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A new organic metal based on the n-donor bis(ethylenedioxy)tetrathiafulvalene, (BEDO-TTF),[C,N¢]-H,O, has been isolated as
the N,N’,N"-tricyanoguanidinate monohydrate salt. The crystal structure indicates strong two-dimensional (2D) behavior in the
BEDO-TTF donor layer demonstrated by the close intermolecular C—H---O, S---S, and S---O contacts. The N,N',N"-
tricyanoguanidinate dianions are puckered and form dimers through hydrogen bonding with two water molecules, resulting in an
infinite sheet of dianions that complement the 2D nature of the BEDO-TTF donor layers. Four-probe resistance, tunnel diode
oscillator, and EPR measurements indicate metallic behavior down to 8 K where a metal-semiconductor transition occurs.
(BEDO-TTF),[C,N¢]-H,O crystallizes in the P1 space group with a=11.9628(2), b=14.1016(2), c=17.0830(2) A o= 81.27(1),

B=7021(1), y=77.04(1), V=2633.39(7) A3, Z=2.

Since the discovery of superconductivity in tetramethyltetra-
selenafulvalene perchlorate, (TMTSF),ClO,,! there has been
interest in developing further examples of organic molecular
conductors and superconductors. Cation-radical salts
based on the donor bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) have been the most fruitful class of materials,
from which over 50 superconductors are currently known.?
Among the BEDT-TTF cation-radical salts, x-(BEDT-
TTF),Cu[N(CN),]Br has the highest ambient pressure super-
conducting transition temperature with T,=11.6 K3 Many
other organic donor molecules have been developed for the
purpose of preparing molecular conductors.? One of
the more interesting is bis(ethylenedioxy)tetrathiafulvalene,
(BEDO-TTF) 1, first prepared by Suzuki et al. in 1989.°
Substitution of sulfur by oxygen in the outer ring of
BEDT-TTF lowers the oxidation potential and increases elec-
tron density on the TTF core, while keeping the size and shape
of the molecule the same.’ There are now many BEDO-TTF
based cation-radical salts including two superconductors.®™°
Interestingly, despite the similar size and shape of the donors,
BEDO-TTF cation-radical salts form with different crystal
packing motifs from those seen with BEDT-TTF.
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Several of the known conducting BEDO-TTF salts form
with organic acceptors or organic anions. Horiuchi recently
reported crystal structures of several new BEDO-TTF cation-
radical salts including four with cyano-rich organic anions.'”
While the monoanion of cyanoform (C,N; ™) forms a 5:2 salt,
the monoanion 1,1,2,3,3-pentacyanopropenide (CgN;s ™) forms
a 2:1, salt and both systems are conducting. BEDO-TTF
forms 4:1 salts with the dianions hexacyanotrimethylene-

methanediide (C;(Ng>~, HCTMM) and tris(dicyanomethy-
lene)cyclopropanediide (C;,Ng>~, HCP). Both of these 4:1
salts are also metallic.

The dianion N,N’,N”-tricyanoguanidinate 2 was recently
described by Subrayan et al. as part of studies into molecules
containing only carbon and nitrogen.!! The dianion 2 has
alternating C—N connectivity with an open chain structure
rather than the cyclic aromatic triazine structure common
among high nitrogen compounds. Subrayan et al. describe a
facile preparation of 2 which can be isolated as the sodium or
potassium salt.!! Considering the novel dianion to be poten-
tially useful as a counterion for preparing cation-radical salts,
we have used 2 in electrocrystallization cells with the
donor BEDO-TTF. The title compound (BEDO-TTF),
[C4Ng]-H,O 3 has been isolated and is a new example
of a BEDO-TTF molecular conductor. (BEDO-TTF),-
[CsNg]1:-H,0 is metallic from room temperature down to 8 K,
below which point the conductivity begins to decrease. Results
of the synthesis, crystal structure, magnetic and transport
properties, and how they compare to other BEDO-TTF salts
are the subjects of this paper.

