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ABSTRACT: Fullerene salt {(Ph;P);Au"},(Ce*)2(Cep)-CsH,CL, (1) containing (Ph;P);Au’ cations
with the C;, symmetry has been obtained as single crystals. Hexagonal corrugated fullerene layers
formed in 1 alternate with the layers consisting of (Ph;P);Au* and C;H,Cl, along the c axis. According
to IR spectra and peculiarities of the crystal structure, the charge on fullerenes in the layers is evaluated

to be —1 for two and close to zero for one Cg. These fullerenes have different cationic surroundings, ~Z) LA
and positively charged gold atoms approach closer to C4,"~. Charged and neutral fullerenes are closely \\‘T/\ Ve 13
packed within hexagonal layers with an interfullerene center-to-center distance of 10.02 A and multiple s L/

short van der Waals C---C contacts. The distances between Cq,"~ are essentially longer with an ///Z:‘r\ C

X . . SN 60
interfullerene center-to-center distance of 10.37 A due to corrugation of the layers, and no van der //‘/\/ NAN W
Waals contacts are formed in this case. As a result, each Cy,*~ has only three negatively charged ;\,!\[;ls/l\“\
fullerene neighbors with rather long interfullerene distances providing only weak antiferromagnetic “‘\Th‘\;/ll\/ /\L/
interaction of spins in the fullerene layers with a Weiss temperature of —5 K. \{_\,‘\Ll{f//(/

B INTRODUCTION

Ionic fullerene complexes can show promising magnetic and
conducting properties.”* Such properties are observed when
closely packed fullerene radical anions provide magnetic
interactions of spins' or movement of electrons” but are not
dimerized since dimeric phases are diamagnetic and non-
conducting.®> The cationic sublattice plays a key role in the
development of highly conducting fullerene packing since it
defines the fullerene radical anions packing motif. For example,
in TDAE-Cg, (TDAE: tetrakis(dimethylamino)ethylene), linear
close packing of Cg*” is formed, and mutual orientation of
tullerene anions governs the ferromagnetic or antiferromagnetic
interaction of spins." The closely packed hexagonal fullerene
layers in the (MDABCO")(Cg*")(TPC) complex (MDAB-
CO" is N-methyldiazabicyclooctanium cation; TPC is
triptycene) allowed the quasi-two-dimensional metallic con-
ductivity stable down to 1.9 K.*¢ Several highly conducting or
even metallic compounds have closely packed hexagonal
fullerene layers, for some of which the supposed crystal
structures were based on unit cell parameters.2 However, even a
slight increase in interfullerene distances in the hexagonal
fullerene layers, for example, in the (MQ*)(Cq")(TPC)
complex (MQ': N-methylquinucledinium cation), provides the
Mott insulator with an antiferromagnetic spin-frustrated ground
state.* Thus, namely, closely packed hexagonal fullerene layers
in the absence of dimerization can provide high conductivity.*®
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To obtain such layered systems, the cations or neutral
components with the C;, symmetry can be used to arrange
fullerene anions in a hexagonal manner. Both MDABCO?*
cations and neutral TPC molecules have the C;, symmetry in
(MDABCO™*)(Cg*")(TPC), resulting in the formation of
hexagonal fullerene layers.*® In this work, we used gold
(PhyP);Au" cations, whose symmetry is very close to Cj, in
(Ph;P);AuCL’® in the synthesis of anionic fullerene complexes.
Previously, a series of molecular complexes of {(Ph,P)AuCl},
Ceo {(Ph3P)AuCl},-Cyy, {(AnyssP)AuCl},-Cyp, and {(TolsP),-
AuNO,}-Cy, compositions (Anys;P: tri(p-anisyl)phosphine;
Tol,P: tri(p-tolyl)phosphine),® were synthesized using gold-
containing compounds. Moreover, anionic fullerene complexes
with gold-containing clusters, {(PhsP);Au,"),-(Cg ™), THF
and {(Ph;P).Aug>*),-(Cgo7),,” are also known.

