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A Two-Dimensional Organic Metal Based on Fullerene**
Dmitri V. Konarev,* Salavat S. Khasanov, Akihiro Otsuka, Mitsuhiko Maesato, Gunzi Saito,*

and Rimma N. Lyubovskaya

We report the synthesis and studies of the physical properties
of the first two-dimensional (2D) fullerene organic metal to
have 2D layers with a honeycomb arrangement of Cy ',
(MDABCO")-TPC:(C¢") (1); we employed a multicompo-
nent and molecular symmetry synthetic approach, starting
from the N-methyldiazabicyclooctane cation (MDABCO™)
and triptycene (TPC). Compound 1 is a fascinating example
of a material composed of only light elements (C, H, N) that
exhibits a metallic state down to 1.9 K. Salts of fullerene Cg,
with a number of different inorganic cations have previously
shown metallic or superconducting properties. Among the
fullerene metals, the best known families are MCg salts (M =
K, Rb, Cs), which contain linearly polymerized Cy4~, and
superconducting M;Cq salts (M = alkali metals), obtained by
doping Cg, with alkali metals, which have transition temper-
atures (7,) of up to 38 K.'* As metal cations expand the
three-dimensional (3D) lattice of the initial Cy, framework,
M;Cy, salts exhibit 3D metallic conductivity, whereas MCy,
salts are either 3D (when M =K) or quasi-1D metals (when
M=Rb or Cs). 2D fullerene metals have not yet been
obtained, whilst the various possible ways of modifying M,C,
salts have almost been exhausted. The idea of obtaining
purely organic molecular metals or superconductors from
fullerenes has remained unrealized, despite being considered
for many years. None of the Cg, salts of organic cations have
exhibited metallic properties. The salt (NMe,*)-(Cyy™)-THF, 5
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showed rather high conductivity, yet was a semiconductor.”’
By synthesizing organic molecular crystals from Cq and
organic electron donor molecules, it is possible to produce
conductors with unique structures and properties.

We have developed a multicomponent approach for
synthesizing ionic fullerene compounds that enables the
synthesis of ionic fullerene solids D;"D;Cq ™~ of various
structures.[7) D," is a small, strong donor or cation that
ionizes Cg, and determines its charged state, whereas Dy; is a
large, neutral molecule that defines the crystal packing of the
complex. In order to exhibit metallic properties, the fullerene
sublattice should have a close-packed structure. However,
Cyo'~ radical anions have a strong tendency for dimerization,
and when they are allowed to approach each other they
normally form diamagnetic single-bonded (Cg, "), dimers."”!
In this study, by choosing D;; molecules with suitable spatial
geometry and size, we were able to synthesize a complex with
a close-packed fullerene 2D sublattice in which the Cg~
monomers preferentially form a 2D honeycomb network of
Cq~ rather than undergo dimerization. We expected that
TPC (Figure 1), which forms molecular complexes with
Ceo. "1 would offer a suitable geometrical space and spatial
regulation as the Dy component for Cy ™~ ions in ionic
multicomponent complexes. Indeed, it forms hexagonal
layers with voids that accommodate foreign cations, such as
MDABCO" (D;"), in the first key—keyhole relationship
(Figure 1a). Docking Cg~ into the periodic hollow sites in
the (MDABCO™")-TPC network (second key-keyhole rela-
tionship; Figure 1a,b) leads to hexagonal packing of the
fullerene layers without dimerization of the C4y~ monomers.

We used diffusion to obtain good-quality single crystals of
complex 1, which have a rhombohedral structure at 300 K.
The C4 '~ radical anions (the charged state was confirmed
spectroscopically)!'? formed uniform hexagonal close-packed
layers of two types, A and B, which alternate with the
(MDABCO")-TPC layers along the ¢ axis (Figure 2a). In
type A layers, the Cyy'~ radical anions are ordered and packed
as shown in Figure 1, with the uncharged nitrogen atoms of
the MDABCO™ cations arranged directly above the fullerene
hexagons (Figure 2a,b). Layers of type B show dynamic
disorder of the Cg~ anions at 300 K, with methyl groups of
MDABCO?" cations slightly penetrating into the periodic
hollow sites in the hexagonal packing of disordered Cy,~ ions
(Figure 2a,c).