Experimental details
Materials

BEDO-TTF was synthesized according to the method
described by Suzuki® and recrystallized twice from cyclohexane.
Disodium  N,N’,N’-tricyanoguanidinate  (Na,C4Ng*H,0)
was prepared as previously described and recrystallized
from an ethanol-water (4:1) mixture! 1,4,7,10,13-
Pentaoxacyclopentadecane or 15-crown-5 (C,;,H,,Os, 98%)
was purchased from Aldrich Chemical Co. (Milwaukee, WI).
Methylene chloride (CH,Cl,, 99.9%) and absolute ethanol
(C,HsOH) were purchased from Fisher Scientific (Orlando,
FL). Methylene chloride was dried over P,Os and distilled
before use, while ethanol and 15-crown-5 were used without
further purification.
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Synthesis of (BEDO-TTF),[C,N,]-H,0 3

BEDO-TTF (7.0 mg) was placed in the working arm of a two-
electrode H-cell and dissolved in 30 ml of 9.75 mm disodium
N,N’,N"-tricyanoguanidinate in 15% EtOH-methylene chlor-
ide containing 20 drops of 15-crown-5. A constant current
density of 0.70 A ¢cm ™2 was maintained at room temperature
between the platinum working electrode and counter electrode
that were separated by two glass frits. After a few days
elongated plates of 3 could be seen on the electrode surface
and at the bottom of the H-cell Large (typically
2.5x 1.0 x 0.5 mm?) black plates of 3 were collected after 21 d.

Crystallographic data collection and structure determination

Data for 3 were collected at 173 K on a Siemens SMART
platform equipped with a charge-coupled device (CCD) area
detector and a graphite monochromator utilizing Mo-Ka
radiation (A=0.71073 A). Cell parameters were refined using
8151 reflections. A hemisphere of data (1381 frames) was
collected using the m-scan method (0.3° frame width). The first
50 frames were remeasured at the end of data collection to
monitor instrument and crystal stability (maximum correction
on I was <1%). y-scan absorption corrections were applied
based on the entire data set.

The structure was solved by direct methods in SHELXTL5'?
and refined using full-matrix least-squares analysis. The asym-
metric unit consists of four BEDO-TTF molecules, one
tricyanoguanidinate dianion, and a disordered water molecule
(site occupation factors are 0.49(4) and 0.51(4) for O1 and
O1’, respectively). The H atoms of the partial water molecules
are not disordered. They were obtained from a difference
Fourier map, and their coordinates were refined while their
isotropic thermal parameters were calculated at 1.5 of that of
the O atoms. One end of one of the BEDO-TTF molecules is
disordered with one CH,—CH, unit having a refined occu-
pation factor of 0.59(2) and the other 0.41(2). All non-H atoms
were treated anisotropically, whereas the hydrogen atoms were
calculated in ideal positions and were riding on their respective
carbon atoms. A total of 774 parameters were refined in the
final cycle of refinement using 5824 reflections with I >2a(I)
to yield R14.61% and wR2 of 10.12%, respectively. Refinement
was done using F?. Full crystallographic details, excluding
structure factors, have been deposited at the Cambridge
Crystallographic Data Centre (CCDC). See Information for
Authors, J. Mater. Chem., 1998, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 1145/87.

EPR measurements

Electron paramagnetic resonance (EPR) spectra of 3 were
recorded between 4 and 298 K using a Bruker (Billerica, MA)
ER-200D spectrometer modified with a digital signal channel
and a digital field controller. In addition the spectrometer was
equipped with an Oxford Instruments (Witney, England) ITC
503 temperature controller and ESR 900 cryostat supplied
with an AuFe/chromel thermocouple for temperature depen-
dent studies. A (BEDO-TTF),[C4Ng]:-H,O single crystal
(1.5 x 1.0 x 0.05 mm?) was selected and mounted on a cut edge
of a quartz rod; rotation was achieved using a home-built
goniometer. The sample was first mounted vertically in the
microwave cavity. The 0° and 90° orientations correspond to
the perpendicular and parallel alignments, respectively, of the
crystal ab plane with respect to the static magnetic field. The
sample was also oriented horizontally in the microwave cavity,
with the static magnetic field parallel to the crystal ab plane
and perpendicular to the crystallographic ¢ axis. The tempera-
ture-dependent EPR data were obtained at 9.27 GHz with
100 kHz modulation. Data were collected using a US EPR
(Clarksville, MD) SPEX300 data acquisition program.
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Transport measurements

Temperature dependent (4-298 K) resistivity measurements
were made using a four-probe low-frequency ac technique.
Four gold contacts (~ 3000 A thick) in a linear arrangement
were  deposited on a  single plate-like  crystal
(2.5%0.9 x0.2mm?) of (BEDO-TTF),[C,N¢]-H,O by ther-
mal evaporation, and narrow gauge (0.0127 mm diameter) gold
wires were affixed to the contacts using fast-drying silver paint.
The sample was fastened on to a chip-holder which attaches
to a home-built low temperature dipstick operating from 4.2
to 300 K. A typical run was done by first cooling the sample
to the lowest temperature and collecting data while warming.
Temperature stability obtained in this set-up has been deter-
mined to be+0.5 K or better over the temperature range
measured. Lower temperatures were achieved by using a home-
made dilution refrigerator.