In this work, we report the layered anionic fullerene Cg,
complex with gold (Ph;P);Au* cations: {(Ph;P);Au’},-
(Ce0°7)2(Cg0)-CeH,CL, (1). Indeed, the Cy, symmetry of the
cations allows the formation of hexagonal fullerene layers, in
which the charge disproportionation among two monoanionic
and one neutral fullerenes takes place. Such a phenomenon is
very rare in fullerene complexes,” and we investigate possible
reasons for the charge disproportionation. Crystal structure,
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optical, and magnetic properties of this complex are also
discussed.

B RESULTS AND DISCUSSION

Crystals of {(PhyP);Au*},(Ce*7),(Cep)-CsHLCL, (1) can be
obtained with a poor yield through the reduction of an
equimolar mixture of Cy4y and (PhyP)AuCl by a slight excess of
sodium flourenone ketyl in o-dichlorobenzene. The (Ph,P);Au*
cations are formed most probably from three (Ph;P)AuCl
molecules. Similarly, {(dppe),Co*}(Cs°*")-(CcH,CLy), was
obtained by the reduction of a Cg4y and Co(dppe)Br, mixture
by TDAE, where dppe is 1,2-bis(diphenylphosphino)ethane.’
Further, we modified the synthetic procedure and added 2
equiv of Ph;P prior to the reduction of the Cg-(PhyP)AuCl
mixture. In this case, the crystals of 1 were obtained with
essentially higher yield and higher quality. The dark-brown
plates of large size (up to 2 X 2 X 0.1 mm*) were obtained with
60% vyield. The composition was determined from X-ray
diffraction on single crystals. Several crystals tested from the
synthesis had the same unit cell parameters, which showed the
formation of one crystal phase only.

IR and UV-visible/NIR spectra of 1 are shown in the
Supporting Information (Figures S2 and S3, respectively). The
IR spectrum of 1 shows absorption bands of (Ph;P);Au*,
fullerene Cq, and C¢H,Cl, solvent molecules (Supporting
Information, Table S1). There are two (Ph;P);Au* cations per
three fullerene molecules. The —2 charge can be distributed
uniformly over three fullerenes with —0.67 electrons per on
Ceo, and in this case, salt 1 can be conducting. However, when
charge disproportionation occurs, two electrons are localized
on fullerenes to form two C4,"~ radical anions and leave one
neutral Cq. Realization of the second possibility provides for
charge localization and the absence of high conductivity.
Optical spectra can answer the question on the charged state of
fullerenes in 1 since the F;,(4) C4 mode is sensitive to the
charged state of the fullerene and is shifted from 1429 cm™" in
the neutral state to 1396—1388 cm™' in the —1 charged
state.”*'® An intermediate position between 1429 and 1396—
1388 cm ™' can originate from delocalization of electrons and an
average —0.67 charge on fullerenes. The IR spectrum of 1 in
the 1350—1450 cm™' range is shown in the Supporting
Information (Figure S1). An intense broad band at 1392 cm™
corresponds to the formation of the Cg,*~ radical anions. The
band at 1434 cm™ is most probably due to the overlapping of
two bands from neutral Cy, at 1429 cm™ and the band of
starting (PhyP)AuCl at 1434 cm™'. That indicates the neutral
state of fullerene since close positions of these bands are
observed in the spectra of molecular complexes {(Ph,P)-
AuCl},-C;p at 1433 cm™ and {(Ph;P)AuCl},Cq, at 1436 and
1429 cm™. In any case, there are no absorption bands between
1434 and 1392 cm ™" and partially charged fullerenes are absent
in salt 1, supporting the formation of negatively charged and
neutral fullerenes. The UV-—visible/NIR spectrum of 1
unambiguously indicates the formation of the Cq "~ radical
anions due to the presence of characteristic absorption bands'’
at 1080 and 949 nm.

