susceptibility shows a gradual
decrease to ~30% of its room-temperature value at
50 K, but below that temperature it increases again,
probably due to Curie impurity. The sample-to-
sample differences may be attributed to partial loss
of solvent, which may create inhomogeneities in the
crystals of both types.5?
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The crystal structure of one phase of (ET)z[N(CN)s]
has been published,®® but we have unpublished,
preliminary evidence of at least two others, i.e., a
hydrate (ET)2[N(CN);](H2O) and a monoclinic phase
of unknown stoichiometry.?* The published phase,
apparently obtained as a side product in the at-
tempted synthesis of an ET:Ag:I:N(CN). salt, as Agl
was present during the electrocrystallization process,
contains dimers of parallel ET molecules that are
twisted with the neighboring dimers along the stack-
ing direction, i.e., 0'-packing.?® The hydrate, which
has only been found in twinned crystals, contains
layers of ET molecules that may be described as a
combination of '~ and o-type packing: two adjacent
stacks are arranged with ET molecules of one tilting
direction, whereas the next two stacks have opposite
tilt.>* The same rare packing type was previously
found in (ET)2CsHg(SCN)4, where it was denoted the
o'-packing motif.'6° The other ET:dicyanamide phase,
also heavily twinned and weakly diffracting, has only
yielded a set of preliminary lattice parameters so
far.5*

HCAPD~- (1,1,2,4,5,5-hexacyano-3-azapentadien-
ide'®) may be regarded as an extended dicyanamide
where the —CN groups are replaced by tricyanoet-
henyl substituents. Two salts with ET were crystal-
lized, a rod-shaped 1:1 phase and needle-shaped
crystals of composition (ET):(HCAPD)(THF)o 5.5 Un-
like most ET salts, the structure of (ET)(HCAPD)
does not exhibit segregated cation and anion layers;
rather, it forms side-by-side ribbons of facing (ET),
dimers that are surrounded by anion stacks. Due to
the strong dimerization, the electrons of the ET*"
radical cations are paired, and the electrical conduc-
tivity is poor (porr ~ 107 Q cm, E, = 0.5 eV). The
crystal structure of (ET):(HCAPD)(THF)5 has not
yet been reported because of poor crystal quality, and
its composition was deduced from elemental analysis
only. The resistivity (prr = 1.9 Q cm), measured on
a bundle of needles, shows three regimes with dif-
ferent activation energies. The transition at 200 K
(E, = 0.027 eV above 200 K, E, = 0.220 eV below
200 K) is fairly sharp, but the turnover to a low-
temperature activation energy of 0.082 eV happens
much more gradually around 140 K. A transition in
the form of a decrease of ca. 30% around 200 K is
also seen in the ESR spin susceptibility. Below that
temperature a broad maximum near 30 K is ob-
served, which may be fit approximately to the 1D
Heisenberg antiferromagnetic model with |J|/kg ~ 25
K and the assumption that only ca. 20% of the
possible spins participate in the susceptibility.?®

2.3.2. With SO,CF3 Groups

The ET salt of the bis(trifluoromethanesulfon)-
imide, N(SO2CF);~, anion was prepared because this
anion possesses features that are similar to those
found in other ET superconductors: the NRy™ group
contains the same bent geometry as the dicyanamide
anion in x-(ET);Cu[N(CN);]X (X = Br, Cl), and CF;
groups are present in the «-(ET);M(CFj3)4(solvent) (M
= Cu, Ag, Au) salts (see below). Crystals of (ET);N-
(SOyCF3)s were grown from TCE or THF solutions
containing Li[N(SO2CF3)s] as the electrolyte.56:57 This
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salt crystallizes in a layered motif with a ('"-type
packing: the ET molecules are canted with respect
to the stacking axis and form nearly coplanar arrays
along the interstack direction. The short (<3.60 A)
S+++S contacts occur between the edges of ET mol-
ecules in adjacent stacks, forming ribbons along the
a-axis. The anions are disordered with the two
superimposed orientations related by an inversion
center. The room-temperature ESR line width ranges
from 27 to 38 G, depending on sample orientation,
and decreases with temperature. The relative spin
susceptibility decreases with temperature down to
150 K, indicating weak semiconducting behavior (E,
= 18.7 meV), but below this temperature becomes
nearly constant at 35% of the room temperature
value, indicating a weakly metallic low-temperature
state. The resistivity measurements, which indicate
that this salt is metallic over this entire temperature
range, are reconciled by the fact that the cooling rates
in the ESR and resistivity measurements are con-
siderably different.

A second phase of (ET);N(SO2CF3); forms when
PPNIN(SO3CF3)q] is used as the supporting electro-
lyte. This phase has a much sharper (7 G) ESR line
width and a o-type packing motif of the ET mol-
ecules.62

The bis(trifluoromethanesulfonyl)methanide anion,
CH(SO:CF3);~, bears much similarity to its N-
(SO2CF3)2~ counterpart, and the (ET):CH(SO2CF5)s
salt is characterized as an ordered superstructure of
the (ET)2N(SO.CF)q structure. Although the (ET).CH-
(SO2CFj3)s salt contains two crystallographically non-
equivalent donor layers, the ET molecules in each
pack in a f'"-motif. The ET molecules in the two
layers possess slightly different charges (approxi-
mately +0.56 and +0.42), which has been attributed
to the orientation of the ordered CH(SO;CF3)s~
anions with respect to the ET layers. The room-
temperature ESR line width of this salt is about 10—
12 G, which decreases to less than 1 G at low
temperature. While the spin susceptibility is nearly
constant above 110 K, it decreases rapidly below this
temperature, indicating a metal-to-insulator transi-
tion. Resistivity measurements confirm this conclu-
sion.

Two ET salts with the tris(trifluoromethanesulfo-
nyl)methide, C(SO2CF3);~, have been reported.?” The
2:1 (ET):C(SO2CF3); salt has two nonequivalent
donor layers that possess significantly different pack-
ing motifs. One layer packs in a dimerized f'-motif,
while the other packs in a 6-motif. The room-
temperature ESR line width of this salt is about 30
G. A sharp drop in both the line width and the spin
susceptibility occurs between 180 and 240 K, indicat-
ing the presence of a metal-to-insulator transition.
The rapid increase in the resistivity below 240 K
confirms this conclusion.

A 1:1 (ET)C(SO9CF3); salt with isolated dimers of
the radical cation has been reported, but no physical
characterization is presented. It is expected to be a
poor conductor.?’

2.4. Phenolate Anions

A number of phenols have been studied as compo-
nents of charge-transfer salts because these mol-
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ecules can act as both weak electron acceptors in the
formation of charge-transfer complexes and as Brgn-
sted acids in the formation of proton-transfer salts.

Black platelike crystals of o'-(ET):HCNAL (Hs-
CNAL is cyanilic acid, 2,5-dicyano-3,6,dihydroxy-p-
benzoquinone) were grown by diffusing together
solutions containing neutral ET and H,CNAL.58
During the crystallization process the acidic oxidant
Hy,CNAL is deprotonated forming the HCNAL~
monoanion. The crystal structure, which is charac-
terized by stacks of twisted ET dimers, is typical of
the o'-packing motif.!*! On the basis of bond-length
analyses, the degree of charge transfer from the ET
molecules is from +0.49 to +0.52, depending on the
method used.'®>163 The optical absorption spectra
contain bands resulting from intramolecular ET
transitions (10 000—11 000 and 16 000—17 000 cm™1)
and an electronic charge-transfer band (5000—6000
cm™ 1) indicative of highly conductive segregated
materials. Although the band electronic structure
calculations indicate that this material could be
metallic, experimentally, this complex exhibits semi-
conducting behavior with a room-temperature con-
ductivity between 0.3 and 0.8 S em ™! and an activa-
tion energy of 0.15 eV. The magnetic susceptibility,
which can be described by a one-dimensional S = 1/2
antiferromagnetic Heisenberg chain model with J/kg
= —52 K, defines this salt as a Mott insulator. The
ESR line width, which is 4 G at room temperature,
increases gradually to about 8 G at 100 K and then
more rapidly to 17 G at 50 K.

Platelike crystals of (ET)4(TNBP) were grown by
electrooxidation of ET in an electrolyte solution
containing tetrabutylammonium 3,3',5,5'-tetranitro-
biphenyl-4,4'-diolate (TNBP).>® The crystal structure
of this layered salt is characterized by tetramers of
ET which are arranged in a " 32-type motif.” This
structural motif appears to be stabilized through
hydrogen-bonding interactions between the ethylene
groups of ET and the oxygen atoms of the anion. An
analysis of the bond lengths of the two crystallo-
graphically independent ET molecules indicate that
they both have a degree of charge transfer of ap-
proximately +1/2.135163 Splid-state 1*C—CP/MAS NMR
has been used to confirm the dianionic nature of the
TNBP anion in this salt, leading to the formalism
(ET*095),(TNBP2-).164 Band electronic structure cal-
culations indicate the presence of a wide (0.94 eV)
conduction band and a density of states at the Fermi
level comparable to salts such as «-(ET);Cu(NCS)s.
(ET)4(TNBP) is metallic down to 3 K with a room-
temperature conductivity of 50—80 S cm ™! within the
conducting plane. The optical spectrum contains
absorptions at 3000 (electronic transition among
partially charged or charge separated ET molecules),
10 000—11 000 (intramolecular ET** transition), and
17 000 cm™ ! (HOMO to LUMO transition of ET**)
which are consistent with the highly conductive
nature of this complex. Absorption bands at 20 000
and 30 000 are ascribable to intramolecular transi-
tions of the anion. The ESR line width, which is 28—
34 G at room temperature, decreases to near 10 G
at 5 K. The weakly temperature-dependent magnetic
susceptibility indicates semimetallic behavior, while
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the room-temperature value suggests strong electron
correlation.

A second phase of ET with the TNBP anion was
obtained as a black powder and identified as (ET)s-
(HTNBP).5° This phase was in minority when elec-
trocrystallization occurred in the presence of
[N(C4Ho)4l2(TNBP) but became the majority phase in
the presence of Nax(TNBP)/18-crown-6. The optical
spectra of this salt is quite similar to that of (ET)4-
(TNBP), indicating a partial charge-transfer state.
A compressed powder sample of (ET):(HTNBP) has
a room-temperature conductivity of 0.2 S cm™!
and with decreasing temperature exhibits activated
behavior. It is suggested that this material is
(ETH05)o(HTNBP-) rather than (ET"),(HTNBP?),
although confirmation through solid-state 3C—CP/
MAS NMR has been ambiguous potentially due to
disorder of the anion.!* The crystal structure of this
complex is yet to be determined.

Black platelike crystals of (ET)o(PIC)(THF) (PIC =
picrate, C¢HoN3O77) were grown by electrocrystalli-
zation.®11%5 The two-dimensional crystal structure of
this complex is characterized by ET radical cations
arranged in an o''-type packing motif.!4! This salt is
a semiconductor with a room-temperature conductiv-
ity of 0.3 S em™! and an activation energy of 57 meV.
The optical spectra contain strong bands at 3000
(electronic transition between partially charged ET
molecules) and 10 000 cm™!. The high room-temper-
ature susceptibility (8.7 x 107* emu/mol) suggests
that this material is a Mott insulator, while the
variable-temperature magnetic properties of this salt
can be expressed by an alternating chain model with
dominating exchange constant, |J/|/kg = 143 K, and
an alternation parameter, o = 0.419, where o = J'/
dJ.

Electrooxidation of ET in the presence of [N(CoHs)4l-
(HTNR) (HoTNR = trinitroresorcinol or styphnic acid,
CsH3N3Og) resulted in the formation of black platelets
of the (ET)2(HTNR) salt.61165 Similar to (ET)y(PIC)-
(THF), the crystal structure of (ET):(HTNR) pos-
sesses an o''-type packing motif.*! The room-tem-
perature conductivity of this salt is 0.1 S em™!, and
semiconducting behavior is observed with an activa-
tion energy of 93 meV. A second phase in which ET
crystallizes with the HTNR anion has more recently
been reported.'%® The crystal structure of this (ET)s-
(HTNR)(H;TNR) salt incorporates a neutral H;'TNR
molecule in the anionic layer. Charge localization
within the ET layer is responsible for the observed
semiconducting behavior.

2.5. Organometallic Anions
2.5.1. Tetrakis(trifluoromethyl)metallates, M(CFs)s~

Four phases of crystals form when ET is crystal-
lized with tetrakis(trifluoromethyl)metallate, M(CFs5)s~
(M = Cu, Ag, Au), anions. Three of these phases
contain cocrystallized trihaloethane solvent mol-
ecules, making this a highly tunable class of materi-
als. Although these phases often grow simultaneously
in the electrocrystallization cell, they can be identi-
fied by their morphology and via ESR spectroscopy.
Superconductivity has been observed in the «p- and
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ku-phases. A fairly complete review of these materials
has been published.5?