Tunnel diode oscillator (TDO) measurements

The electromagnetic response of 3 was investigated by means
of a simple inductor-capacitor (LC) tank circuit whose response
was driven by a tunnel diode. These types of simple circuits
are often used to search for superconducting transitions.'314
Briefly stated, the change in the frequency, f, of the oscillator
may be approximated by eqn. (1),

Af ;

—= 1

7 GAZL (1)
where Af=f(Tmin)—f(T), fo is the resonant frequency which is
nominally 2 MHz in this case, and G represents sample
geometry factors which are temperature independent.!* The
temperature dependent response is embedded in AA, which is
the change in skin depth of a metal, or penetration depth in
the case of a superconductor.

Results and Discussion
Synthesis and structure of (BEDO-TTF),[C,N4]-H,0 3

The title compound was precipitated from a constant-
current electrocrystallization cell using a low concentration
solution of Na,C,Ng-H,O and 15-crown-5 in a
15% EtOH-methylene chloride solvent mixture. (BEDO-
TTF),[C,Ng]-H,O forms as elongated plates which are shiny
and black. The X-ray structure was determined at 173 K,
and crystallographic data are presented in Table 1. Fig. 1
shows a packing diagram of 3 perpendicular to the long axis
of the BEDO-TTF molecules. The unit cell consists of four
equivalent BEDO-TTFY?* cations, one N,N’,N’-tricyano-
guanidinate dianion, and one water solvent molecule. BEDO-
TTF molecules align side-by-side to form a 2D array within the
ab plane as shown in Fig.2 and 3. As is typical for BEDO-
TTF cation-radical salts, the sheets of BEDO-TTF cations
are separated by sheets of the counterion.

The N,N’,N’-tricyanoguanidinate dianions, 2, form sheets
parallel to the ab plane that separate the donor layers. The
anion sheets accommodate one water solvent molecule per
dianion and the water molecules are disordered. The tricyano-
guanidinate dianions form dimers through hydrogen bonding
with two water molecules as shown in Fig.4. Each water
molecule makes two hydrogen bonds, one to a terminal
nitrogen atom on one dianion and one to a central nitrogen
atom on the other dianion. The dimers pack in the ab plane
forming an infinite sheet. In their original description, Subrayan
et al. point out that 2 is planar with a propeller-like shape.!
In 3, the central CNj; unit is planar with all three N-C-N
angles adding up to 360°; however, the outer portion of each
leg of the propeller is slightly out of the plane. This deviation
causes each dianion to be puckered, and within a dimer unit
one dianion is puckered upward and the other downward.



Table 1 Crystallographic data
(BEDO-TTF),[C4N4]-H,O

and structure refinement for

empirical formula
formula weight
T/K .
wavelength/A
crystal system
space group

unit cell dimensions

V/A3; Z

D,/Mgm 3

absorption coefficient/mm ™
F(000)

crystal size/mm?

0 range for data collection (°)
limiting indices

1

reflections collected
independent reflections
absorption correction
min., max. transmission
refinement method
data/restraints/parameters
goodness-of-fit on F?
Final R indices [I >20(I)]
R indices (all data)
extinction coefficient
largest diff. peak and
hole/e A3

Cas H3y Ng Oy5 Sy

1431.73

173(2)

0.71073

triclinic

P :.

a=11.9628(2) A «=81.268(1)°
b=14.1016(2) A f=70.206(1)"
¢=17.0830(3) A y=77.038(1)°
2633.39(7), 2

1.806

0.737

464

0.34 x 0.30 x 0.04

1.27-25.00

—15<h<14, —18<k<7,
—22<1<22

16658

8946 [Riny=0.0396]
empirical

0.703, 0.977

Full-matrix least-squares on F?
8913/0/774

1.019

R1=0.0461, wR2=0.1012 [5824]
R1=0.0802, wR2=0.1486
0.0021(2)

0.718 and —0.414

Fig. 1 The packing diagram for 3 including both anions and cations.
There are sheets of BEDO-TTF cations separated by layers of
N,N’,N"-tricyanoguanidinate dianions. Hydrogen atoms are omitted
for clarity.

Fig.2 View of the BEDO-TTF cation layer looking down the long
axis of the donor molecule. Numerous S---S, S---O and C—H---O
intermolecular contacts exist between molecules within the donor ion
sheet, giving the material two-dimensional electronic character. The
donor ion packing is the same as the ‘I3’ motif characterized by
Horiuchi.

