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New metallic triclinic (1) and monoclinic (2) crystals of the
(BEDT-TTF),AMY(C,0,4)5]G family of organic molecular
conductors have been prepared: a-"pseudo-k"-(BEDT-TTF),-
K, (H30);_,[Ga™(C,04)3]-1,2-CsHyBr, (x = 0.45) (1) and B''-
(BEDT-TTF)4K, (H30);_,[Ga™(C,0,)3]-PhBr (x = 0.33) (2). The
triclinic crystals belong to a quite rare type of bilayered radi-
cal ion salts and contain alternating BEDT-TTF layers with

two distinct packing motifs (¢- and “pseudo-x"). The mono-
clinic crystals contain one kind of BEDT-TTF radical cation
layers. The crystal structure, transport, and magnetotransport
properties of 1 and 2 have been studied. The Shubnikov-
de Haas (SdH) oscillations were found in both phases. The
structure and properties of 1 and 2 are compared with an-
other similar phase with M = Fell,

Introduction

The crystals of radical cation salts based on bis(ethylene-
dithio)tetrathiafulvalene (BEDT-TTF) and its derivatives
have layered structures in which the conducting radical cat-
ion layers alternate with nonconducting charge-compensat-
ing anionic ones. The cationic and anionic layers interact by
forming hydrogen bonds between hydrogen atoms of donor
molecules and the anionic layer components. The shape of
the anion, number, and geometry of the cation—anion con-
tacts determine the packing type of donor layers and there-
fore the conducting properties of the salts. Numerous radi-
cal cation salts with various packing motifs were obtained
for different anions. At the same time, multiple phases can
be prepared with the same anion by changing the synthesis
conditions, as the difference in packing energies of the radi-
cal cations is quite small.l']

Most of the radical cation salts contain one type of con-
ducting-layer packing in the crystal lattice (i.e., mono-
layered salts), whereas only a few possess alternating con-
ducting layers with two different packing types (bilayered
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salts). These salts are of considerable interest with regard
to the study of the mechanism of the interlayer transport
and effects of interaction between layers with different elec-
tronic structures, which can lead to a new ground state. The
first bilayer radical cation salts were (BEDT-TTF)3;(MCly),
(M = Zn and Mn)? and «-(BEDT-TTF),PtCl):
C¢HsCN.P! The latter is a unique salt of BEDT-TTF with
two independent radical cation layers with metallic and
semiconducting properties according to its crystal and elec-
tronic structures.

Now, bilayered radical cation salts based on BEDT-
TTFE,> 12l bis(ethylenedithio)tetraselenafulvalene (BETS),!!3
trimethylene(ethylenedithio)diselenadithiafulvalene (TMET-
STF),l1415] ethylenedioxytetrathiafulvalene (EDO-TTF),!®!
and 2,5-bis(1,3-dithiolan-2-ylidene)-1,3,4,6-tetrathiapenta-
lene (BDH-TTP)!'! with different anions are known. It
should be noted that the first bilayered radical anion salts
based on Ni(dmit), (dmit = 1,3-dithiole-2-thione-4,5-di-
thiolate) have also been synthesized.!'$!

One of the most interesting effects observed in bilayered
systems is the enhancement of the superconducting transi-
tion temperature (7). It was found that 7 in two poly-
morphs with alternating metallic k¥ and insulating o’ layers,
x-a'1-(BEDT-TTF),Ag(CF3)4C,H;Cl; and x-0'»,-(BEDT-
TTF),Ag(CF3),C,H;Cl;, the T, values (9.5 and 11K,
respectively) are considerably higher than that of their third
polymorph that contains conducting layers with only k-type
packing (2.1-5.8 K).[67]

Based on BEDT-TTF and BETS with tetrahedral anions,
the family of isostructural bilayered salts with intriguing
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properties was obtained, 0-(BEDT-TTF),M"Br(solvent)
[M = Hg, Co; solvent = 1,2-C4HX, (X = Cl, Br)[l!?l and
0-(BETS),M"Br,(solvent) [M = Cd, Hg, Co; solvent =
C¢HsX (X = Cl, Br), 1,2-C¢H4Cl,].1"3 The intralayer resis-
tivity of these salts shows metal-like behavior, whereas the
resistivity perpendicular to the layers reveals semiconduct-
ing behavior (see the Microreview by R. N. Lyubovskaya et
al. in this issuel*®!). Note that in the salts with single-type
donor packing, the resistivity behavior is usually the same
in both directions.