2.5.1.1. (ET)sM(CF3)s (M = Cu, Ag and Au). The
three isostructural (ET):M(CF3)s (M = Cu, Ag and
Au) salts typically crystallize in a rod-type morphol-
ogy with a layered structural motif, although some-
times a chunky hexagon morphology has been ob-
served. Although the crystal structure of the Ag salt
has been published,®® only the unit cells of the Cu
and Au analogues have been reported because of
severe twinning.%? Within the ET layers, the electron-
donor molecules pack in a 0-type arrangement with
the dihedral angle between molecules on adjacent
stacks being approximately 120°. As is the case with
most O-type ET salts with a related packing arrange-
ment,’® these salts exhibit semiconductive behavior
with an activation energy of about 0.2 eV. This phase
has a distinct ESR line width in the range of 35—40
G at room temperature. A study of the ESR spectra
of (ET);Cu(CF3)s as a function of temperature indi-
cates the presence of an uncharacterized phase
transition below 70 K.167 The nonsolvated (ET);Cu-
(CFs)4 phase can be formed by heating the solvated
k-phases above 340 K.167

2.5.1.2. kp-(ET):M(CF3)4(1,1,2-trihaloethane)
Salts. These superconducting salts can typically be
identified by their hexagonal plate-type morphology.
Fifteen isostructural xi-(ET):M(CF3)4(1,1,2-trihalo-
ethane) (M = Cu, Ag and Au) salts have been
crystallized through modification of the organome-
tallic anion and cocrystallized solvent molecule. The
subscript, L, has been used to designate the lower-
T. phase.

A full crystal structure determination has only
been reported for the k1-(ET);M(CF3)4(TCE) (M = Cu
and Ag, TCE = 1,1,2-trichloroethane)® salts with the
other «-salts inferred to be isostructural from unit
cell determinations. Although these salts crystallize
in the same orthorhombic space group, Pnma, as
k-(ET)2[N(CN)2]Br, 68 the interlayer dimension (crys-
tallographic b-axis) is about 8 A longer in the
M(CF3)4~ salts. The anion layers, which also contain
the cocrystallized solvent molecules, are the thickest
known (~8.3 A) for any molecular based supercon-
ductor. The crystallographic mirror plane bisects the
anion’s C—M—C angle rather than pass through one
of the molecular mirror planes. For steric reasons,
adjacent CF3 groups cannot be related by mirror
symmetry, and thus the anions are crystallographi-
cally disordered. Positioned on the same mirror
plane, the cocrystallized TCE solvent molecule is also
disordered. An isosceles triangle is formed by the
chlorine atoms, with one lying on the mirror plane
and the other two being related by it. The packing of
the ET molecules within the electron-donor layers
has a typical k-type arrangement: the molecules are
arranged in face-to-face dimers which are rotated
about 90° with respect to a neighboring pair. The
ethylene groups are ordered in an eclipsed manner
at 120 K.

Superconductivity was first discovered in the «p-
(ET):M(CF3)4(TCE) salts, which have superconduct-
ing transition temperatures of 4.0 (M = Cu),%* 2.6 (M
= Ag),’% and 2.1 K (M = Au).%® Subsequently,
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superconductivity was discovered in 12 additional
salts through replacement of the TCE solvent mol-
ecule with 1,1,2-tribromoethane, 1-bromo-1,2-dichlo-
roethane, 1,2-dibromo-1-chloroethane, and 2-bromo-
1,1-dichloroethane.®? It is anticipated that additional
superconducting salts would be formed through the
use of 1,1-dibromo-2-chloroethane, but this solvent
is not currently available. Although a large number
of similar solvents have been investigated, including
fluoro and iodo derivatives, only the 1,1,2-trihalo-
ethane solvents in which the halogen is chlorine or
bromine yielded solvated superconducting salts.!?

The pressure derivative of T., dT'/dp, for «p-(ET)s-
Cu(CF3)4TCE) has been determined to be —2.5
K/kbar,%* with a similar value obtained for the Ag
analogue.'®® These values are typical of other cation—
radical superconductors, most notably «-(ET);Cu-
(NCS); (dT/dp = —3 K/kbar)!"! and x-(ET);Cu[N(CN)]-
Br (dT/dp = —2.4 K/kbar).1?

Typical of k-type structures, the room-temperature
ESR line width of the «-(ET):M(CF3)4(1,1,2-trihalo-
ethane) salts are between 50 and 70 G,'67169 and upon
rotation around the layer normal, the orientation
with the minimum line width corresponds to that of
the maximum g-value. The temperature dependence
of the ESR spectra of the Cu salt shows that the line
width first increases to 86 G near 100 K and then
decreases to 49 G at 10 K. This behavior is a common
feature of «-type salts and parallels the maximum
in resistivity that also occurs between 100 and 150
K173

Electronic structure calculations have been per-
formed for the x1-(ET)sCu(CF3)(TCE) salt.l™ It was
shown that the Fermi surface could be described by
overlapping circles centered at I', and this salt was
expected to have two-dimensional metallic properties
similar to x-(ET)9Cu[N(CN)9]X (X = Cl and Br).168.175

The infrared optical properties of k1-(ET)eCu(CF3)s-
(TCE) have been reported.!™ These results are very
similar to those reported for the higher-T. «-(ET),-
Cu[N(CN),]Br salt;!”” however, the Cu(CF3),~ salt
was found to be less two-dimensional and the effects
of crystallographic disorder were visible in its spectra.

The thermodynamic properties of k-(ET);Cu(CF3)4-
(TCE) have been investigated.'” From ac susceptibil-
ity measurements the anisotropy ratio of the critical
fields, By*/B:* ~ 72, was found to be very large,
indicating that the extremely thick anion layers
result in a highly two-dimensional system. The
strong frequency dependence of B* indicates that the
pinning centers are extremely weak. Specific heat
measurements confirm bulk superconductivity in this
salt, with the linear coefficient (y ~ 50 mJ/mol K?) a
factor of 9 greater than expected from a free-electron
picture.

An initial attempt was made to correlate the
structural properties of eight «-(ET):M(CF3)4(1,1,2-
trihaloethane) salts with their superconducting tran-
sition temperature.'” From these preliminary results
it was suggested that the superconducting transition
temperature increased approximately linearly with
the ratio of the b (interlayer) to ¢ (intralayer) unit
cell lengths. Thus, higher superconducting transition
temperatures would be achieved by expanding the
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Figure 6. Real part of the volume ac susceptibility y'
(corrected for demagnetization) for four crystals each of k-
(BEDT-TTF)2Ag(CF3)4(solvent) (solvent = TCE, 1-bromo-
1,2-dichloroethane, 1,2-dibromo-1-chloroethane, and 1,1,2-
tribromoethane).
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Figure 7. Superconducting transition temperature in «p-
(BEDT-TTF)2Ag(CF3)4(solvent) salts through the use of
mixed solvents. Illustrated are the normalized ac suscep-
tibility data as a function of temperature for several single
crystals each grown from the following solvents and
mixtures: 100% TCE (m), 75% TCE/25% TBE (0O), 50%
TCE/50% TBE (#), 25% TCE/75% TBE (O), and 100% TBE
(@).

interlayer dimension. A similar conclusion was ob-
tained through a more quantitative comparison of the
six kp-(ET);M(CF3)4(solvent) (M = Cu, Ag, and Au;
solvent = 1-bromo-1,2-dichloroethane, 2-bromo-1,1-
dichloroethane) salts: these two solvent molecules
are nominally the same size, but the location of the
bromine atom in the latter tends to force the con-
ducting layers further apart, resulting in an in-
creased T..%%2 The general trend of increasing 7. in
the «-(ET)2Ag(CF3)4(1,1,2-trihaloethane) salts with
increasing amounts of bromine (0, 1, 2, and 3) in the
cocrystallized solvent molecule is illustrated in Figure
6.79

An additional degree of tunability can be achieved
in the 1 -(ET):M(CF3)4(solvent) salts through the use
of mixed solvents.®? As illustrated in Figure 7, for the
case where the solvent is a mixture of TCE and 1,1,2-
tribromoethane, the superconducting transition tem-
perature can be tuned in the range of 2.4—4.8 K. The
presence of a superconducting state in the presence
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Figure 8. Normalized real part of the ac susceptibility y'
(corrected for demagnetization) for eight crystals of «p-
(BEDT-TTF)2Ag(CF3)4(solvent), where solvent = 1-bromo-
1,2-dichloroethane (circles) and 1,2-dibromo-1-chloroethane
(squares), four with isotopes of natural abundance (empty
symbols) and four with deuterium labeling (filled symbols)
of the eight hydrogen atoms.

of disorder within the anion layer is in contrast to
what has been observed in the -(ET).X (X = I5~,
IBry, and Auly™) system.!8? It is somewhat surpris-
ing that relatively sharp superconducting transitions
are observed even in the presence of this additional
disorder. This has been explained by the fact that
there are no short contacts between the hydrogen
atoms of the ET molecules and the cocrystallized
solvent molecules, thus somewhat shielding the
conducting layers from the disorder in the anion
layers.

The effect of isotopic substitution on T, has been
reported for the «1-(ET)2Ag(CF3)4(1-bromo-1,2-dichlo-
roethane)1%11® and «-(ET),Ag(CF3)4(1,1,2-tribromo-
ethane) salts.’®! Upon deuteration of the ethylene
groups of ET, the linearly extrapolated supercon-
ducting transition temperature increases from 2.90
to 3.11 K (AT, = +0.21 + 0.06 K) and from 4.55 to
491 K (AT, = +0.36 + 0.13 K), respectively. As
shown in Figure 8, an intermediate shift in 7. from
4.59 to 4.87 K (AT. = +0.28 + 0.03 K) is observed
for the «p-(ET)2Ag(CF3)4(1,2-dibromo-1-chloroethane)
salt.’® From these results it may appear that AT,
increases slightly with T for this series of salts. The
magnitude of these ‘inverse’ isotope effects are similar
to those observed in the §"-(ET):SFsCHyCF3SOs3 (AT,
= +0.27 £ 0.05 K)109110 and x-(ET)2Cu(SCN) (AT
= +0.30 + 0.07 K) salts.116

All the «-(ET):M(CF3)4(1,1,2-trihaloethane) salts
have been found to gradually lose the cocrystallized
solvent under ambient conditions, which results in
formation of the corresponding (ET).M(CF3), phase
and a decreased superconducting fraction. This ir-
reversible decomposition has been studied most
extensively for the «p-(ET):Cu(CF3)4(2-bromo-1,1-
dichloroethane) salt, in which the superconducting
fraction was found to decrease about 37% after 55
days under ambient conditions.!”® While this solvent
loss can be essentially eliminated by storing the
crystals at dry ice temperatures, ESR studies have
indicated that this process is accelerated at increased
temperatures.167
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2.5.1.3. k-(ET)2Cu(CF3)4(DBCE) (DBCE = 1,2-
Dibromo-1-chloroethane). Polymorphism has been
reported in the kp-(ET);Cu(CF3)4DBCE) system.”
During the crystallographic investigation of the
orthorhombic «-(ET):M(CF3)4(1,1,2-trihaloethane) sys-
tem, a few platelike crystals were observed to have
slanted edges. A complete structural characterization
revealed that this phase belongs to the monoclinic
space group C2/c. The primary difference between the
two structures is that adjacent ET layers in the «i-
phase are tilted in opposite directions, while in the
«1-phase these layers are tilted in the same direction.

A single crystal of «p-(ET)2Cu(CF3)4DBCE) has
been characterized by ESR spectroscopy.?® The ESR
line widths observed for different crystal orientations
(45—58 G) at room temperature are slightly sharper
than, but overlap with, those observed for the «i-
phases. Uncharacteristic of «x-phase ET salts, the
orientation with the maximum g-value does not
correspond to the minimum line width. With decreas-
ing temperature, both the line width and g-value
decrease monotonically, indicative of a metallic state.

Under the crystallization conditions employed, the
kr-phase is quite rare and the physical properties
have not been well characterized. Preliminary ac
susceptibility measurements indicate that this phase
is probably also a superconductor with 7. comparable
to the «r-phase.”

2.5.1.4. kg-(ET):M(CF3)4(1,1,2-trihaloethane)
Salts. The «y-phase salts typically grow as a minority
phase and, to date, have been reported for six
compositions.'™ The subscript ‘H’ refers to the higher-
T. phase of a given stoichiometry: the T values of
the «g-phases range from 7.2 to 11.1 K. Supercon-
ductivity was first discovered in the «p-(ET);M(CF3)4-
(TCE) salts, which have superconducting transition
temperatures of 9.2 (M = Cu),' 9.4 and 11.1 (M =
Ag),%9 and 10.5 K (M = Au).% It was noted that the
two superconducting xg-phases were observed in the
ac susceptibility, rf penetration, and dc magnetization
studies of the Ag salt, but these phases could not be
physically separated. Subsequently, superconductiv-
ity was discovered in three other xy-(ET)2Ag(CF3),-
(1,1,2-trihaloethane) salts.'” It is anticipated that the
rkp-phase should exist for each of the various compo-
sitions which correspond to the kr-phase, but many
of these have not yet been prepared.