Fig. 3 A side-by-side arrangement of two BEDO-TTF donor mol-
ecules. Hydrogen atoms are omitted for clarity. Three short S---S
contacts and one S---O contact exist between two molecules. The
intermolecular contact distances are S(3a)-S(42a) 3.315, S(1a)-S(42a)
3.486, S(1a)-S(41a) 3.362 and S(3a)-O(43a) 3.218 A.

Fig. 4 View of the N,N’,N”-tricyanoguanidinate dianion layer. The
C,N¢?~ anions are puckered with a triskelion shape. Dimers of the
C,Ng?~ dianions form through hydrogen bonding with two lattice
water molecules (the H,O molecules are disordered and two positions
are shown for each). The dimers pack in the ab plane resulting in an
infinite two-dimensional layer. (Key for the atoms: crossed circles=
oxygen; dotted circles =nitrogen; open circles =carbon.)

This effect occurs in order to accommodate the hydrogen
bonds between the dianions and the two water molecules. In
addition there are numerous donor—anion interactions present
in 3 via ethylene hydrogen atoms on the BEDO-TTF cations
and the nitrile groups on the anions which contribute to the
puckering of the dianions.

Of the two previously described cation-radical salts with
cyano-based dianions, the title compound is isostructural with
(BEDO-TTF),(HCTMM)-2CH,CICHCL,."° The mode of
cation packing in 3 is commonly seen in BEDO-TTF cation-
radical salts and has been designated the ‘I3” motif by Horiuchi
et al. after the prototype (BEDO-TTF), ,I5.51° Band structure
calculations by Kahlich et al.'® on (BEDO-TTF),ReO, -H,0,
another salt with the ‘I3’ motif, have shown that this packing
motif gives rise to a two-dimensional Fermi surface. The other
cyano-based dianion salt (BEDO-TTF),(HCP)-2C;HsCN is
also metallic but forms with a different packing motif, desig-
nated HCP by Horiuchi.'®
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Fig. 5 The temperature dependence of the resistance for a single crystal
of 3 normalized by its room temperature value 3 (+1) Q. There is a
metal-semiconductor transition at 8 K due to gradual localization of
the conduction electrons.

Transport and magnetic properties of
(BEDO-TTF),[C,N¢]-H,O

The organic donor BEDO-TTF has a strong tendency to form
donor—acceptor complexes and cation-radical salts which exhi-
bit metallic conductivity down to low temperatures
(<20 K).1%17 This tendency to form ‘metals’ is ascribed to the
strong intermolecular interactions normally seen in
BEDO-TTF donor layers that gives rise to wide conduction
bands. Although BEDO-TTF salts are frequently conductors,
the large bandwidths have led to few examples of super-
conductivity.”-°

Conductivity data for 3 are shown in Fig. 5.
(BEDO-TTF),[C4;Ng]-H,O is metallic at room temperature
with 0,95k =11.5 S cm 1. As the temperature is decreased, the
complex remains metallic down to 8 K (ogx=38.5 Scm™)
where an upturn in resistivity occurs indicating the occurrence
of a metal-semiconductor transition. Resistivity data taken
down to 100 mK show the semiconducting behavior persists
with no evidence of a superconducting transition. Low tem-
perature metal-semiconductor transitions have been seen in
numerous other BEDO-TTF cation-radical salts.!® In the case
of 3, the metal-semiconductor transition appears to be due to
a localization of the conduction electrons.

Fig. 6 shows the temperature dependence of the electromag-
netic response of 3 while using the tunnel diode oscillator
(TDO) technique. Near 8.5 (+1) K, the response shows the
onset of a change in the signal. While a similar response is
expected for a metal-superconductor transition, the resistivity
data plotted in Fig. 5 show an increase in resistivity in the
same temperature regime. Therefore, the TDO response is
signaling an increase in skin depth accompanying the increased
resistivity of the sample as the temperature is lowered through
the metal-semiconductor transition.

EPR data were obtained with a single crystal of 3 from 4 to
298 K. The EPR lineshape is Lorentzian at all temperatures,
becoming Dysonian'® below 100 K. The characteristic feature
of the Dysonian lineshape is the asymmetry of the resonance
(Fig. 7) due to skin depth effects.!® All EPR spectra have been
fit to a linear combination of Lorentzian absorption and
dispersion assuming a flat-plate geometry using the methods
outlined by Chapman et al. for magnetic resonance in met-
allic species.?°
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Fig. 6 The temperature dependence of the electromagnetic response
of 3 while using the tunnel diode oscillator technique [see eqn. (1)].
The signal is consistent with 3 experiencing a transition from a state
with a large skin depth (i.e. a poor conductor) at low temperatures to
one with a smaller skin depth (i.e. a better conductor) at higher
temperatures. The arrow indicates the 8.5 (£ 1) K metal-semiconductor
transition temperature.
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Fig. 7 The temperature dependence of the peak-to-peak linewidth for
3 obtained from the absorption component of the EPR spectra.
Representative EPR spectra of 3 at 280 and 4 K, showing the increasing
Dysonian character of the resonance as the temperature is lowered,
are shown in the insets.