The large family of BEDT-TTF-based salts with tris(ox-
alato)metallate  anions (BEDT-TTF),A[M"(C,0,);]G
(MM = Fe, Cr, Ga, Mn, Ru; Al = H;0", NH,*, K*, Rb*;
G is the guest solvent molecule)® 11132 includes a group
of triclinic bilayered salts: five o-B''-(BEDT-TTF);NHy-
[MT(C,04)5]1G salts®?! with M/G = Ga/PhN(CH;)COH,
Ga/PhCH,CN, Fe/PhCOCHj;, Fe/(X)-PhCOH(H)CH; (X
= R/S or S), and o-“pseudo-k”-(BEDT-TTF),H;0-
[Fe(C504)5)1,2-CcH4Br, salt.['%111 All the salts in this fam-
ily have a similar honeycomb-like architecture of the anion
layer with large hexagonal cavities that incorporate different
guest solvent molecules G. The size and shape of these mol-
ecules and conditions of the electrochemical synthesis dic-
tate the crystal symmetry and the packing type of conduct-
ing layers. The superconducting and metallic monoclinic '’
phases!!%19-32] were obtained using the following wet sol-
vents: PhX (X = NO,, Br, F, Cl, CN), 1,2-C4H4Cl,, CsHsN,
dimethylformamide, and their mixtures. In addition, there
are several semiconducting orthorhombic “pseudo-x”
phases,!'%1%-221 which often form together with monoclinic
crystals. The bilayered triclinic salts were obtained with
large, asymmetric guest solvent molecules G. The formation
of two different conducting layers in these crystals is a result
of a nonequivalent arrangement of large solvent molecules
with respect to neighboring donor layers.®-!!] A metal-semi-
conductor transition at approximately 150 K is observed in
the crystals that contain PhnCOH(H)CHj;, whereas other o-
B’ crystals are semiconductors. Unlike o-B'" salts, the o-
“pseudo-k” salt demonstrates a stable metallic behavior
down to liquid helium temperature. X-ray analysis and elec-
tronic band-structure calculations!!!! showed that the met-
allic a layers and semiconducting “pseudo-x” layers alter-
nate in the structure of this salt. At the same time, the band-
structure calculation for a-f’’ salts with nonmetallic behav-
ior showed that both radical cation layers should be met-
allic.®! The reason for the activated conductivity of these
salts is not clear.

Synthesis of new bilayered salts of this family and the
study of structure—properties correlations are essential for
understanding their physical features. As part of our work
in this area, herein we report the synthesis, crystal structure,
transport, and magnetotransport properties of the second
bilayered metallic salt of this family that contains the com-
plex anion [Ga™(C,04)3)*: a-“pseudo-k”-(BEDT-TTF),-
K (H30),_[Ga™(C504)5]:1,2-CcHyBr, (x = 0.45) (1). The
crystal structure and physical properties of the new mono-
clinic salt B’'-(BEDT-TTF),K (H;0); [Ga(C50,4)]
‘PhBr (x = 0.33) (2) are also presented.
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Results and Discussion

The crystals of both phases, a-“pseudo-x” (1) and B’
(2), with common formula (BEDT-TTF),A[Ga(0x);]-G
have a layered structure (Figure 1, a).

(b)

Figure 1. (a) View of the crystal structure 1 along the a axis. (b)
Anion layer in the structure 1. Intermolecular contacts are shown
by dashed lines [corresponding distances: K/O+O 2.82(1)-
3.03(1) A, H-+O 2.44 and 2.64 A, Br-+O 3.17(1) and 3.25(1) A].