This phase typically grows as poorly diffracting
striated black needles, and thus the crystal structure
of this phase has not yet been determined. The «
designation has been assigned as a result of prelimi-
nary X-ray data (persistent axial lengths of 9 and 13
A in indexing attempts) as well as similarities of the
physical properties (see below). The X-ray diffraction
experiments also hint at a possible doubling of the
b-axis of the unit cell.1”® It was conjectured that this
could be a result of the loss of a mirror plane
perpendicular to the longest unit cell axis, which
could result in an ordered anion layer and thus a
higher T.. An EDAX characterization revealed that
the xkg-phase has the same 2:1:1 (donor:anion:solvent)
ratio as the «xp-phase.

The room-temperature resistivity of xy-(ET)Ag-
(CF3)4TCE) has been reported to be about 2 orders
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of magnitude lower than that for the corresponding
kp-salt.1%? Both salts show a maximum in resistivity
near 100 K, with the maximum for the xy-phase
being slightly lower in temperature than the «i-
phase. Similar behavior was reported for the Cu
analogues.'”™ A similar resistivity profile has been
observed for the «-(ET)2Cu(NCS); superconduc-
tor, 111,183

The pressure derivative of T. of the «g-(ET):M-
(CF3)(TCE) (M = Cu, Ag, and Au) salts have been
determined to be between —2 and —3 K/kbar,86-169,173
which is typical of k-phase ET superconductors.7%172

The room-temperature ESR line widths of the «y-
phase salts are 5—7 G,167169 considerably sharper
than other x-phase salts of ET. Typical of k-phase
salts, however, an angular-dependent study revealed
that the orientation with the minimum line width
corresponds to that of the maximum g-value. The
variable-temperature ESR study of the xy-phase was
complicated by the presence of small amounts of the
nonsolvated (ET):M(CF3), phase. The solvent can be
irreversibly removed from the «kp-(ET).M(CF3)4(1,1,2-
trihaloethane) salts, resulting in formation of the
(ET);M(CF3)4 phase. This process is much more rapid
than in the «p-salts and can be accelerated by
heating.

2.5.2. ET Salts Containing Derivatives of the M(CF3),~
Anion

ET salts containing derivatives of the M(CFs),~
anion have been prepared in a search for new
superconductors and in order to better understand
the structural features which are important to su-
perconductivity. By replacing one of the trifluoro-
methyl groups of the Ag(CF3),~ anion with Cl-, the
k1-(ET)2Ag(CF3)3Cl1(1,1,2-trichloroethane) salt was
crystallized.®2 Although isomorphous to the k1 -(ET)s-
Ag(CF3)4(1,1,2-trichloroethane) salt, each of the unit
cell lengths is contracted as a result of the smaller
Ag(CF3)3Cl~ anion. The chlorine atom was found to
be disordered over two of the trifluoromethyl sites.
This additional disorder suppressed the supercon-
ducting transition from 2.4 K to below 1.4 K.

The (ET);Ag(CF3)2(CN), salt is isomorphous to the
nonsolvated (ET);Ag(CF3), phase described above.52
The cyano groups in the trans-Ag(CF3)o(CN),~ salt
extend further from the metal atom than the triflu-
oromethyl groups, resulting in a small expansion
along the c-axis. As expected by analogy with the
nonsolvated (ET):M(CFj3),; salts, no indication of
superconductivity was observed in this salt.

Attempts to grow ET crystals with the closely
related Cu(CF:H);  anion failed to produce good-
quality crystals, perhaps indicating the importance
of the F---H interactions in the crystal growth pro-
cess. The platelike crystals that were grown with ET
and Cu(CF2CF3)s~ were not structurally character-
ized. The observations that they are nonsupercon-
ducting above 1.2 K and have an ESR line width
between 38 and 46 G suggest that they are similar
in structure to the nonsolvated (ET);M(CF3), salts.62

2.5.3. Other Organometallic Anions

The (ET)Au(CsCls), salt was formed through a
novel electrochemical synthesis and crystallization



Conducting Organic Radical Cation Salts

Chemical Reviews, 2004, Vol. 104, No. 11 5225

Table 2. Crystallographic Data for (Donor),X,, Salts with Organic and Organometallic Anions for Donor

Molecules Other than ET (at room temperature unless indicated otherwise)

space . . unit cell
compound group a (A) bA @A  al Q) y(®) vol.(A3) Z ref
k-(BETS)2C(CN)3 C2/c  35.086 8.475 11.583 90 91.10 90 3444 4 187
k-(BETS)2Ag(CF3)4(TCE)* Pnma 13.155 39.333 8.648 90 90 90 44746 4 62
(BETS):CF3S0;3 P2/c 34.972 8.332 11.732 90 99.68 90 3370 4 188
(BEDO-TTF)[C(CN)slo.4(H20)o 3 P1 4.0307 5.342 17.225 93.47 102.85 98.59 3358 1 189
(BEDO-TTF)5{ C[C(CN )]s} (BzN)s® P1 10.286 10.855 19.224 107.22 91.77 91.76 1047.3 1 189
a''-(BEDO-TTF)s{ Cs[C(CN)ols} (BzN)oo?¢  P2i/c  17.075 4.085 20.462 90 96.46 90 1481 0.8 190
(BEDO-TTF)s(HCDAH)-¢ P2,/c 16.820 4.086 20.243 90 99.45 90 1372.4 0.67 191, 192
(BEDO-TTF)4[C(NCN)sl(H20)3 P1 11.963 14.102 17.083 81.27 70.21 77.04 26334 2 193
(BEDO-TTF)4{ CoH50C[C(CN)2]2} P1 8.093 10.657 20.401 103.85 98.75 98.42 1670.3 2 194
(BEDO-TTF);{ NCCH3C[C(CN)s]2}2(BzN)s? P1 7.262 14972 19.732 79.88 82.84 87.38 20949 1 194
(BEDO-TTF)4[Cs(CN)s|(THF)o* P2,/n 23105 12.001 30.707 90 102.13 90 8324 4 194
(BEDO-TTF)o(C404)05(H20)3 P1 4.097 10.752 16.517 179.74 87.35 82.01 7089 1 189
(BEDO-TTF)TNBP/ C2/c 15220 11.118 16.426 90 109.96 90 2613 4 189
k-(BEDO-TTF).CF3S03 Pnma 7.955 34.396 10.427 90 90 90 2853.0 4 195
(BEDO-TTF)2CF35S03(C4Hs0)o5 C2/c  23.885 7.195 35.235 90 101.45 90 5934 8 195
(TMTSF)2CF5S03 P1 7.333 7.781 13.799 83.26 85.72 7118 7395 1 196
(TMTTF)2(CsH2N30g) P2:/n 12.634 14.343 18.550 90 105.95 90 3232 4 61
(TMTTF):(HCNAL)® C2/m 21.691 9.675 7.547 90 103.86 90 1537.5 2 197, 198
(TMTTF);CF3S03 P1 8.598 12.995 13.081 75.36 87.35 82.30 1401.2 2 199
(TTF)(4-oxo-tetramethylpiperidinsulfate) P1 7.948 10.884 12.132 79.52 77.22 73.98 9755 2 200
(TTF)(CF5S035)(H20)05 P2:/c 21.530 7.954 15.846 90 107.21 90 2592 8 199
(TTF)2[TTF(CO2H)2(CO2)2l P1 8.143 8.203 10.519 85.04 82.87 84.00 6915 1 201
(TTF)2[Cs(CN)sl(CH3CN) P1 8.319 8.917 21.891 91.74 91.64 101.13 1592 2 202
(TTF):(HCDAH)(CH3CN)<4 P1 8.258 9.572 10.070 89.89 70.76 80.76  740.7 2 191
(TTF)(CA)o5(H4sCA)o 5" C2/m 13.279 13.589 9.249 90 118.69 90 1464.0 4 203
(TTF)3[C5(COOCH3)512 Ce 16.017 14.307 25.091 90 92.11 90 5746 4 204
(OMTTF)s(HCNAL)# C2/m 15.566 13.946 13.527 90 102.813 90 2863.4 2 205
(TTFPhg)o[Au(CsF'5)z] P1 7.481 10.111 15.639 77.00 80.16 73.18 1096.2° 1 206
[Pd(dddt)z]oCF3S0s P1 6.521 8.354 16.113 87.12 85.51 67.94 811 1 207
(TTM-TTP)[C(CN)s] C2/c  23.94 5.881 21.00 90 118.7 90 2529 4 208
(DIDTPY)[Cs(CN)5](THF)® P2:/c 13.545 7.868 23.791 90 103.44 90 2465.8 4 209
(TTT)Y CH3;0C[C(CN)ql2} P2:/n 12.351 23.632 7.603 90 101.48 90 21749 4 49
(TTT)Y C.H50C[C(CN)elo} (THF )0 25 P1 7.573 14.909 23.061 74.42 88.64 83.51 24913 4 210
(TTTY C.H50C[C(CN)gls} 2 P1 7.814 8.649 14.448 105.06 91.61 116.51 823.0 1 210
(TTTY CsH7;OC[C(CN)elo} (THF)o 5 P1 11.166 11.969 12.060 59.91 73.67 84.16 1336.8 2 210
(TTTY CsH7;OC[C(CN)gls} 2 P1 7.915 8.736 14.680 74.50 75.25 64.59 872.0 1 210
(TTT)3{ CsH7;OC[C(CN)zls} 2 P1 10.357 12.243 14.085 74.74 69.26 73.11 1573 1 210
(TTTY CsHyOC[C(CN)2lo} C2/c 20971 21.949 14.078 90 128.7 90 5057 8 210

@ TCE = 1,1,2-Trichloroethane. * BzZN = Benzonitrile. ¢ Donor molecule subcell. ? HCDAH = Hexacyanodiazahexadienediide.
¢ THF = Tetrahydrofuran. / TNBP = 3,3',5,5'-Tetranitrobiphenyl-4,4'-diol(ate). ¢ HCNAL, CNAL = Mono- and dideprotonated anion
of HoCNAL (2,5-dicyano-3,6-dihydroxy-1,4-benzoquinone = cyananilic acid). * CA = Dideprotonated anion of HsCA (2,5-dichloro-
3,6-dihydroxy-1,4-benzoquinone = chloranilic acid) and H4CA = dihydrochloranilic acid (reduced form of HoCA). ? Unit cell at 178
K.

procedure.®® The Au(C¢Cls),~ anion had not previ-
ously been prepared, yet when ET was electrochemi-
cally oxidized in an electrolyte solution of [N-
(C4Ho)4l [Au(CeCls)q], the Au(CsCls)s~ anion formed
and crystallized as a 1:1 salt with ET. In this salt
the ET" cations are completely surrounded by the
pentachlorophenyl rings of the anions, providing a
unique opportunity to study a highly isolated ET
monocation in the solid state. The v, and v3 modes of
ET" in the Raman spectrum of (ET)Au(CgCls), were
observed at 1455 and 1425 cm™!, respectively, in
perfect agreement with the +1 oxidation state. The
peak-to-peak ESR line width, which is between 2.8
and 3.5 G at room temperature (depending on sample
orientation), is even narrow in comparison to other
ET*! salts such as (ET)(RegSe;Cly)[(CH3):NCOH]»
(8.7-4.3 (), (ET)Cu[N(CN)glz (8—10 G),'8> and
(ET)Ag4(CN)5 (12—14 G).1% This extremely sharp line
width is consistent with highly isolated spins within
the lattice. Similar attempts to crystallize the (ET)-
Au(CgF's)4 salt were unsuccessful.

3. Salts of Other Electron-Donor Radical Cations

This section is grouped by electron-donor molecule,
approximately in decreasing order of number of salts
reported. We start with the homologues of ET,
followed by the TMTXF (X = S, Se) molecules, TTF,
the remaining TTF derivatives, and finally some
miscellaneous other donor molecules. Basic crystal-
lographic data are given in Table 2. In some cases
the unit cell parameters were transformed from those
in the literature in order to facilitate comparisons or
to present them in a standard setting.

3.1. BETS, Bis(ethylenedithio)tetraselenafulvalene

The BETS electron-donor molecule is a derivative
of ET in which the inner sulfur atoms have been
replaced with selenium. The larger atomic orbitals
of the selenium atoms in the BETS salts lead to more
isotropic electronic structures and more stable mo-
lecular metals than their ET counterparts. The
charge-transfer salts of BETS exhibit a wide variety
of interesting physical properties, including a molec-
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ular antiferromagnetic metal, a conductor with an
antiferromagnetic metal state at ambient pressure,
and an antiferromagnetic superconductor. Unprec-
edented superconductor-to-insulator and supercon-
ductor-to-metal transitions have also been observed.?!!
Although the most interesting materials in this
family are those with the general composition
(BETS).Fe.Ga; .Cly ,Br,, a few examples of BETS
salts with organic anions have been reported.