Fig. 7 plots the temperature dependence of the EPR line-
width (AH, ) from 4 to 298 K, with the static magnetic field
perpendicular to the ab plane of the crystal (i.e. the crystal
face), determined from the absorption portion of the spectra,
with typical spectra at 280 and 4 K shown as insets.
(BEDO-TTF),[C4Ng]-H,O exhibits a nearly linear decrease
in linewidth from 522 G at 298 K to 7.8 G at 4 K. This
decrease in linewidth as the temperature is lowered is a
common feature of organic metals due to reduced electron—
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Fig. 8 The angular dependence of (O) the g value and (@) the peak-
to-peak linewidth, AH, ,, at 298 K for 3. The directions of the static
magnetic field at 0° and 90° are perpendicular and parallel, respectively,
to the crystal face (i.e. the ab plane).

phonon scattering.?!~2* The integrated area under the EPR
signal for 3 was measured from 4 to 298 K in the same
orientation.?® The integrated area,?® obtained from the absorp-
tion portion of the measured signal and subsequently corrected
for the reduced microwave penetration depth of the sample, is
approximately temperature independent down to ~50K
where an upturn occurs. The relatively constant integrated
area between room temperature and 50 K is consistent with
Pauli paramagnetism observed in metallic species. The inte-
grated area data below 8 K can be fit to a Curie law; however,
the upturn between 50 and 8 K is not Curie-like. In this
temperature regime the increase in the integrated area may be
a sign of localization of the conduction electrons.

The g value for 3 is nearly independent of temperature,
increasing only slightly from 2.011(1) at room temperature to
2.014(1) at 4 K. The angular dependence of the g value and
linewidth were studied at room temperature on a single crystal
and the data are plotted in Fig. 8. In this plot, 0° corresponds
to the crystal face (ab plane) perpendicular to the static
magnetic field while 90° corresponds to the crystal face parallel
to the static magnetic field. For both the linewidth and g value,
one maximum and one minimum are seen near 20° and 110°,
respectively, which are slightly shifted from the crystallographic
axes. A consequence of the low crystal symmetry (i.e. space
group PI) is that the principal molecular axes of the
BEDO-TTF molecules do not correspond with any of the
crystallographic axes. From the crystal structure, the long axis
of the BEDO-TTF cation forms angles of 90, 81.1 and 20.5°
with the a, b and ¢ axes, respectively. The maximum near 20°
corresponds to the static magnetic field parallel to the
BEDO-TTF molecular long axis (the central C=C bond),
while the minimum near 110° corresponds to the static mag-
netic field parallel to the BEDO-TTF short molecular axis.
The principal g values and the axes of the g tensor were
determined by performing a least-squares fitting?’ to eqn. (2),

g2= Z giszin (2)

ij=1
where I; and I; are the direction cosines of the principal (x, y
or z) axes of the BEDO-TTF molecule. The principal g values
are g, =2.004(1), g,y =2.000(1), g(..,=2.014(1) which corre-
spond to the static field parallel to the BEDO-TTF molecular

short axis, perpendicular to the molecular plane, and parallel
to the molecular long axis, respectively.

Conclusion

A new metallic BEDO-TTF cation-radical salt with a
cyano-rich anion, N,N’,N’-tricyanoguanidinate, (BEDO-
TTF),[C,Ng]-H,0, has been synthesized and characterized,
and represents a new material which may be added to the
growing list of BEDO-TTF based organic metals. This cation-
radical salt incorporating the N,N’,N’-tricyanoguanidinate
dianion adopts the °I3° packing motif found in other
BEDO-TTF cation-radical salts.!® The BEDO-TTF donor
molecule network consists of 2D arrays separated by infinite
sheets of N,N’,N"-tricyanoguanidinate dianions which form
dimers through hydrogen bonding with the lattice water
molecules. The title compound is metallic with a room tempera-
ture conductivity of 11.5 Scm ™! and has o,,,, of 38.5 Scm ™!
at 8 K. Below 8 K the salt undergoes a metal-semiconductor
transition. The resistivity was probed down to millikelvin
temperatures, but no signs of a superconducting transition
were found.
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