In both types of layers, each Cg ™ has six fullerene
neighbors with an equal center-to-center distance of
10.073(1) A at 300 K, which decreases to 9.967(1) A at
185 K. In type B layers, the disorder of Cgy~ ions at 300 K
could be described as flipping between three symmetrically
related orientations of Cg~ with 1/3 occupancy for each
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Figure 1. Molecular structures of TPC (D,) and MDABCO" (D,).

a) Crystal structure packing in 1; TPC molecules form a hexagonal
hollow in which the MDABCO™ cation fits. b,c) Two orthogonal views
of D,"D,Cqy~ that show C¢™ molecules docked in the hollow in the
TPC layer in a key—keyhole relationship. Colors: C dark yellow, H pale
blue, N dark blue.

Figure 2. Crystal structure of 1 at 160 K: a) Projection along the [100]
axis. b) Projection of the (MDABCO™)-TPC layer on the Cg, layer A;

c) projection of the (MDABCO™)-TPC layer on the Cg, layer B. At 300 K,
Ceo in layer B and half of the MDABCO™" cations are rotating.
MDABCO™ cations are indicated by the red color. Calculated Fermi
surface of 1 at 160 K in d) layer A and e) layer B.

orientation. At the same temperature, half of the MDABCO™"
cations are disordered between three orientations, linked by
their rotations about the lattice threefold axis. Ordering of the
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orientations of Cg,~ and MDABCO™ was observed once the
temperature dropped below 200 K, followed by a structural
transition into a triclinic unit cell below 183 K, and finally by a
complete ordering of all three component molecules in the
crystal structure at 160 K (Figure 2a). These observations
suggest that the orientation disorder of Cg, is closely linked
with that of MDABCO". The environmental difference
between layers A and B imparts intriguing transport and
magnetic behaviors, as shown below. An abnormal hump in
the graph of specific heat versus temperature between 210
and 180 K was observed; the sharp peak at 198 K (Figure 3a)
may correspond to a freezing of the rotational degrees of
freedom of Cg;~ and MDABCO™. At the structural transition
below 183 K, the center-to-center distances along the [100]
and [110] axes became shorter (9.909(1) and 9.923(1) A,
respectively), while the distance along the [010] axis increased
slightly (10.022(2) A), thus resulting in a slight asymmetry in
the fullerene layers A and B at 160 K.

We calculated the 2D closed Fermi surfaces (FSs) using a
tight-binding method with AMI1 calculations based on the
crystal structures for layer A at 185,200, 240, and 300 K. Point
contact interactions between the spherical Cq,"~ radical anions
led to narrow bandwidths (0.103-0.150 eV). Calculation of
FSs at 160K for both layers (Figure2d,e) showed that
anisotropy in the layers increased below 183 K, but the FSs
retained its 2D character, thus suggesting that the compound
remained metallic at that temperature.

The salt is highly conductive, and showed a metallic
temperature dependence within the ab plane from 360 K
(0.57 Qcm) to 200K (0.07 Qcm), followed by a steep
decrease in resistivity from 200 to 185 K (0.03 Qcm; Fig-
ure 3b). The temperature of this anomaly coincided well with
that of an ordering of the Cyy'~ ions in layer B, thus indicating
that the ordered Cy~ radical anions in layer B start to
participate in metallic transport below 200 K. The resistivity
decreased slowly from 183 down to 160 K and then increased
slightly as the temperature was lowered to 70 K. The
resistivity below 70 K could not be accurately measured
because of a large increase in the contact resistance. It seems
that the structural transition (rhombohedral to triclinic)
interrupts the metallic behavior of the crystal because of an
increase in the anisotropy of the electronic structure and the
formation of twining domains that have three possible
orientations. The interlayer resistivity, which shows almost-
temperature-independent behavior above 200 K, is 10*-10°
times larger than the intralayer resistivity (Figure 3b). The
large anisotropy in resistance reflects the highly 2D nature of
1.