3.1.1. Polycyano Anions

The tricyanomethanide [also known as cyanoform,
C(CN);7] anion has been crystallized with BETS to
form the «-(BETS),C(CN); salt.212213 The electron-
donor layer of this salt, unlike the ET derivative,*®
is characterized by dimers of BETS arranged in an
approximately orthogonal manner. While this «-type
packing motif has led to many superconductors in the
ET family, this salt is metallic (prr =~ 50 Q cm) to
1.3 K without a transition to a superconducting state.
At room temperature disorder is found in both the
[C(CN)s]~ anions and the ethylene groups of BETS.
A first-order phase transition has been observed at
260 K, which is a result of an approximately 20°
rotation of the [C(CN)s]~ anions.’®” The anions are
still disordered at 50 K, but at this temperature the
ethylene groups order in a staggered fashion. This
anion disorder has been suggested as a possible
reason for the lack of superconductivity.

Electronic band structure calculations predict a
Fermi surface very similar to that observed in the
superconducting x-(MDT-TTF);Aul, (MDT-TTF =
methylenedithiotetrathiafulvalene) and «-(ET):X
salts?14215 consisting of a series of superposing el-
lipses. The first-order phase transition, which mostly
affects the anion layer, has minimal effects on the
Fermi surface.’® Shubnikov-de Haas and de Haas-
van Alphen oscillations have been observed in
k-(BETS)2C(CN);3 in magnetic fields up to 25 T and
under pressures to 9 kbar.187.216217 For the field
perpendicular to the highly conducting planes, the
Fourier spectrum of these oscillations exhibit four
prominent peaks at F, =230 T, F, =950 T, Fg — F,
~ 3400 T, and Fg = 4380 T, where the classical orbit
on the cylinder is o and the magnetic breakdown
orbit is 5. The corresponding cyclotron masses are
mq = 1.7Tmg, mpg—« = 1.5my, and mg = 3.3mo, which
are smaller than those values typical of ET salts
because of the lower density of states at the Fermi
level.2!® At tilted fields, an additional low frequency,
F;, has been observed.’®” The origin of the low-
frequency orbits F, and F} is still controversial.!87.213
No sharp transformations have been observed under
pressure with only gradual changes in the main
oscillations and a diminishing of the combination
frequencies.!®’

3.1.2. M(CF3)4~ Anions

Crystals of «-(BETS):Ag(CF3)4TCE) have been
found to be isomorphous to the ET analogue.®? The
replacement of the inner sulfur atoms of ET by
selenium results in a volume increase of about 3.5%,
mostly due to the 3% expansion of the interlayer
dimension. No superconductivity has been observed
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Figure 9. Four donor packing motifs found in BEDO-TTF
salts with organic anions: (a) "'- or (BEDO-TTF)q 4I5-type
as observed, e.g., in (BEDO-TTF),(C4Ng)(H0)3;19% (b) a'-
type as observed in (BEDO-TTF)s(HCP)(PhCN)g ;18 (c)
k-type as observed in (BEDO-TTF);CF3S03.19 (d) The
BEDO-TTF molecules in the (BEDO-TTF);(DHCP)(THF)
structure pack in a modified "' -type structure in which the
stacking direction reverses every fifth molecule.'%

in the BETS salt to temperatures as low as 1.2 K.
This has been attributed to either the disorder in one
of the ethylene groups or a broadening of the elec-
tronic bandwidth and concomitant decrease in the
density of states at the Fermi level in the selenium
salt. The broad ESR line width has rendered this
technique inapplicable for phase identification of
various phases in the BETS/M(CF'3)4 system. To date,
only the M = Ag system has been explored.

3.1.3. Sulfonate Anions

Only one BETS salt with a sulfonate anion has
been reported. The «-(BETS):CF35SO; salt has two
different types of cation layers, but no further struc-
tural details have been described.!®® The room-
temperature resistivity is 0.06 S cm!, and a metal-
to-insulator transition occurs near 80 K. The band
electronic structure is similar to x-phase ET salts?!®
and consists of overlapping ovals centered at T,
suggesting two-dimensional metallic character at
room temperature.

3.2. BEDO-TTF,
Bis(ethylenedioxo)tetrathiafulvalene

Next to ET, the BEDO-TTF electron-donor mol-
ecule has been used most extensively for the forma-
tion of cation radical salts with organic anions. These
salts also form layered structures, which seem to be
templated by intermolecular C—H-+-O (in addition to
S---S) interactions. BEDO-TTF salts prefer to pack
in what has been termed the ‘Is type’ motif (after the
(BEDO-TTF) 415 structure,?! see Figure 9), which is
often preferred because of intermolecular C—H:---O
contacts. This packing type results in 2D band
electronic structures which are often metallic to low
temperature. There is less structural diversity in this
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Figure 10. The v; and vy bands of the BEDO-TTF
molecule are sensitive to the degree of charge transfer.
Illustrated are the Raman spectra of (a) (BEDO-TTF),Cl-
(H20)3 (p = 0.5), (b) (BEDO-TTF);(HCTMM)(Ph-CN)s (p =
0.4), and (c) (BEDO-TTF)y(HCDAH) (p = 0.33). (Reprinted
with permission from ref 221. Copyright 2000 American
Chemical Society.)

family of salts (as compared to the ET family), and
while four packing motifs of the BEDO-TTF molecule
have been reported with organic anions, three of
them are closely related. Because the packing is
dominated by the BEDO-TTF layer, the anion layers
in these salts are often disordered, resulting in
ambiguous conclusions about the stoichiometry and
donor—anion interactions. BEDO-TTF salts can be
classified into three groups based on the type of
anion: (1) polycyano-based, (2) oxo-based, and (3)
amphiphilic. The amphiphilic anions are discussed
in the thin-film section (section 5).

3.2.1. Polycyano Anions

Black platelike crystals of (BEDO-TTF)s(HCTMM)-
(PhCN), (HCTMM = hexacyanotrimethylenemethane-
diide, C[C(CN)2]32") have been prepared by electro-
crystallization in benzonitrile (PhCN).189:190.220 The
X-ray crystal structure reveals that the BEDO-TTF
molecules, which are packed in layers parallel to the
ac-plane, form nearly uniform stacks along the a +
2c direction in which the molecular planes are canted
about 30° with respect to the stacking axis. This
donor packing motif is similar to that observed in
(BEDO-TTF)2.415,2" see Figure 9a. The positions of
the anion and cocrystallized solvent molecules could
not be determined due to severe disorder within the

Chemical Reviews, 2004, Vol. 104, No. 11 5227

—

@

gy (eV)
/
——

Ener
=]
— .
\
Z

-
>
<
~N
-
o
<
O,
o

—

(b)

Sy eA

SORNGL

©
HUNBYAN
DA

v T X vz I BvVO &
DOS
M
@
2
o Iz nnN prall Wans
N =
T~
YM T Zr M0 5
DosS

Figure 11. Calculated band electronic structures, density
of states [given in states (total)/(eV molecule of BEDO-
TTF)], and corresponding Fermi surfaces of (a) (BEDO-
TTF)10[C(CN)3]4(H20)3, (b) (BEDO-TTF);(HCTMM)(PhCN)s,
(c) (BEDO-TTF)4(C404)(H20)s, and (d) (BEDO-TTF)s(HCP)-
(PhCN)g 2. The nesting vector is represented by the arrows
in d. (Reprinted with permission from ref 189. Copyright
1996 American Chemical Society.)

anion layer; thus, the stoichiometry was determined
from the crystal density and elemental analysis. The
charge on the BEDO-TTF electron-donor molecule
has been assigned as +0.40, based on the stoichiom-
etry, anion charge, and Raman spectroscopy (see
Figure 10).221222 This salt exhibits metallic behavior,
which is isotropic within the conducting plane, down
to the lowest temperature measured (5 K). As shown
in Figure 11b, the band electronic structure, which
consists of closed pockets centered around B and open
surfaces along the c¢* direction, supports the 2D
nature of this material. The spin susceptibility of this
salt, as derived from ESR spectroscopy, drops gradu-
ally with cooling; however, about one-third of the
spins remain at temperatures as low as 4.2 K.1%0
When the HCTMM anion is crystallized with
BEDO-TTF in TCE (TCE = 1,1,2-trichloroethane),
black needles of the (BEDO-TTF),(HCTMM)(TCE),
salt form.!89220 The crystal structure of this derivative
has not been reported, and the stoichiometry, which
is slightly different than the PhCN solvate, has been
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determined solely by elemental analysis. Because the
charge of the anion remains —2, this change in
stoichiometry results in a change in the charge on
BEDO-TTF from +0.4 to +0.5. Similar to other
highly conducting BEDO-TTF salts, the powder
electronic spectrum of (BEDO-TTF),(HCTMM)(TCE).
shows a band around 2.3 x 103 cm~!, which arises
from an intermolecular charge-transfer transition. In
contrast to the PhCN derivative, the TCE derivative
exhibits a metal-to-insulator transition at 235 K.

A crude crystal structure has been reported for
black needles of the tricyanomethanide salt, (BEDO-
TTF)10[C(CN)3]4(H20)3, in which the positions of the
anions and cocrystallized solvent molecules could not
be ascertained.!'®® However, the BEDO-TTF mol-
ecules were found to pack in the common (BEDO-
TTF); 415 motif,2'® with the molecular planes tilted
60.6° with respect to the stacking axis and the
intermolecular separation along the stack being 3.51
A. The stoichiometry of these crystals was deter-
mined by density measurements, elemental analysis,
and Raman spectroscopy, from which the charge on
the BEDO-TTF molecules was determined to be
+0.4.221.222 Tt was suggested that the anions were
randomly disordered in layers between the BEDO-
TTF molecules. Conductivity measurements on single
crystals showed metallic behavior down to 1.3 K. As
shown in Figure 11a, the Fermi surface is elliptical
and elongated approximately along the stacking
direction.!8?

In an analogous manner, black needlelike crystals
of (BEDO-TTF);(HCP)(PhCN)os (HCP = tri(dicya-
nomethylene)cyclopropanediide, C3[C(CN)]32™) were
prepared,!8%19 the stoichiometry of which was de-
termined by a combination of elemental analysis,
experimental density, and X-ray characterization.
Superlattice reflections indicate that a (a, 5b, ¢)
supercell is present, but the superstructure could not
be solved; thus, an averaged partial structure was
reported. One crystallographically independent elec-
tron-donor molecule was present per small unit cell.
Each donor layer has a repetition of AA'BB’ stacks
in which the molecular planes within the A (or B)
and A’ (or B') stacks are parallel to each other while
the molecular planes within A (or A') and B (or B’)
stacks are canted about 60° with respect to each
other, leading to a corrugated herringbone-type net-
work, see Figure 9b. This packing motif has been
designated o' in the ET salts and is illustrated in
the a’-(ET).CsHg(SCN), structure.'® This packing
of the electron-donor molecules is unique among
BEDO-TTF salts. Considerable ambiguity is present
in the anion layer: the position of the HCP?~ anion
is uncertain, and the location of the cocrystallized
solvent molecule has not been identified. To balance
the HCP?™ anion, the calculated charge on the BEDO-
TTF molecules is +0.4. This degree of charge transfer
has been confirmed by Raman spectroscopy.??1222
Band electronic structure calculations (Figure 11d)
indicate that the four HOMO bands are much more
dispersive along b* than c*. Nesting of the Fermi
surfaces has been used to explain the single-crystal
conductivity measurements which indicated that this
salt is a semiconductor with an activation energy of
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0.05—0.10 eV depending on the direction within the
conducting plane.

More recently, a BEDO-TTF salt of HCDAH?-
(HCDAH = hexacyanodiazahexadiene, N3[Co(CN)s527)
has been shown to crystallize as black prisms with
the same donor molecule packing type as the HCP?~
salt (see above) and an approximate stoichiometry
of (BEDO-TTF)s(HCDAH).1*1192 The room-tempera-
ture resistivity is in the range 0.06—9.6 Q cm. The
stoichiometry of this salt has been confirmed by
Raman spectroscopy (see Figure 10), which has
shown that the degree of charge transfer is 1/3.221,222

The stoichiometry of the brownish-green powder
obtained when BEDO-TTF is oxidized electrochemi-
cally in the presence of tetrabutylammonium 1,1,2,3,3-
pentacyanopropenide has been determined by el-
emental analysis to be (BEDO-TTF)s[C3(CN)s]4-
(H20).1%9 No X-ray structural characterization of the
salt has been reported. Assuming a charge of —1 on
the anion, the BEDO-TTF electron-donor molecules
are assigned a charge of +0.5. Conductivity measure-
ments on a compressed pellet indicate that this salt
is metallic down to 16 K, at which point a transition
to an insulating state occurs.

Black, elongated plates of (BEDO-TTF)4(C4Ng)-
(H50);3 (C4Ng>~ = N,N' ,N'"-tricyanoguanidinate) have
been found to contain layers of crystallographically
equivalent BEDO-TTF'%5 cations!'®® which pack in
the common (BEDO-TTF), 4I3 motif,?!® see Figure 9a.
This complex has a room-temperature conductivity
of 11.5 S em ! and exhibits metallic behavior down
to 8 K, where a metal to insulator transition occurs.
The ESR line width decreases nearly linearly from
52.2 G at room temperature to 7.8 G at 4 K, while
the spin susceptibility is nearly constant down to 50
K, consistent with the Pauli paramagnetism expected
for a metallic sample.