Conducting BEDT-TTF layers alternate along the ¢ axis
with complex anion {A*[Ga(0x);]'G} layers, which have a
honeycomb-like arrangement with A* and Ga3* cations lo-
cated in the vertexes of hexagons and connected by oxalate
bridges along the hexagon sides, whereas G solvent mol-
ecules occupy the hexagonal cavities (Figure 1, b). Crystals
1 and 2 differ by lattice symmetry, the composition of A*
and G components, and the inherent structure of both
BEDT-TTF and anionic layers.
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The bilayered single-crystal a-“pseudo-x”-(BEDT-TTF),-
K (H;0),_[Ga(C»0,);]C¢H4Br, (1) has triclinic P1 sym-
metry. The crystal structure (Figure 1, a) consists of two
independent radical cation layers, each composed of four
independent BEDT-TTF molecules and one unique anion
layer with two [Ga(ox);]*~ anions, two mixed A* cations,
and two 1,2-dibromobenzene molecules in the asymmetric
part; all molecules are in general positions (the atomic num-
bering scheme is shown in Figure S1 of the Supporting In-
formation).

In the bilayered crystal 1, o and “pseudo-k” layers are
combined and alternate along the ¢ axis. Within the
“pseudo-x” layer (Figure 2, a) there are four BEDT-TTF
molecules marked as A-D. Among them, A and C partici-
pate in the formation of two independent centrosymmetric
dimers (dark molecules in Figure 2, a) nearly orthogonal to
each other as in classical k¥ phases [the dihedral angle be-
tween A and C is 87.47(6)°]. Interplanar distances are
3.44(1) and 3.47(2) A in dimers A and C, respectively. Be-
tween the dimers, monomeric B and D molecules are lo-
cated. There are many intermolecular contacts of S-S type
in the “pseudo-x” layer. Within the dimers they are equal
to 3.450(4), 3.478(5) A for A and 3.489(4), 3.492(5) A for
C. Between the dimers and monomers they are in the range

(b)

Figure 2. Two BEDT-TTF layers in the crystal 1 with (a) “pseudo-
k” and (b) a packing type.
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3.293(5)-3.699(5) A, whereas between B and D molecules
only one slightly shortened contact of 3.662(5) or
3.668(5) A exists.

The other four radical cations E-H are arranged into the
o layer: E and H units form two independent stacks, and F
and G are alternated in the third stack (Figure 2, b). The
molecular planes in adjacent stacks are inclined by 95-97°
with respect to each other. Interplanar separations along
the stacks are large and nearly uniform: 3.82(6) and
3.87(6) A in stack E, 3.69(5) and 3.72(5) A in stack FG, and
3.76(1) and 3.88(1) A in stack H. All intrastack inter-
molecular S-S contacts in the o layer exceed the sum of
the van der Waals radii of 3.70 A, whereas there are many
interstack S-S contacts in the range of 3.455(5)-
3.696(5) A, which are shown by dashed lines in Figure 2 (b).

Only two molecules in structure 1 (B and F) have com-
pletely ordered terminal ethylene groups in an eclipsed con-
formation at room temperature, whereas in the other six
molecules one or both ethylene groups are disordered be-
tween two sites of different occupancies. Crystal 1 is
twinned at room temperature (the twin operation is a two-
fold rotational axis parallel to a). As a result, the low qual-
ity of the structure (R = 9.5%) does not allow one to ana-
lyze the bond lengths and charge state of the molecules in
detail. The electronic band structure was not calculated for
the same reason. In the previous work,!'!l it was shown that
the “pseudo-x” layer in the analogous bilayered crystal of
the family with M'™' = Fe has clear charge disproportiona-
tion between BEDT-TTF in dimers (+1 charge) and mono-
mers (neutral), and, therefore, can show the activated con-
ductivity only. The same conclusion for the structure of 1
can be made only on the basis of the strong deviation of
BEDT-TTF in the monomeric units from planar conforma-
tion, typical for neutral TTF-based molecules, whereas in
dimers radical cations are essentially flat, which is usual for
positively charged BEDT-TTF radical cations. Since all the
molecules are similarly flattened in the a layer, thus indicat-
ing uniform charge distribution, this layer was assumed to
be responsible for the metallic conductivity of the crystal
with Fe!l, It should be noted that several pure “pseudo-k”
salts of the family are known and all of them possess similar
charge disproportionation in the conducting layer and acti-
vated conductivity.[!0-19-22]