With a microwave electric field oriented parallel to the
conducting fullerene layers, E//ab, the electron paramagnetic
resonance (EPR) spectra of single crystals shows a signal with
g=1.9973 and a linewidth (AH) of 3.33 mT (300 K), which is
ascribed to Cgy'~.[%% 13 The signal has an asymmetric Dysonian
shape that is characteristic of highly conductive materials
(Figure 3¢, inset). Such EPR signals have been previously
observed in 2D organic metals and superconductors that were
based on bis(ethylenedithio)tetrathiafulvalene (ET), such as
[B-(ET),L,]," but here they are observed for the first time in
fullerene-based metals. The asymmetry ratio between the
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Figure 3. a) The specific heat of 1 as a function of temperature; b) the
temperature dependence of intralayer resistivity (o || ab) and the
pllc/p] ab ratio of a single crystal of 1; c) the temperature dependence
of A/B for the Dysonian EPR line from the oriented single crystal (inset
shows the spectrum at 183 K); d) the temperature dependence of the
molar magnetic susceptibility (y/ emumol™) of 1 (closed circles).
Dashed curve fits to y,+ C/(T—0), where 3,=6.5x10"* emumol ',
C=0.160 emuKmol™, and @ =—31 K. Two vertical bars in all the
figures indicate the temperature interval from 200 to 185 K.
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maxima and minima of the absorption derivative (A/B) is 2.4
at 300 K. A/B exhibits an abrupt increase as the temperature
drops below 200 K, reaching a maximum of 4.2 at 183 K
(Figure 3¢), which corresponds well with the increase in
conductivity; the asymmetry ratio then falls to 2.3 at temper-
atures below 183 K. A/B slowly decreases with temperature,
but the Dysonian shape of the EPR signal is still observed,
even at 4 K (A/B=1.64), thus confirming the existence of a
highly conducting state at temperatures down to 4 K.

Magnetic measurements were performed using a SQUID
magnetometer in the 1.9-360 K range for a collection of single
crystals. Over the range 230-360 K, the molar magnetic
susceptibility (x) can be fitted to a combination of the Pauli
and Curie-Weiss terms (yy = yo+ C/(T—©) with a constant
%0=6.5x10"*emumol!, C=0.160 emuKmol™', and &=
—31 K; Figure 3d, dashed curve). The C value of 0.160 emuK
mol ! corresponds to the contribution of about 50 % of the
spins from the total amount of Cg, (C =0.374 emuKmol ™' for
100 % of spins). Considering the presence of different types of
Cy layers in 1, i.e. A and B, it is likely that the spins in one
layer are localized and interact antiferromagnetically with a
© of —31K. The Pauli paramagnetic contribution y, is
attributable to the conducting electrons of another metallic
fullerene layer. A reversible decrease in magnetic suscepti-
bility (yu) is observed at 230-200 K. Below 200 K, the
temperature-independent susceptibility (y',) of about 10.0 x
10~* emumol ' can be attributed to the Pauli paramagnetic
contribution of both metallic fullerene layers, which implies
that 1 has a metallic state down to 1.9 K. The Curie tail at low
temperatures corresponds to a contribution of less than 1.2 %
of spins from the total amount of Cg,. The reversible decrease
in yy at 230-200 K is accompanied by a gradual increase in A/
B (Figure 3¢), followed by an abrupt increase in A/B and
conductivity below 200 K (Figure 3 c,b), which corresponds to
the order—disorder transition of Cg~ in type B layers.
Therefore, the most plausible explanation is that ordering of
Cgo'~ in the type B layers with MDABCO™ triggers a transition
from a nonmetallic and antiferromagnetically frustrated state
to a metallic state in layer B, whilst the ordered C, ~ in
layer A kept its 2D itinerancy over the entire temperature
range. The strong correlation between the ordering of Cy, and
the physical properties of 1 is intriguing, and was previously
observed in some fullerene salts.>*!