Four BEDO-TTF salts with alkoxy tetracyanoallyl
RO-TCA~ (TCA = tetracyanoallyl, R = Me (—CHy3),
Et (—CH.CH3), n-Pr (—CH3CH3>CHj3) and n-Bu (—CHs-
CH,CH,CHj3) anions have been reported.’® As de-
termined by elemental analysis, the stoichiometry of
these salts varies: (BEDO-TTF)y(MeO-TCA),(H20)s,
(BEDO-TTF)y(EtO-TCA), (BEDO-TTF)y(n-PrO-TCA),
and (BEDO-TTF)5(MeO-TCA)o(THF)o5. It is noted
that a preliminary report indicated that the stoichi-
ometry of the EtO-TCA™ salt was (BEDO-TTF)o(EtO-
TCA)(H20)0.75,% but it appears that further analysis
has led to the conclusion that this salt is not solvated.
On the basis of stoichiometry, the average formal
charge on the BEDO-TTF electron-donor molecules
range from +0.4 to +0.5. The room-temperature
conductivity of these salts range from 7 to 100 S cm™!
with metallic behavior observed for all but the n-PrO-
TCA salt. The conductivity measurements for the
n-PrO-TCA and BuO-TCA salts were measured on
compressed pellets where grain boundaries can sig-
nificantly affect the measured resistance, and it is
thus possible the n-PrO-TCA salt could show metallic
behavior if measured on a single crystal. The EtO-
TCA salt has a metal-to-insulator transition near 150
Kbut reverts to a metallic state below 40 K. The only
crystallographically characterized salt in this series
is (BEDO-TTF)o(EtO-TCA), which has been found to
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possess the common (BEDO-TTF); 4I3-type structure.

The cyanomethyltetracyanoallyl anion (hereafter
referred to as CM-TCA), in which the alkoxy sub-
stituent (RO—) of the RO-TCA~ anion has been
replaced with —CH3CN, has also been crystallized
with BEDO-TTF to form black platelike crystals of
(BEDO-TTF)5(CM-TCA)s(acetonitrile)s.'®* This phase
possesses a (BEDO-TTF)q 4I5-type structure and ex-
hibits metallic properties with a room-temperature
conductivity of 50 S em 1.

A similar result was found for the (BEDO-TTF)s-
(DHCP)THF); [DHCP = 2-dicyanomethyl-1,1,3,4,5,5-
hexacyanopentadienediide, C¢(CN)s2~, THF = tet-
rahydrofuran] salt which possesses the same formal
charge of +0.4 on the BEDO-TTF molecules'®* be-
cause DHCP is a dianion. The DHCP salt has a
unique packing of the BEDO-TTF molecules which
can be described as a derivative of the (BEDO-
TTF)q 415 structural type in which the stacking direc-
tion reverses for every fifth BEDO-TTF molecule
within a stack, see Figure 9d. This salt has a room-
temperature conductivity of 100 S ecm™! 292 and is
metallic to 8 K below which temperature a slight
increase in the resistivity is observed which has been
attributed to the weak localization of 2D conduction
electrons resulting from disorder.5? The optical ab-
sorption spectra show three bands with the band at
2700—3000 cm™! attributed to the partial charge-
transfer state and the presence of segregated BEDO-
TTF molecules in the solid state.>?

3.2.2. Oxo Anions

Two BEDO-TTF salts with the triflate (CF3SO37)
anion have been reported.'?® The kinetically favored
phase appears to be x-(BEDO-TTF):CF3SO3, which
crystallizes as regular black plates in a packing motif
that is referred to as ‘¢’ in the ET family. This salt is
the lone example of this packing motif among BEDO-
TTF salts. The crystal structure is characterized by
one crystallographically unique BEDO-TTF molecule
per unit cell which packs as orthogonal dimers (see
Figure 9c) that are separated by layers containing
ordered anions. This phase is isomorphous with one
of the triflate salts of ET, i.e., x-(ET)2CF3S03.36 The
majority phase is the thermodynamically favored
tetrahydrofuran-solvated salt, (BEDO-TTF);CF3S0s-
(THF)o 5, which grows with irregular shape. The poor
quality of these crystals has prevented a full struc-
tural determination, and thus only a unit cell has
been reported. Although both salts have a room-
temperature conductivity of about 100 S ecm™1, the
«-phase salt shows a gradual monotonic decrease in
conductivity upon cooling while the solvated phase
possesses a more rapid decrease near 250 K which
may be the result of a metal to insulator transition.
The room-temperature ESR line width of the «-phase
is about 60 G, while for the solvated derivative it is
about 40 G. For both phases the ESR line widths
decrease monotonically with decreasing temperature,
which is in contrast to that observed for the ET-based
k-(ET);Cu[N(CN)5]Br,?2 «-(ET)2Cu(NCS),,2242%5 and
k-(ET)sCF35S03%¢ salts. The calculated transfer inte-
grals, band electronic structure, and Fermi surface
of the «-salt agree with 2D interactions typically of
this packing motif.
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When the squarate anion (squarate, hereafter
abbreviated as SQA, is C;0427) is electrocrystallized
with BEDO-TTF, black needles of composition (BEDO-
TTF)4(SQA)H0)¢ were formed.'®® The stoichiometry
was determined by a combination of elemental analy-
sis, density measurement, and X-ray structural char-
acterization. The structural characterization was
complicated by a supercell whose corresponding
reflections were too weak for a definite structure
determination. It is clear that the BEDO-TTF mol-
ecules pack in layers along the ac-plane in a pattern
typical of (BEDO-TTF), 45 motif,?'® with ¢ being the
stacking axis. Adjacent molecules in the a—2¢ direc-
tion are nearly coplanar. The terminal hydrogen
atoms of the BEDO-TTF molecules fit into the hollow
sites in the anion layer.'®? Assuming the SQA anion
has charge of —2, the BEDO-TTF molecules are
expected to have an average oxidation state of +0.5,
which has been confirmed by Raman spectros-
copy.?21:222 The HOMO calculated for the BEDO-TTF
molecules in this structure has the same symmetry
as the electron-donor molecules in most ET salts.
While the maximum coefficients for both donor
systems reside on the inner sulfur atoms, the coef-
ficients on the oxygen atoms are notably smaller than
those found on the outer sulfur atoms in ET salts.
As illustrated in Figure 11c, the 2D structure of this
salt is seen in the band electronic structure, which
shows electron-like pockets centered around the B
and Z points and a hole-like pocket centered around
X. This salt has metallic conductivity down to at least
14 K

Elemental analysis has been used to determine the
stoichiometry of the dark green needles obtained
when BEDO-TTF is electrocrystallized in the pres-
ence of tetrabutylammonium picrate (PIC).1%° No
structural characterization of the (BEDO-TTF)s(PIC)s-
(TCE) salt has been reported. Assuming a charge of
—1 on the picrate anion, a charge of +0.5 is assigned
to the BEDO-TTF electron-donor molecules, which
has been confirmed by Raman analysis.??! Single-
crystal conductivity measurements on this salt indi-
cate that it is metallic down to at least 1.4 K.

A salt of composition (BEDO-TTF4")3(TNBP2 ), -
(HTNBP!")s(H20), (H, TNBP = 3,3',5,5'-tetranitro-
biphenyl-4,4'-diol) has been obtained as a brown
powder.'%* This material has a room-temperature
conductivity of 30 S ecm™! and exhibits metallic
behavior. The presence of both the dianion TNBP?~
and the monoanion HTNBP!™ has been confirmed by
the 13C—CP/MAS NMR spectrum, which indicates the
presence of both neutral and ionic phenol groups in
the H,TNBP molecule. On the basis of Raman
spectroscopy, the charge on the BEDO-TTF molecule
has been estimated as +0.4.22! It is noted that the
fully protonated H,TNBP species forms the (BEDO-
TTF)TNBP) charge-transfer salt,'®® the discussion
of which is beyond the scope of this review.

3.3. TMTSF, Tetramethyltetraselenafulvalene
3.3.1. Polycyano Anions

Eleven salts have been reported in which the
TMTSF (tetramethyltetraselenafulvalene) radical cat-
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ion has been crystallized with polycyano organic
anions.??6 Some of their crystal structures were
determined, but basic crystallographic data are not
reported. Each of these materials exhibits semicon-
ductive behavior. The (TMTSF)X (X = tetracyano-2-
azapropenide or TCAP~, and the tetracyanoallyl
(TCA) derivatives hydroxyethyl-TCA~, EtO-TCA-,
Me-TCA~, MeNH-TCA~, and NH,-TCA ™) salts, which
have a 1:1 stoichiometry, lack an optical absorption
band around 4000 cm™!. The stoichiometry of the
PCA~ (pentacyanoallyl) and EtO-TCA~ salts has not
yet been determined but is expected not to be 1:1
because of the presence of the optical band near 4000
cm !, which indicates a mixed valence state. These
latter two materials have only been obtained as
powders with the former possessing a room-temper-
ature resistivity of 14 Q cm. Single, needlelike
crystals of (TMTSF)s(TCA)s have been found to have
a trimerized TMTSF structure (the anion positions
have not been determined), which leads to a rela-
tively high room-temperature resistivity of 1.9 x 10*
Q cm. In addition to the needlelike crystals of
(TMTSF)(HE-TCA) (HE-TCA = hydroxyethoxy-TCA),
a blocklike phase has been crystallized with the
composition (TMTSF),(HE-TCA);. The structure of
this first example of a TMTSF salt with a 4:3
stoichiometry is characterized by segregated columns
of TMTSF electron-donor molecules and disordered
HE-TCA~ anions. The TMTSF columns have both
twisted and ring-over-bond overlap patterns, remi-
niscent of the O-type packing in ET salts. The
(TMTSF)(HCTMM salt possesses a novel layered
structure in which three of the TMTSF molecules,
with a charge of +2/3, construct a column within the
electron-donor layers, and the fourth TMTSF mol-
ecule lies nearly orthogonal to the column and has a
charge of +1. The fractional oxidation state of the
molecules within the column leads to a fairly low
resistivity (7.3 Q cm) and the presence of an optical
absorption near 4000 cm ™.

The TMTSF complex with the DHCP?~ anion
[DHCP = 2-dicyanomethyl-1,1,3,4,5,5-hexacyanopen-
tadienediide, C4(CN)s?"] has been reported without
much structural detail.?> Brown platelike crystals of
this material exhibit low conductivity (orr = 107° S
ecm™1). Optical absorption bands are observed at 8800
and 14 900 ecm™!; the former is ascribed to the
transition between the donor cation radical molecules
within segregated columns. The lack of a band in the
3400—4100 cm™! region is consistent with the lack
of partially oxidized TMTSF molecules and the
resulting poor conductivity. Attempts to grow crystals
of TMTSF with HCDAH?™ (hexacyanodiazahexadi-
ene, N3[Co(CN)s]227) have so far been unsuccessful. 19!

3.3.2. Phenolate Anions

Black platelike crystals of (TMTSF)(TNBP) (Hs-
TNBP = 3,3',5,5'-tetranitro-4,4'-biphenyldiol) were
grown by electrocrystallization.'$® Structurally, this
salt is characterized by one-dimensional columns of
TMTSF which are separated by the TNBP2~ anions
(basic crystallographic data are missing from the
report). A calculation of the overlap integrals indi-
cates that a weak dimerization is present in the
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TMTSF columns. A strong absorption band at 9—11
x 10% em™! is assigned to an electronic transition
between fully ionized molecules, but a shoulder at
3.5 x 103 em™! suggests the presence of some frac-
tionally charged TMTSF molecules. Thus, it has been
speculated that the charge on the TMTSF is slightly
less than +1 and the anion layer contains a mixture
of the TNBP?~ dianion and the HTNBP~ monoanion.
Support for this assumption is given by the 3C—CP/
MAS NMR spectra, which indicate the presence of
both neutral and ionic phenol groups.'%4 Thus, a more
exact chemical formula for this salt is given by
(TMTSFI~2%),(TNBP2");_(HTNBP'), (0 < x < 1).
(TMTSF)o(TNBP) exhibits semiconductive behavior
with a room-temperature conductivity of ogr = 3 x
1073 S em™! and an activation energy of 170 meV.
This crystalline phase can be identified by its room-
temperature ESR line width of 40 G, which is much
narrower than most other TMTSFyX salts. Two
additional types of black crystals in the TMTSEF/
TNBP system have been identified by their morphol-
ogies: blocky and needlelike.!%* The blocky crystals
have a room-temperature conductivity of 1 x 1072 S
cm™!, while the needles have a room-temperature
conductivity of less than 1078 S em™!. Additional
details about these phases are not available.

3.3.3. Sulfonate Anions

The (TMTSF)2CF3SO; salt is isomorphous to the
(TMTSF):X (X = NOs~, ClO4~, PFg, etc.) series of
salts but possesses an expanded unit cell due to the
larger size of the anion.%6227 The anion is disordered
over two conformations in which the —CF3 and —SO;
groups are interchanged. No physical properties have
been reported for this salt.