The monolayered crystal B’'-(BEDT-TTF),K (H30), -
[Ga(0x)5]*C¢H;sBr (2) has monoclinic C2/¢ symmetry and
B’’-packing type of the conducting BEDT-TTF layer. The
B’" layer (Figure 3) contains radical cation stacks in which
the normal to molecular plane does not coincide with the
stack direction as in an a-type layer; however, all molecules
in the B'’ layer are parallel to each other. There are two
independent BEDT-TTF radical cations A and B in general
positions (Figure S2 in the Supporting Information). At
room temperature, terminal ethylene groups are ordered in
an eclipsed conformation in molecule A and disordered be-
tween two positions of 0.7/0.3 occupancies in molecule B.
The sequence of the molecules along the stack is
--AABBAABB-+ with interplanar distances of 3.536(4),
3.57(4), and 3.65(1) A for AA, AB, and BB pairs, respec-
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tively. Central C=C bond lengths in the TTF fragment are
1.364(5) A in A and 1.373(5) A in B, which corresponds to
nearly equal charge of 0.5+ on each BEDT-TTF according
to the stoichiometry of the salt. There are a number of
intermolecular S---S contacts between adjacent stacks of
3.324(2)-3.665(2) A and only one slightly shortened intra-
stack S-S contact of 3.646(1) A.

Figure 3. BEDT-TTF layer of the B’'-type in crystal 2.

Hexagonal fragments of the anion layers in structures 1
and 2 are compared in Figure 4. There are several clear dif-
ferences between anion layers in these two phases. First of
all, they show different distribution of right- (A) and left-
handed (A) enantiomers of the chiral [Ga(ox)s]*>~ anion. In
the a-“pseudo-k” phase each anionic layer is racemic and
contains a mixture of enantiomers, whereas in the '’ phase
chiral layers composed of pure right- or pure left-handed
anions alternate. The x values in A*™ = K (H;0),_, were
refined to 0.45 in 1 and 0.33 in 2. The large hexagonal cavi-
ties of the layer are filled by 1,2-dibromobenzene in 1 and
bromobenzene in 2.

(b)

Figure 4. Hexagonal fragments of the anion layer in structures (a)
1 and (b) 2.

The orientation of solvent molecules is not the same in
the two salts. The most important difference is the nonsym-
metrical arrangement of the large C4H4Br, solvent both
within the hexagonal cavity and relatively to the nearest o
and “pseudo-x” BEDT-TTF layers in bilayered salt 1,
which stands in contrast to the symmetrical position of the
smaller CcHsBr solvent near the twofold axis in mono-
layered salt 2. The Br atoms of all solvent molecules in the
structure 1 (see black atoms in Figure 1, a) are directed
towards the a layer and form hydrogen bonds with terminal
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ethylene groups of BEDT-TTF molecules shown by dashed
lines in Figure 1 (a); the corresponding H-+*Br distances are
2.80-2.89 A. Asymmetry of the anion layer is the key
reason for the coexistence in the crystal lattice of two con-
ducting layers with nonequivalent structure and charge dis-
tribution. A comparison of the four different phases of the
(BEDT-TTF),ATM™(0x);]:G family shows that composi-
tion, size, and symmetry of the guest solvent molecule have
a direct influence on the formation of one phase or another
as has been discussed previously.['!]

The temperature dependence of the out-of-plane resis-
tance for the bilayered and monolayered samples are pre-
sented in Figure 5 (a,b). These dependences look very dif-
ferent for the two samples: in Figure 5a, R(7T) has a positive
derivative (i.e., this sample is clearly metallic). The R(7T) de-
pendence, presented in Figure 5 (b), has a negative deriva-
tive at 7' < 200 K and appears semiconductor-like. The in-
set in Figure 5 (b) demonstrates clearly that the growth of
the resistance by a factor of about two in the temperature
region 200-0.5 K is not exponential: the conductivity goes
to the finite value when T tends toward zero (i.e., our sam-
ple is certainly metallic). Here one should take into account
that the negative derivative of the R(7) dependence does
not necessarily mean that the sample is a semiconductor.
The out-of-plane resistance in the layered crystals very
often looks like this because of the specific mechanism of
electron transport across the layers. This statement will be
supported later by the measurements of R(B) dependence,
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Figure 5. Temperature dependences of out-of-plane resistance for
(a) bilayered and (b) monolayered samples. The inset in (b) demon-
strates the temperature dependence of the conductivity ¢ = 1/R for
the monolayered sample.
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which contains the Shubnikov-de Haas oscillation, the ef-
fect of which could not be observed in the nonmetallic sam-
ple.