To summarize, we synthesized single crystals of the first
fullerene-based 2D organic metal (MDABCO™"-TPC-(Cg,™)
(1) in which fullerene radical anions are closely packed in a
hexagonal 2D array. 1 is the first 2D metal among the
reported fullerene conductors, and it exhibits a metallic state
down to 1.9 K, which can be explained by the 2D character of
the electronic structure. Quasi-1D metals MCy, (M =RDb and
Cs) undergo transitions into the insulating state below 50 and
40 K, respectively.'! Our technique has significant potential
for producing new materials by the changing the D;" and Dy,
components in 1. As the close-packed fullerenes form a 2D
triangular lattice, exotic electronic states, such as super-
conductivity and spin-liquid states,'” might be realized in
materials based on fullerenes that are produced using our
method.
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Experimental Section

The preparation of (MDABCO") TPC-(Csy ™ (1): Cq (25 mg) was
stirred with a tenfold molar excess of CH;CH,SNa and a fivefold
molar excess of MDABCOI in C;H,CL,/C;HsCN solution (14 mL/
2mL). TPC (160 mg) was dissolved in the resulting mixture, and the
solution was cooled and filtered in a glass tube. Hexane (25 mL) was
layered on top of the solution, and the diffusion was performed over
2 months, producing black hexagonal prisms of 1 on the walls of the
tube (yield 50-60% ).

Crystal data for 1: C;;,HsN,, MW =2204.24, black prism, 0.5 x
0.4x0.3mm. 300(2) K: rhombohedral, space group R3: h, a=
10.0722(5), b=10.0722(5), ¢ =83.989(4) A, V=7291.2(6) A3, Z=3,
doyea=1.506 Mgm ™, = 0.087 mm™', 26,,,, = 54.40°; 9243 reflections
collected, 3591 independent; R, =0.0508 for 2888 observed data
[ > 20(F)] with 2889 restraints and 517 parameters; wR, =0.1529 (all
data); final GoF =1.043.

200(2) K: rhombohedral, space group R3: h, a=9.9850(5), b=
9.9850(5), ¢=83.344(4)A, V=7196.16)A%, Z=3, dgu=
1.526 Mgm >, £ =0.088 mm™', 26, =54.78°; 8811 reflections col-
lected, 3517 independent; R;=0.0453 for 2980 observed data
[>20(F)] with 2889 restraints and 517 parameters; wR,=0.1197
(all data); final GoF =1.039.

185(2) K: rhombohedral, space group R1: h, a=9.9670(10), b =
9.9670(10), ¢=83.379(8) A, V=71733(12) A%, Z=3,
1.531 Mgm >, 4 =0.088 mm ', 26,,,, = 55.00°; 19291 reflections col-
lected, 10225 independent; R, =0.0580 for 6348 observed data
[ >20(F)] with 10869 restraints and 1434 parameters; wR, =0.1586
(all data); final GoF =0.993.

160(2) K: triclinic, space group P1, a =9.9090(10), b = 10.0218(8),
c=283711(19) A, =99.677(3), f=91.217(2), y = 120.284(18)°, V =
2379.7(3) A%, Z=1, dyeq=1.538 Mgm™>, 4=0.089 mm ', 26, =
54.64°; 14841 reflections collected, 7948 independent; R, =0.0449
for 6485 observed data [>20(F)] with 2577 restraints and 805
parameters; wR, =0.1037 (all data); final GoF =1.051.

X-ray diffraction data for 1 at 160, 185, 200, and 300 K were
collected on a MAC Science DIP-2020 K oscillator type X-ray
imaging plate diffractometer with graphite-monochromated Moy,
radiation using an Oxford Cryostream cooling system. The structures
were solved by direct methods and refined by the full-matrix least-
squares method against F* using SHELX-97 (G. M. Sheldrick).
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