3.4. TMTTF, Tetramethyltetrathiafulvalene

3.4.1. Phenolate Anions

Thin black needlelike crystals of (TMTTF)s-
(CsH3N30g) (CeHoN3Og = trinitroresorcinate, com-
monly called styphnate) were grown through elec-
trochemical methods.6?28 The crystal structure is
characterized as one-dimensional stacks of TMTTF
molecules which are surrounded by four chains of
trinitroresorcinate anions. The three crystallographi-
cally independent TMTTF molecules that reside in
the structure pack in an A—B—A—C pattern. An
analysis of the calculated HOMO levels of these
electron-donor molecules suggests an approximate
charge distribution of C*, A*¥3 and B™Y3. This salt
possesses a room-temperature conductivity of 2 x
1073 S em ™! and two semiconductive regimes with
activation energies of 0.12 (280—400 K) and 0.094 eV
(200—280 K).1%6 Electronic band structure calcula-
tions confirm that this salt is a one-dimensional
semiconductor. A sharp decrease in the conductivity
near 280 K has been attributed to a structural
change, although a crystal structure determination
at 110 K reveals a structure very similar to that
observed at room temperature, and no clear reason
for this discontinuity has been presented. However,
the calculated energy gap decreases by 18% between
room temperature and 110 K, which is consistent
with the observed 21% decrease in activation energy.
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While only a black powder of (TMTTF)(TNBP) (Ho-
TNBP = 3,3',5,5'-tetranitro-4,4'-biphenyldiol) could
be obtained through electrochemical methods, black
rodlike single crystals of this salt were obtained
through gradual oxidation of TMTTF in acetonitrile
by H2Os (6 days) or air (30 days) in the presence of
H,TNBP.165 Structurally, (TMTTF)2(TNBP) is quite
similar to the analogous TMTSF salt (see above) as
far as it is possible to discern in the absence of
crystallographic detail. An analysis of calculated
overlap integrals indicates a stronger dimerization
in the TMTTF salt, which explains the lower con-
ductivity (1 x 1077 S em™!) and higher activation
energy (250 meV). A strong absorption band in the
9—11 x 10 em™! region is assigned to an electronic
transition between fully ionized molecules, and no
bands are observed below 5000 ¢cm™!, which would
result from partially oxidized TMTTF molecules.

Black platelike crystals of (TMTTF);HCNAL (Hs-
CNAL is 2,5-dicyano-3,6-dihydroxy-1,4-benzoquinone
or cyananilic acid) were obtained by diffusion of
TMTTF and H;CNAL from opposite arms of an
H-tube.'®® As identified by the X-ray crystal structure
analysis, this salt contains the anion formed by the
mono-deprotonation of HoCNAL. The crystal struc-
ture of this salt is characterized by segregated stacks
of dimerized TMTTF molecules which have been
assigned an ionicity of +0.4 and +0.6 based on a
bond-length analysis,'®” which is in agreement with
the observed stoichiometry. Semiconductive behavior
is observed in (TMTTF);HCNAL with a room-tem-
perature resistivity of 31 Q em and an activation
energy of 52 meV. An optical absorption near 5000
cm ! has been assigned to a charge-transfer transi-
tion between the neutral state and the cation radical
state within the dimeric TMTTF unit. The temper-
ature dependence of the static magnetic susceptibility
possesses a broad maximum near 270 K which is a
result of the one-dimensional antiferromagnetic S =
1/2 interactions. Various other electron-donor mol-
ecules have been examined with the HCNAL!™ anion
but have not been characterized.??°

3.4.2. Sulfonate Anions

The soluble precursor compound (TMTTF)CF35SO3
has been prepared by a novel chemical oxidation
procedure through the use of (diacetoxyiodo)benzene
in the presence of triflic acid.'®® Single crystals of the
partially oxidized (TMTTF):CF3SO3 salt were sub-
sequently prepared through reaction of the precursor
1:1 complex and neutral TMTTF. The crystal struc-
ture!® of (TMTTF).CF3S03 is comprised of layers of
TMTTF'0% cation radicals arranged in a packing
motif similar to that observed in the 5-(ET).X salts.™
The CF3SO;3™ anions are disordered at room temper-
ature.!®®

The (TMTTF)(tosylate) salt has been prepared
through chemical oxidation by adding equimolar
amounts of (hydroxytosyloxyiodo)benzene and p-
toluenesulfonic acid to a solution of TMTTF.1%5 The
electronic absorption spectra were characteristic of
stoichiometric radical cation salts of TMTTF, but no
additional physical characterization was reported.
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3.4.3. Polycyano Anions

A poorly characterized TMTTF complex with the
DHCP?™ anion has been reported.??> The insulating
material (orr = 1077 S em™!) forms as black platelike
crystals. Optical absorption bands at 11 500 and
17 200 cm ! have been observed, where the former
is ascribed to the transition between the donor cation
radical molecules within segregated columns. The
lack of a band in the 3400—4100 cm™! region is
consistent with the lack of partially oxidized TMTTF
molecules and the resulting poor conductivity. At-
tempts to grow crystals of TMTTF with HCDAH?~
(HCDAH = hexacyanodiazahexadiene, No[Co(CN)3]2?7)
have so far yielded uncharacterized powders.!®!

3.5. TTF, Tetrathiafulvalene
3.5.1. Sulfonate Anions

A black powder of (TTF)(tsfa) (tsfa = TEMPO—
NHSO;~, TEMPO = 2,2,6,6-tetramethylpiperidinyl-
N-oxy) was obtained by combining acetone solutions
of (TTF)3(BF )2 and (PPhy)(tsfa).!5* Transparent plate-
like single crystals of (TTF)(tsfa) were obtained by
allowing these combined solutions to stand in a
refrigerator for an extended period of time.!%® The
crystal structure is characterized by centrosymmetric
TTF dimer units which are separated by the sulfa-
mate groups of two tsfa anions. No contacts between
TTF dimers are present. Magnetic measurements
indicate that this salt follows Curie—Weiss behavior
with C = 0.360 emu K mol™! and 0 = —0.52 K,
suggesting the presence of a radical spin on the
TEMPO component and the absence of spin on the
TTF site. This picture is consistent with the high
experimental resistivity (> 10% Q ¢m). The ESR line
width is 11.5 G at room temperature, while the
g-value (2.0076) is close to that observed for the
PPh," salt, suggesting that the ESR signal is mainly
from the anion.’? The related (TTF)(TEMPO—-0S0;)
salt was obtained by a similar procedure but not
further characterized.!®*

While attempting to crystallize an organic, mag-
netic, conducting salt of TTF with the 2,2,6,6-tetram-
ethylpiperidinyloxy-4-hydroxy-4-sulfonate anion by a
metathesis reaction between (TTF)3(BF,), and the
PPh,* salt of this sulfonate anion, the (TTF)(4-oxo-
2,2,6,6-tetramethylpiperidin-1-sulfate) salt formed.?%°
The crystal structure of this salt consists of planar,
dimerized TTF cations arranged in a stair-like stack.
No physical properties have been reported.

A powder sample of (TTF)(tosylate) has been grown
by electrocrystallization.?® The room-temperature
conductivity of a compressed pellet was reported to
be about 1 S em™!, although a more recent result
indicates that the conductivity is vastly lower (2 x
106 S em™1).28! Since these salts were not fully
characterized, it is possible that two different phases
are responsible for this discrepancy. A salt of the
same composition has been prepared through chemi-
cal oxidation by adding equimolar amounts of (hy-
droxytosyloxyiodo)benzene and p-toluenesulfonic acid
to a solution of TTF, although again no additional
characterization has been reported.!®®
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A novel chemical oxidation procedure in which TTF
is oxidized by (diacetoxyiodo)benzene in the presence
of triflic acid has been used to prepare (TTF)CF3SOs-
(H20)05.19% Although the crystal structure of this salt
has been determined, its physical properties have not
been reported. This salt is highly soluble in solvents
such as acetonitrile and dichloromethane, making it
a suitable precursor for metathesis reactions for the
crystallization of TTF with various other anions.

Crystals of (TTF)(OSO3;OMe) were prepared by
electrocrystallization.?? When crystals were grown
galvanostatically, single crystals were obtained with
a room-temperature conductivity of 8.2 S cm™!,
although more recent results indicate that this
conductivity may be as high as 59 S em™1.231 Poten-
tiostatic growth resulted in a polycrystalline material
which gave a compressed pellet conductivity of 5.1
x 1078 Sem™1.

3.5.2. Carboxylate Anions

A novel salt, (TTF);[TTF(COsH)5(COs)s], in which
both the cation and anion possess the TTF framework
has recently been prepared by electrocrystalliza-
tion.2! Because TTF(CO2H)2(CO3)2?~ is a dianion, the
oxidation state of TTF in this salt is +1, consistent
with a bond-length analysis.?33 The crystal structure
is constructed of columns consisting of alternating
dimerized (TTF"); and TTF(COsH)3(COs)9?~ units.
The integrated stacking of this salt leads to semi-
conducting properties (£, = 0.10 eV) with a low room-
temperature conductivity of 107° S em™!. An optical
absorption band is observed at A = 750 nm which is
attributed to the (TTF")s dimer. A salt of composition
(TTF)s[TTEF(CO2H)2(CO2)2] has been obtained as a
dark brown powder in some electrocrystallization
experiments. The fact that this material has an
optical absorption at A = 2500 nm, indicating a mixed
valence state, suggests that it may have an increased
conductivity, but no further characterization has been
reported.

Black, needlelike single crystals of (TTF)(ace-
tate)o.7, (TTF)(maleate),, and (TTF)(fumarate) o5 have
been grown by electrocrystallization.??® The room-
temperature conductivities of these complexes are 3,
0.02, and 0.002 S cm™!, respectively. No additional
characterization of these salts has been reported.
More recently, TTF salts of hydrogenfumarate (HOs-
CCH=CHCOy") and hydrogenoxalate (HO;CCOz")
have also been grown by electrocrystallization, but
no stoichiometry, structural analysis, or physical
properties have been reported.”

3.5.3. Polycyano Anions

Black, blocky crystals of (TTF);(DHCP)(CH3CN)
were prepared by the metathesis method whereby
acetonitrile solutions of (TTF)3(BF4): and (TEA)-
(DHCP) were combined.??2%2 The crystal structure
contains two crystallographically independent TTF*
molecules (A and B). Dimers of the TTF* (A) cations
form columns, which are separated from TTF* (B)
cations by neutral acetonitrile solvent molecules.
Parallel to the long molecular axis of TTF* (A), the
segregated TTF* (A) stacks are separated by a bis-
(dicyanomethyl)methylide group of the anion. The
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remainder of the anion forms alternating ADDA (A
=DHCP, D = TTF) stacks with TTF* (B). Consistent
with the crystal structure, this salt is an electrical
insulator with a room-temperature conductivity of
1077 S em™!. Optical bands are observed at 12 300
and 19 200 cm™!; the former band is attributed to an
optical transition between the donor cation radicals
within the segregated columns. The lack of an
absorption band in the 3400—4100 cm™! region,
associated with segregated columns of partially oxi-
dized TTF molecules, is consistent with the insulat-
ing state of this salt.

Black blocky crystals of (TTF):(HCDAH)(CH3CN)
were prepared by electrocrystallization.’®® The
crystal structure is two-dimensional in nature with
(TTF*")2(CH3CN) layers alternating with HCDAH?~
layers. A bond-length analysis indicates that the
oxidation state of the TTF molecules is +1. The TTF*"
molecules are dimerized and isolated by disordered
solvent molecules. Although no physical properties
were reported, based on the oxidation state of TTF
and the crystal packing, it is anticipated that this
salt is nonmetallic.

The (TTF):(HCP) salt was prepared as a black
microcrystalline powder by the metathesis reaction
of (TBA);(HCP) or (TBA)(HCP) with (TTF)C1.23¢ A
compressed pellet of this material had a resistivity
of 1 Q cm. No further characterization has been
reported.

3.5.4. Squarate and Phenolate Anions

Thin, long black needles of (TTF)(SQA), were
grown by electrocrystallization, but their quality was
not sufficient for structural determination by single-
crystal X-ray diffraction.??> On the basis of electro-
chemical evidence, this material is believed to contain
TTF" and SQA*~ radicals along with neutral TTF
molecules. The complex ESR signal is probably a
result of a superposition of the resonances of the
TTF*" and SQA*~ radicals. The UV—vis—NIR spectra
of this salt have an absorption at 800 nm (attributed
to charge transfer between TTF*" molecules) and a
broad band extending into the near-IR (1 = 1000 nm)
(attributed to charge transfer between partially
oxidized TTF molecules). The conductivity, deter-
mined by impedance spectroscopy, indicated semi-
conducting behavior with an activation energy of 0.64
eV and a room-temperature conductivity of 8000 Q
cm. This semiconductive behavior was confirmed by
infrared spectroscopy, which also indicates that the
TTF molecules are arranged in stacks.