The magnetoresistance of both samples at low tempera-
ture demonstrates the oscillating behavior as a function of
the magnetic field with a complicated Fourier spectrum of
the Shubnikov—de Haas (SdH) oscillations.

The R(B) dependence for the bilayered sample, presented
in Figure 6, contains oscillations, the amplitude of which,
AR/R, at 0.5 K does not exceed 0.1%. As seen from the
inset in the figure, the oscillations consist of several fre-
quencies: F1 = 57T, F2 = 199 T, and F3 = 240 T. These
frequencies correspond to the cross-sections of the Fermi
surface equal to 5.48Xx 103, 1.91x10"%, and 2.31X
10' cm 2, respectively [i.e., 2.8, 9.8, and 11.8% of the Bril-
louin zone (BZ) area]. According to the energy-spectrum
calculations, the Fermi surface of the o-“pseudo-ik”-
(BEDT-TTF)4(H30)[Fe(C,04);]1,2-C¢H,Br, salt consists
of two pockets that comprise 3.8 and 7.6% of the BZ
area.l'!! Taking into account that the calculations are based
on the room-temperature X-ray data for the crystal with Fe
instead of Ga, the first two experimentally observed cross-
sections agree satisfactorily with the calculated ones. As for
the additional highest frequency, this is close to value F1 +
F2 and could be the result of the interference effect.

94 1 1 1 1 I L 1
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0 200 400 600
84 S ) —
9 10 11 12 13 14 15 16 17
B (T)

Figure 6. The R(B) dependence for the bilayered sample at 7" =
0.5 K. The Fourier spectrum of SdH oscillations is shown in the
inset.

We have also observed the SdH oscillations for the sam-
ple of B"'<(BEDT-TTF),K (H;0), . [Ga"(C,0,4);]-PhBr (x
= (.33) (see Figure 7), which is consistent with the statement
that this salt is a metal.

The temperature dependence of the oscillation amplitude
determines the effective electron cyclotron mass, m,.. Fig-
ure 8 demonstrates the mass plot for the observed Fourier
components of SAH oscillations, from which the cyclotron
mass values 0.38 m/myg and 0.87 m./m, for the correspond-
ing pockets of the Fermi surface were obtained (1, is the
free electron mass). According to the band-structure calcu-
lations for the B’’ crystal of the family with M = Fe and
G = PhCNj 35PhCl 45, the Fermi surface of this family
consists of one-electron and one-hole pockets with the same
area of about 8.4% of BZ at 150 K (i.e., only one frequency
should be observed in the Fourier spectrum of SdH oscilla-
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Figure 7. The R(B) dependence for the monolayered sample at T
= 0.5 K. The Fourier spectrum of SdH oscillations is shown in the
inset.

tions). The highest observed frequency of 237 T corre-
sponds reasonably to the calculated Fermi surface area of
8.4% of BZ. The high-field experiments on the samples of
similar salts with M = Fe and G = DMF9 revealed the
Fourier spectrum of SdH oscillations with the main fre-
quencies F, = 48 T and F, = 241 T, which are very close to
those observed in our experiment.

F=237T
01 m/m,=0.87

05 1.0 1,5 2,0 25 3.0 35 40 45
T (K)

Figure 8. The mass plot for the observed Fourier components of
SdH oscillations for the monolayered sample.

The oscillation amplitude for this sample AR/R = 0.5%
is considerably higher than that for the bilayered one. In the
Fourier spectrum of the oscillations one can find two reli-
ably observed frequencies of 27 and 237 T, which corre-
spond to the cross-sections of the Fermi surface 2.6 X 10'3
and 2.28 X 10" cm 2 (i.e., 1.35 and 11.8% of the BZ area).