Black crystals of (TTF)(CA)o5(eaH4sCA)o5 (H2CA =
chloranilic acid, .,qH4CA = reduced form of HyCA)
were grown from an acetonitrile solution containing
TTF and chloranilic acid.?’® During the crystallization
process a proton-coupled electron transfer occurs
which results in the formation of chloranilate dian-
ions and neutral hydrogenated chloranilic acid. In the
crystal structure these molecular units form alter-
nating hydrogen-bound chains which link together
dimerized TTF*! cations. The physical properties of
this salt have not been reported, but based on the
crystal structure and oxidation state of TTF, it is
anticipated that this material would be a poor
electrical conductor.
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Microcrystalline samples of several TTF complexes
with oxonol dyes have been prepared by electrocrys-
tallization.?3¢ The stoichiometry of the crystallites is
not well known, and there are probable defects from
unknown oxidation products. While the solution EPR
spectrum of these complexes shows the expected
isotropic quintet signal of TTF**, the solid-state EPR
spectrum is broadened by the high concentration of
radicals. The room-temperature conductivities of
these materials range from 7.6 x 107 t0 9.8 x 107
S ecm™!. The dc conductance dominates the dielectric
response, and semiconducting behavior has been
observed with an activation energy of 0.19 eV.237

3.5.5. Cyclopentadienide Anions

Black platelets of (TTF)3(PMC); were prepared by
reaction of TTF with Ag(PMC) [PMC = pentakis-
(methoxycarbonyl)cyclopentadieniide] in hot aceto-
nitrile.2* Three crystallographically unique TTF
molecules are present in the crystal structure. On the
basis of a bond-length analysis, molecules A and B
are fully ionic (TTF*!) while C is nearly neutral. The
crystal structure is characterized by weakly alternat-
ing stacks of (TTF)s™ (AC) cationic dimers and TTF*!
(B) cations. These TTF columns form two-dimen-
sional layers. In adjacent layers, the TTF stacking
axes are orthogonal, forming a square grid. Single-
crystal conductivity measurements, carried out along
the two in-plane stacking axes as well as perpen-
dicular to these planes, indicate semiconductive
behavior. The room-temperature conductivity ranges
from 1.5 x 107% (in plane) to 4.1 x 1077 S em™!
(perpendicular to planes). Within the conducting
planes, the conductivity anisotropy is 3.5. Weak
triplet exciton signals are observed in the ESR
spectra, consistent with the presence of neighboring
localized TTF*" radicals within the stack.

3.5.6. Tetraazafulvalenediide Anions

A fine reddish brown powder of (TTF)s(TCTAF)-
(CHyCly) (TCTAF = tetracyano-1,1',3,3'-tetraazaful-
valene) was obtained by electrocrystallization.?38 A
brown powder sample of (TTF);(TBTAF)(CHCl;)
(TBTAF = tetrabromo-1,1',3,3'-tetraazafulvalene) was
obtained by combination of chloroform solutions of
TTF and TBTAF. Although the formal charge on the
TTF molecules in these salts would be estimated at
+0.67 from the stoichiometry, the optical spectrum
indicates that the salt may consist of two TTF"
cations and one neutral TTF molecule per unit cell.
Both salts are semiconductors: (TTF)3(TCTAF)(CHo-
Cly) has a room-temperature resistivity of 230 Q cm
and an activation energy of 0.18 eV, while similar
values are reported for (TTF)s(TBTAF)(CHCl;3) (orr
= 1200 Q cm, E, = 0.08 eV). Although these conduc-
tivity measurements were performed on compressed
powders, it was believed that the semiconductive
behavior is intrinsic to the sample and not a result
of intergrain transport. The room-temperature ESR
line width for the TCTAF salt is 12 G, while for the
TBTAF analogue it is 13 G. For both salts the ESR
line width is nearly constant down to 133 K, and the
signal intensity is Curie paramagnetic in nature.
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3.5.7. Organometallic Anions

Black needles of (TTF)[Au(CgF'5)Cl] and (TTF)[Au-
(CeF3Hy)2Cly] salts have been prepared by the elec-
trocrystallization technique.?°®¢ The room-tempera-
ture conductivity of both materials, measured on
compacted pellets, is on the order of 107 S cm™!. The
ESR line width of (TTF)[Au(CsF5)Cl] decreases from
10 G at room temperature to 6 G at 77 K, while for
(TTF)[Au(CgF3Hg)2Clg] only the room-temperature
line width (10 G) has been reported. Black prisms of
(TTF)2Au(CgF5)2 have also been grow by electrocrys-
tallization and found to have a room-temperature
conductivity of 3 S cm™!, although no further char-
acterization was reported.?%?

3.6. OMTTF, Octamethylenetetrathiafulvalene

Diffusion of solutions of HoCNAL and OMTTF in
an H-tube yielded black platelike single crystals of
(OMTTF)3;(HCNAL),.205 These results indicate that
under these conditions the cyananilic acid was mono-
deprotonated as the OMTTF was oxidized. The
crystal structure consists of OMTTF trimers in which
the central molecule is nearly planar while the outer
molecules are warped by about 10° at the central C=
C bond. On the basis of a bond-length analysis, the
OMTTF molecules appear to be oxidized to the +1
state, although the ionicity has been suggested to be
+2/3 based on the stoichiometry. Raman spectroscopy
supports the ionic nature of OMTTF. The anions are
arranged in hydrogen-bonded uniform chains in
which the molecular planes of adjacent anions are
normal to each other. In agreement with the struc-
tural features, a very low conductivity of 3 x 1078 S
cm~! was measured.

Attempts to grow crystals of OMTTF with
HCDAH?~ (HCDAH = hexacyanodiazahexadiene,
N3 [Co(CN)sl2?7) have so far yielded uncharacterized
powders. 191

3.7. TTFPh,, 3,4'-Diphenyltetrathiafulvalene

Dark brown or black needlelike crystals of
(TTFPhg)2[Au(CeF'5)2] have been prepared by electro-
crystallization.206.239 The crystal structure of this salt
is characterized by stacks of TTFPh, radical cations.
The two crystallographically unique TTFPhy mol-
ecules, which alternate within the stack, are not
parallel to each other, and their bond lengths are
sufficiently different to suggest that their partial
charges are not the same. This complex has a room-
temperature conductivity of 1.5 S em™! and exhibits
semiconductive behavior with an activation energy
of 0.13 eV down to 200 K. Below this temperature
the activation energy gradually decreases to 12 meV
at 77 K. The room-temperature ESR line width is 30
G, which decreases to 20 G at 77 K.

Black microcrystals of (TTFPhg)[Au(CgF5)2] have
been reported to have a ESR line width at room
temperature of 5 G and a powder conductivity of 1.5
x 1076 S em™1.296 Two TTFPh; salts with organoau-
rate(III) anions have been prepared.2’¢ (TTFPhy)q -
[Au(CgF'5)2Cly] has a compressed powder conductivity
of 2 x 107* S em™! and an ESR line width which
decreases from 7 G at room temperature to 1 G at
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77 K. The (TTFPhy)[Au(CsF'5)oIs] salt is about an
order of magnitude more conductive (1 x 103 Sem™1)
and has a room-temperature ESR line width of 5 G.

3.8. EDT-TTF, Ethylenedithiotetrathiafulvalene
3.8.1. Oxy Anions

Single crystals of the molecular conductor (EDT-
TTF);(HSQA)(H2SQA) (H2SQA = squaric acid) have
been prepared.?*° The crystal structure (no crystal-
lographic detail given) is characterized by one-
dimensional stacks of EDT-TTF molecules which are
arranged as alternating dimer and monomer units.
Similar bond lengths in both the dimer and monomer
units indicate that the oxidation state is similar in
all EDT-TTF molecules. Band electronic structure
calculations indicate that this salt possesses a two-
dimensional Fermi surface. The room-temperature
resistivity is 5 Q cm. Semiconducting properties have
been observed in both electrical conductivity (E, =
740 K) and thermopower measurements.

3.8.2. Polycyano Anions

Black platelike crystals of a complex of EDT-TTF
with DHCP?~ [DHCP = 2-dicyanomethyl-1,1,3,4,5,5-
hexacyanopentadienediide, C4(CN)s?~] have been pre-
pared by electrocrystallization.?>2°2 These crystals
have a high room-temperature conductivity of 100 S
cm 1292 and an optical band near 3900 ¢cm ™! which
has been attributed to partially oxidized EDT-TTF
molecules arranged in a segregated manner.’? An
optical absorption at 13 900 cm™! is ascribed to an
intramolecular transition. No structural or stoichio-
metric information is known.

3.9. EDTMe-TTF,
Ethylenedithio-methyl-tetrathiafulvalene

Single crystals of (EDTMe-TTF)x(SQA)(H2SQA):
have been prepared.?*! In this structure (no crystal-
lographic detail given) the electron-donor molecules
form two-leg-ladder columns which are separated
from each other by hydrogen-bonded anionic trimers
consisting of one squarate dianion and two neutral
squaric acid molecules. The magnetic susceptibility
of this complex exhibits Curie—Weiss behavior (C =
0.77 emu Kmol 1, 6 = —90 K) down to 120 K. A broad
maximum in the susceptibility is present around 80
K. Over the temperature region 50—120 K the
susceptibility can be fit to a Heisenberg antiferro-
magnetic spin ladder model (with exchange constants
JJ/ks = —30 K along the leg and Jy/kg = —170 K along
the rung of the ladder). Electrically this material is
a semiconductor with a room-temperature conductiv-
ity of 1074 S cm ™! and an activation energy of 340 K.
An unusual time-dependent increase in room-tem-
perature conductivity has been suggested to be a
result of a solid-state chemical reaction initiated by
the applied electrical current.

3.10. EDO-TTF, Ethylenedioxytetrathiafulvalene

Poor quality black needles of an EDO-TTF complex
with HSQA™ have been prepared through galvano-
static electrocrystallization.?*! The crystal structure
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of this salt is not known, but it is metallic to 50 K
and possesses a room-temperature conductivity of 20
S em™1. Below the MI transition an activation energy
(E./kp) of 10 K is observed.

A powder sample of a radical cation salt of EDO-
TTF with the CF3SO3~ anion has been prepared by
anodic oxidation.?*? No structural or physical char-
acterization has yet been reported.

3.11. TMT-TTF,
Tetrakis(thiomethyl)tetrathiafulvalene

The (TMT-TTF)CF3SOj; salt has been prepared by
a novel chemical oxidation procedure through the use
of (diacetoxyiodo)benzene in the presence of triflic
acid.’® The UV—vis—NIR and IR spectra of this salt
have been reported but not discussed. This salt is
highly soluble in solvents such as acetonitrile and
dichloromethane, rendering it a possible precursor
for nonstoichiometric materials. To this end, a non-
stoichiometric (TMT-TTF),CF3SO;3 salt has been re-
ported but not characterized.

3.12. Nucleobase-Functionalized TTF Derivatives

A novel salt containing a nucleobase-functionalized
derivative, (2',3',5'-tri-tert-butyldimethylsiloxylade-
nosine-8-yl)-tetrathiafulvalene, and the HCNAL-"
(cyanilic acid) monoanion had been prepared as a
powder.24® The electronic spectra of this complex
show intramolecular transitions in the 18 000—
25 000 cm ! region, indicating complete charge trans-
fer. Also, on the basis of infrared data, an alternating
stacking motif has been proposed.

3.13. Various Other TTF-Derived Electron Donors
with DHCP 2~

Charge-transfer salts containing the DHCP?™ anion
[2-dicyanomethyl-1,1,3,4,5,5-hexacyanopentadienedi-
ide, C¢(CN)s?"] with several additional fulvalene-
based electron-donor molecules have been prepared
by electrocrystallization.5>22 Two crystalline phases
formed with the BMDT-TTF [BMDT-TTF = bis-
(methylenedithio)tetrathiafulvalene] electron-donor
molecule. The electrically insulating BMDT-TTF
complex forms as brown plates, while a brown wool-
like material has semiconducting properties (ogrr =
0.5 S cecm™ L, E, = 25 meV).2°2 The insulating complex
has an optical intramolecular absorption at 11 300
cm™!, while the semiconducting salt exhibits bands
at 3800 (indicative of segregated electron-donor
molecules in a partially oxidized state) and 8400 cm !
(indicating a degree of charge-transfer greater than
+0.5).52 The BPDT-TTF [BPDT-TTF = bis(propy-
lenedithio)tetrathiafulvalene] analog® grows as black
plates with a room-temperature conductivity of 3 x
1073 S em™! and an activation energy of 70 meV. For
this salt optical bands have been reported at 3600,
13 700, and 17 400 cm ™1, consistent with a partially
oxidized electron-donor molecule and a conducting
system.?? Similar to the BPDT-TTF salt, the BVDT-
TTF [BVDT-TTF = bis(vinylenedithio)tetrathiaful-
valene] derivative, which crystallizes as brown needles,
has a room-temperature conductivity of about 100 S
ecm 1202 gand optical absorptions at 3200, 10 700, and
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16 400 cm™!. Semiconducting black needles of the
BOPDT-TTF [BOPDT-TTF = bis[oxybis(methylene-
thio)]tetrathiafulvalene] derivative have a room-
temperature conductivity of 1 S em™1,2°2 an activation
energy of 50 meV, and optical bands at 4000, 14 300,
and 16 800 cm™1.52 Insulating salts of DHCP?™ were
formed with the HMTTF and TMB electron-donor
molecules. These salts, which exhibited optical bands
at 10 300 and 15 900 (HMTTF) and 8000 and 14 000
cm~! (TMB), lacked a band in the 3400—4100 cm™!
region, consistent with their poor conductivity.??