Conclusion

New bi- and monolayered radical cation salts (1 and 2,
respectively) that belong to the large family of organic mo-
lecular (super)conductors (BEDT-TTF),ATM"(C,0,);]G
with M = Ga'''; G = 1,2-C¢HyBr»; A = K (H;0)_,, x =
0.45 (1) and M = Ga''; G = PhBr; A = K (H;0),_,, x =
033, (2) have been synthesized, and their crystal structure,
transport, and magnetotransport properties have been in-
vestigated. The bilayered triclinic salt a-“pseudo-x”-
(BEDT-TTF),K (H;0); [Ga'"'(C,04)3]1,2-CsHyBr, (1)
contains two conducting organic layers, which are charac-
terized by different BEDT-TTF packing motifs: “pseudo-k”
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and a layers. The salt is isostructural to another bilayered
member of this family with paramagnetic Fe' (S = 5/2) ion
(instead of diamagnetic Ga''!) in the anion layer.'!l An-
other difference in the compositions of these salts is in the
nature of the singly charged cation (A') involved in the an-
ionic layer: A! = H30 in the Fe salt, whereas A! presents
K.(H5;0),_, in the Ga salt. The latter is possibly associated
with the nature of electrolytes used in the syntheses: NH,*
or K* salts of the corresponding tris(oxalato)metallate.

Electronic band-structure calculations for the bilayered
Fe salt show that the a layer is a strongly two-dimensional
electronic system with uniform intermolecular interactions.
The absence of any nesting in the Fermi surface of the a
layer suggests that this salt should be a stable metal down
to low temperatures. In contrast, the “pseudo-x” layer has
a large gap between the HOMO bands at the Fermi level
and should be associated with an activated conductivity.['!]
The temperature dependences of the resistance for both bi-
layered salts measured in the direction perpendicular to the
conducting layers show metallic behavior, which is quite a
surprise since metallic a layers are separated by three insul-
ating (two anionic layers and one “pseudo-x”-BEDT-TTF)
layers. In contrast to the bilayered Fe salt, the Ga salt con-
tains a diamagnetic anionic layer and is of considerable
interest for further investigations with the goal of detecting
possible effects of interaction between metallic and insulat-
ing BEDT-TTF layers. The bilayered Ga salt is charac-
terized by the metal-like temperature dependence of the re-
sistance, and its magnetoresistance contains the Shubnikov—
de Haas oscillations at magnetic fields above 10 T. The Fou-
rier spectrum of the oscillations consists of several fre-
quencies: F1 = 57T, F2 =199 T, and F3 = 240 T. The first
two frequencies agree satisfactorily with the ones calculated
for the salt with [Fe(ox);]* anions. As for the additional
(highest) frequency, it is close to the value of F1 + F2 and
could be the result of the interference effect.

The monolayered salt 2 belongs to the large group of
monoclinic crystals (C2/c symmetry) of the (BEDT-TTF),Al-
[M™(C,04)5]G family with the B’’ packing of the conduct-
ing BEDT-TTF layer. All superconducting phases of this
family belong to this group and have the following combi-
nations of M/G: Fe(Cr)/PhCN; Fe(Cr,Ga)/PhNO,; Fe/di-
methylformamide; Fe(Cr,Ru)/PhBr. Thus, one could expect
crystals of 2 to exhibit superconducting properties as well.
However, there is no superconducting transition above
0.5 K. The resistance at 7" < 200 K weakly grows (R 4x/
R0k = 2.3) with cooling. Many B’ salts of this family
show similar R(7) dependence, which is associated with the
existence of electronic non-homogeneity in these crystals.’4
However, the ground state is metallic. The metallic state of
2 is supported by the detection of the Shubnikov—de Haas
oscillations of the magnetoresistance detected in the mag-
netic field B > 7 T.

Experimental Section

Synthesis of Starting Materials and Radical Cation Salts: BEDT-
TTF, C¢HsBr, 1,2-C¢HyBr», and 1,2,4-C¢H;Cl; were used as re-
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ceived (Aldrich). 18-Crown-6 (Aldrich) was purified by recrystalli-
zation from acetonitrile and dried under vacuum at 30 °C over
P,0s5. K;3[Ga(C504)3]:5H,0 was synthesized according to the pro-
cedure described in the literature.[*3

Electrocrystallization of the charge-transfer salts was performed in
conventional two-compartment H-shaped cells with Pt wire elec-
trodes at constant current and constant temperature (25 °C). The
exact conditions for the synthesis of each salt are described below.

Synthesis of Crystals o-“pseudo-x”-(BEDT-TTF)K (H;0),_,
[Ga"(C,04)3]'1,2-C¢HyBr, (x = 0.45) (1): K3[Ga(C,04)3]-5H,0
(170 mg) and 18-crown-6 (500 mg) were placed in the cathode com-
partment; BEDT-TTF (20 mg) was placed in the anode one. The
mixture of 1,2-dibromobenzene (20 mL) with 96% ethanol (2 mL)
was used as a solvent and distributed between the two compart-
ments of the cell. The applied current was 0.75 pA. Several crystals
in the form of thick rhombs were collected from the anode after
10 days.