4. Non-TTF Radical Cations

4.1. Oxidized Pd(dddt) , Cations

Monoanionic M(dddt)e (M = Ni, Pd, and Au;
dddt?~ = 5,6-dihydro-1,4-dithiin-2,3-dithiolate) com-
plexes were first synthesized and studied in the mid-
1980s because of their similarity to M(dmit),~ (dmit
= 1,3-dithiole-2-thione-4,5-dithiolate).244=246 In con-
trast to the latter, which upon oxidation primarily
form M(dmit)®~ (0 < 1), the dddt complexes have
much lower oxidation potentials and readily oxidize
to the neutral form and even to partially oxidized
cations, M(dddt),9.247248 Thus, these constitutional
analogues of the ET electron-donor molecule, with the
metal center replacing the central C=C moiety, can
readily act as electron donors and form salts with a
variety of anions with a range of electrical properties
(the one salt with an organic anion is described
below). Some M(dddt), salts are isostructural with
the corresponding ET salts, with the difference in
conducting properties attributed to the electronic
structures of the electron-donor molecules. For fur-
ther reading on this class of electron-donor com-
plexes, see the review article by Yagubskii.?4?

Thin platelike crystals of the [Pd(dddt)s]oCF3SO3
salt were prepared by electrocrystallization from an
electrolyte solution of (TBA)CF3SO3 and neutral Pd-
(dddt)2.2°7 The crystal structure of this salt is com-
posed of layers of strongly dimerized [Pd(dddt)y] ™05
radical cations separated by CFsSO3;~ anions which
are disordered about a center of symmetry. If the
dimerization is disregarded, the packing motif is
similar to that termed -type in the ET salts.” The
room-temperature conductivity of this complex is
about 1 S em™!, which decreases upon cooling.

4.2. TTM-TTP, 2,5-Bis[4,5-bis(methylthio)-1,3-
dithiol-2-ylidene]-2 —1,3,4,6-tetrathiapentalene

Single crystals of (TTM-TTP)[C(CN)s] were ob-
tained by electrocrystallization.?® The crystal struc-
ture is characterized by uniform stacks of tilted TTM-
TTP molecules in which the tilt direction of the stacks
alternates along the c-axis. This complex has a fairly
high room-temperature conductivity (ogrr = 140—500
S em™1) and is metallic to 70 K. The thermoelectric
power is about —8 uV K1 at room temperature and
is nearly constant within the metallic regime but falls
rapidly below the metal—insulator transition. Static
magnetic measurements indicate a nearly constant
susceptibility, while the ESR spin susceptibility
gradually decreases from room temperature to the
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metal—insulator transition, below which point a
rapid Curie-like increase is observed.?>°

4.3. DIDTPY, 2,7-Diiodo-1,6-dithiapyrene

The electrocrystallization technique was used to
prepare single crystals of the (DIDTPY)[C3(CN)s]-
(THF) (THF = tetrahydrofuran) charge-transfer salt.?*
The crystal structure is characterized by segregated
stacks of dimerized DIDTPY*t radical cations in
which the intradimer and interdimer distances are
3.28 and 3.59 A, respectively. It is proposed that the
dimeric structure is a result of intermolecular I---CN
interaction. The optical absorption bands at 7800 and
17 500 cm™! have been attributed to the inter- and
intramolecular charge-transfer transitions of DIDT-
PY**, respectively. No further physical characteriza-
tion has been reported.

4.4. TTT, Tetrathiatetracene

Eight cation—radical salts of TTT with various
substituted tetracyanoallyl, RO-TCA~ (R = Me, Et,
Pr, and Bu), anions have been prepared by electro-
crystallization.*%210-251 These salts can be classified
into three groups depending on their stoichiometries.
A 3:2 salt [(TTT)3(PrO-TCA).], four 1:1 salts [(TTT)-
(MeO-TCA), (TTT)EtO-TCA)XTHF)y25, (TTT)(PrO-
TCA)(THF )25, and (TTT)(BuO-TCA)], and two 1:2
salts [(TTT)(EtO-TCA)s and (TTT)(PrO-TCA),] have
been obtained (THF = tetrahydrofuran). The average
oxidation states of the TTT molecules are thus +2/3,
+1, and +2. These materials are all semiconducting
with the room-temperature electrical resistivity of
these three classes being 10*—108, 108, and 103 Q cm,
respectively. Each class has a characteristic optical
absorption. The 1:2 salts exhibit a band around
20 000 em ™! which has been assigned to the TTT*2
cation. The 1:1 salts have a band in the 7000 cm™!
region originating from an intermolecular transition
of isolated TTT". The 3:2 salts have additional
absorptions around 14 000 and 3500 cm ™! resulting
from neutral TTT and charge transfer from neutral
TTT to TTT™, respectively. On the basis of a bond-
length analysis, the 3:2 salts contain both neutral
TTT to TTT*. Structurally, the 1:1 salts contain
stacks of dimerized TTT" cations. The 1:2 salts
possess mixed stacks consisting of alternating TTT 2
dications and RO-T'CA~ anions, while the 3:2 salts
are characterized by stacks of TTT™ cations and
neutral TTT molecules.

The powder optical absorption spectra of TTT-
(acetate) has been reported and compared to the
solution spectrum.??

5. Thin Films
5.1. Langmuir —Blodgett Films

Metallic behavior has been observed in thin films
composed of BEDO-TTF and behenic acid (Ca1Hys-
COOH) which were fabricated through the Lang-
muir—Blodgett (LB) technique.??® The room-temper-
ature conductivity was as high as 40 S em™!, and
metallic conductivity persisted down to 14 K. The
infrared spectrum of the film showed the presence
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(BEDT-TTF),[HO,C-CH=CH-CO,]
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Figure 12. Infrared spectra of a thin film of BEDO-TTF
with behenic acid as compared to a powder sample of (ET)e-
[HO,C—CH=CH—CO]. The peaks at 1705 (C=0) and 1390
cm~1 (C—O0) correspond to the hydrogen-bonding carboxy-
late group of C¢;H43COO-+-H:--O0OCCq1Hys. (inset) Expected
molecular organization. (Reprinted with permission from
ref 255. Copyright 2001 American Chemical Society.)
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of a broad charge-transfer band and a series of
vibronic bands which indicate the formation of mixed
valence dimer states of BEDO-TTF. The degree of
charge transfer has been estimated as p = +0.5. As
illustrated in Figure 12, based on the infrared
spectra, the anion has not been positively identified
but is suggested to be a hydrogen-bound dimer of
behenic acid and its conjugate base.?54255 X-ray
diffraction has indicated that the double-layer thick-
ness is about 66 A, consistent with a 24 A layer of
behenic acid separated by a 9 A layer of BEDO-TTF.
The observed pressure vs area (IT/A) isotherms can
be explained by a bilayer model in which the BEDO-
TTF molecules occupy the lower layer while the
behenic acid comprises the upper layer.??6 These films
have been investigated by ESR spectroscopy.?’” Above
50 K the spin susceptibility is nearly constant,
indicating Pauli susceptibility and metallic behavior.
Below this temperature a Curie-like susceptibility is
observed which has been attributed to localization
of electrons resulting from disorder. The room-
temperature ESR line width of about 50 G remains
nearly constant down to 150 K, at which point it
decreases linearly with temperature to 20 G at 10
K. The tilt angle of the long molecular axis of the
BEDO-TTF molecules from the normal has been
determined to be about 30° based on an analysis of
the g-values.

Closely related LB films have been prepared
through the use of behenic acid and the bis(ethyl-
enedioxy)diselenadithiafulvalene (BEDO—STF) elec-
tron-donor molecule.?’* An X-ray diffraction profile
of films with 11 LB layers indicates a layer periodic-
ity of 67 A. Infrared vibronic modes around 2400 and
1300 cm ™! indicate the presence of a partial charge-
transfer state. The room-temperature conductivity of
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a nine-layer film was 19 S ecm™!. Attempts to grow
similar films with the 4,5-ethylenedioxy-4',5"-ethyl-
enedithio-tetrathiafulvalene (EOET-TTF) electron-
donor molecule resulted in poorer quality films with
a weaker charge-transfer band, suggesting the im-
portance of the oxygen atoms in the electron-donor
molecules for film growth. Fifteen-layer films with
an EOET/behenic acid ratio of 2:1 possessed a room-
temperature conductivity of 1 S em™!, while those
with a 1:1 ratio lacked a charge-transfer band in the
infrared and were assumed to be insulating.?56

In a similar manner, LB films were prepared in
which BEDO-TTF was combined with stearic acid
(C17H35COOH), octadecyl phosphonic acid (CisHsr-
PO3Hy), and dicetyl phosphate [(C1gH33)2,PO,].258259
The films which incorporated stearic acid had an
improved conductivity of 80 S cm™! at room temper-
ature and remained metallic down to 100 K.?%° The
exposure of these films to ultraviolet radiation results
in a 105-fold decrease in conductivity due to the loss
of long-range order.26! An analysis of 21-layer films
indicates a logarithmic decrease of the dc conductivity
and a negative transverse magnetoresistance at low
temperature which has been interpreted as a weak
localization of a two-dimensional electronic system
as a result of random potentials resulting from
disorder within the BEDO-TTF layers.?? Analysis of
the infrared spectra of these films indicated that the
anionic species in these films is the stearate anion
(C17H35CO0O"). A detailed study of the formation of
this conducting LB films has been described.??> Small
islands containing mixed valence BEDO-TTF initially
form on the water surface which grow into a homo-
geneous film as the surface area is decreased. The
charge-transfer interaction between BEDO-TTF and
the aliphatic carboxylate anions apparently promotes
film formation, and thus the pH of the subphase has
dramatic effects on the growth process. A lamellar
X-ray diffraction profile has been obtained on a_15-
layer film, indicating a stacking periodicity of 58 A.262
Similar experiments in which the acid was replaced
with an alcohol (docosanol or octadecanol), which is
not susceptible to dissociation, resulted in the forma-
tion of insulating films 258259

Conducting EDT-TTF Langmuir—Blodgett films
have been prepared with octadecanesulfonate (OS)
and stearic acid (SA).253 The best films were prepared
when the SA:OS ratio was between 1 and 2. X-ray
diffraction profiles of the films indicated a lattice
spacing of 46 A, indicating that the alkyl chains are
inclined more than 30° from the surface normal.
Infrared analysis of films of various SA/OS composi-
tions indicate that no charge transfer occurs between
SA and EDT-TTF but that OS induces charge trans-
fer with the formation of a mixed valence state.
Twenty-one-layer films with a SA:OS ratio of 1.0 have
a room-temperature conductivity of 2.6 x 1072S em™!
and exhibit semiconducting behavior with an activa-
tion energy of 54 meV.

5.2. Thin Films on Solid Substrates

Thin films of TTF with mandelate, tartrate, cam-
phorate, and adipate anions have been electrodepos-
ited onto an indium tin oxide coated glass.?%* Appli-
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cation of a potential across the length of a sample
resulted in a change in the visible absorption spec-
trum for salts of the former three anions which lack
a center of symmetry. Such materials have potential
as solid-state electrooptic devices.

6. Concluding Remarks

Fifty years have passed since the initial discovery
of high conductivity in an organic perylene bromide
complex.! The first metallic-like conductivity in a
completely organic compound occurred 30 years ago
with the discovery of TTF-TCNQ.?3 Twenty-five years
ago, the first completely organic radical cation salts
which were prepared by electrocrystallization of TTF
in the presence of anions such as maleate, fumarate,
and tosylate were reported.?3° A series of more than
20 superconducting ET salts which contained the
organometallic M(CF3),~ anions were discovered a
decade ago,®* while even more recently the first
completely organic superconductor 8" -(ET)2SF5CHo-
CF3S03 was discovered.?® Clearly, progress is being
made in this area because of the vast potential for
tailoring crystal structures through the fine-tuning
of both organic anions and electron-donor molecules.
Today over 100 completely organic cation radical
salts are known with a wide range of electrical
(ranging from insulating to superconducting) and
magnetic properties. Progress is also being made as
these salts are being deposited as conducting thin
films which will be a prerequisite for many applica-
tions. Thus, as chemists learn to control solid-state
properties through the engineering of crystal struc-
tures via molecular design, the future appears bright
for the continuing development and occasional sci-
entific breakthough in the field of organic conductors
and superconductors.
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