Synthesis of Crystals p'’-(BEDT-TTF)K . (H;0),_[Ga"(C,04);]
PhBr (x = 0.33) (2): K;[Ga(C,0,)3]:5SH,0 (200 mg), 18-crown-6
(400 mg), and BEDT-TTF (13 mg) were placed in the cathode com-
partment. The mixture of 1,2,4-trichlorobenzene (10 mL) and bro-
mobenzene (10 mL) with 96% ethanol (2 mL) was used as a sol-
vent. The obtained solution was distributed between the two com-
partments of the cell. The applied current was 0.6 pA. Many crys-
tals in the form of thick plates were collected from the anode after
3 weeks.

X-ray Structure Analysis: X-ray single-crystal diffraction data were
collected with an Oxford Diffraction Gemini-R diffractometer at
room temperature using Mo-K,, radiation [A(Mo-K,) = 0.71073 A,
graphite monochromator, @ scans]. Data reduction with empirical
absorption correction of experimental intensities (Scale3AbsPack
program) was made with the CrysAlisPro software.[3!

The structures were solved by a direct method followed by Fourier
syntheses and refined by a full-matrix least-squares method in an
anisotropic approximation for all non-hydrogen atoms using the
SHELX-97 programs.[*”) Hydrogen atoms in BEDT-TTF and sol-
vent molecules were placed in idealized positions and refined using
a riding model; Uj,(H) were fixed at 1.2 Ugq(C). The K* cation
and oxygen atom of the H;O" cation were placed in the same posi-
tion within the anion layer and their relative occupancies were re-
fined as a combination of x and (1 — x). Hydrogen atoms in the
hydroxonium H;O™" cations were not located but are included into
chemical formula of compounds 1 and 2. Crystal 1 is twinned by
twofold rotation about the « axis; the twin fraction was refined to
0.412(1).

Crystal Data for 1: Cs;H3;65BroGaK 450155553, M, = 2136.33;
triclinic, PI; T = 293Q2)K; a = 10.243(1), b = 19.714(1), ¢ =
37.053(2) A; a = 86.584(5), = 89.905(6), y = 89.801(6)%; V =
7468.9(9) A3, Z = 4, Deyeq. = 1.900 gem 3 1 = 24.17 cm™!, 20,0x
= 61.6° 68621 reflections measured, 41725 unique reflections (R,
= 0.0537), 21590 reflections with 7>2a([), 1969 parameters re-
fined, R, = 0.0952, wR, = 0.2030, GOF = 1.023.

Crystal Data for 2: Cs,H,oBrGaK;3NO, 67530, M, = 2056.21;
monoclinic, C2/¢; T = 293(2) K; a = 10.3179(7), b = 19.860(2), ¢
= 35.442(3) A, f = 93.457(7)°, V = T249(1) A3, Z = 4, Deyieq. =
1.884 gecm™; 1 = 19.32 cm™!, 20, = 62.7°; 36625 reflections mea-
sured, 10695 unique reflections (R;,; = 0.0 716), 6468 reflections
with I>2a(I), 506 parameters refined, R, = 0.0642, wR, = 0.1345,
GOF = 1.027.

CCDC-983166 (for 1) and -983167 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Conductivity and Magnetotransport Measurements: The transport
and magnetotransport properties of single crystals were measured
using a four-probe technique with a lock-in detector at 20 Hz alter-
nating current 1-10 pA in the temperature range 0.5-300 K in mag-
netic fields up to 17 T. Two contacts were attached to each of two
opposite sample surfaces with conducting graphite paste. By using
these four contacts, we measured the out-of-plane sample resistance
by sending the current perpendicular to the layers and by measur-
ing the voltage between the sample surfaces.

The room-temperature out-of-plane resistivity of the double-lay-
ered sample was about 800 Qcm™'. As for the resistivity of the
monolayered sample, we could not calculate this value reliably be-
cause the shape of the sample was far from the perfect rectangular
plate.

Supporting Information (see footnote on the first page of this arti-
cle): Atom-numbering schemes for structures 1 and 2.
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