The crystal structure of 1 was determined for the crystal
slowly cooled down to 100 K. Salt 1 has a highly symmetric
trigonal lattice and contains one and a half crystallographically
independent Cg, and one crystallographically independent
(PhyP);Au’ cation and C4H,Cl, solvent molecule. As a result,
fullerenes and C4H,Cl, molecules located on the C;, symmetry
axes are statistically disordered between three orientations (the
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C,, symmetry axis of the lattice does not coincide with the C;,
symmetry axis of the Cq, molecule). This disorder cannot be
suppressed by slower crystal cooling or the temperature
decrease down to 90 K. Disorder of Cg4, does not allow correct
determination of the geometry of fullerenes in salt 1. All figures
in this report show only one orientation of three for the
disordered components. The (PhyP);Au’ cations are also
located on the C;, symmetry axis of the lattice. However, since
this axis coincides with the C;, symmetry axis of the
(PhyP);Au’ cation, they are ordered. The crystal structure
shows a layered motif in which hexagonal fullerene layers
alternate with the {(Ph,P);Au*},(C¢H,Cl,) layers along the ¢
axis (Figure 1). The most probable reason for why the simple

Figure 1. Projection of {(Ph;P);Au*},-C¢H,Cl, layers (carbon atoms
are red-violet, chlorine atoms are green, phosphorus atoms are orange,
and gold atoms are yellow) on hexagonal fullerene Cg, layers (carbon
atoms are brown). View along the ¢ axis is shown. Roman numerals
show the type of fullerene: I, C4*~; II, neutral Cgy. Only one of three
orientations is shown for Cg, and C4H,Cl, solvent molecules.

salt, {(Ph;P);Au*}(C¢°), was not formed is that the
(PhsP);Au* cations are too large to fit that of Cgp, and one
(PhyP);Au’ cation is substituted by the C4H,Cl, solvent
molecule, allowing the formation of closely packed hexagonal
fullerene layers (see Figure 2). Since (Ph;P);Au* and C;H,CL,
are distinctly different in size, interstitial sites are formed in the
{(Ph;P);Au*},(C¢H,CL,) layer. To fill the vacancy, fullerenes
move from the layers toward planar CH,Cl, molecules. As a
result, strongly corrugated fullerene layers are formed.

There are two types of fullerenes in 1 having different
surroundings. Two of three fullerenes are denoted as type I in
Figures 1—4. Each fullerene of type I is located close to one
(PhsP);Au* cation and one C¢H,Cl, molecule (Figure 3). In
this case, positively charged gold cations approach close to the
fullerenes, allowing the formation of a rather short Au’--
C(Cg) distance of 4.80 A. There are also several H((Ph;P),-
Au*)--C(Cq,) contacts shorter than the sum of van der Waals
(vdW) radii between the cations and fullerenes, whereas
C¢H,Cl, solvent molecules do not form vdW C---C contacts
with fullerenes (the contacts are longer than 3.54 A). Since two

dx.doi.org/10.1021/ic500689n | Inorg. Chem. 2014, 53, 6850—6855



Inorganic Chemistry

Figure 2. View along hexagonal fullerene layers and the diagonal of the ab plane. Roman numerals show the type of fullerene: I, C4,*~; II, neutral
Cgo- Only one of three orientations is shown for Cy, and C4H,Cl, solvent molecules.
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Figure 3. Cation and solvent surroundings for two types fullerenes: I, Cg"~ radical anions; II, neutral Cg. Short H, C({Au*(PhyP);})--C(Cqg)
contacts are shown by green dashed lines. The shortest Au---C(Cg) contacts are shown by red dashed lines. Only one of three orientations is shown

for C¢ and C¢H,Cl, molecules.

of three fullerenes have such surroundings and the Au®--
C(Cg) distances are shorter than that for another type of
fullerene, we suppose a radical anion state for these fullerenes.
One of three fullerenes is surrounded by two (PhyP);Au*
cations (fullerenes of type II in Figures 1—4). The cations also
form several short H((Ph,P);Au*)--C(Cy) vdW contacts.
However, the distances between positively charged gold atoms
and fullerene carbons are 6.57 A, ie., essentially longer than
those for fullerenes of type I (Figure 3). Since only one of three
fullerenes of such type is present and it shows longer Au*--
C(fullerene) distances, we suppose a neutral state for these
fullerenes. Charge disproportionation in the fullerene layers can
be explained, namely, by different surroundings of fullerenes in
1. The close location of positively charged Au* cations can
localize negative charge on the fullerenes of type I due to the
electrostatic stabilization between gold cations and fullerene
anions. Charge disproportionation is rarely observed in ionic
fullerene compounds.® In two previously described compounds,
{(DMETEP*)-Zn"OEP}-(Cg*")(Cg)o.5-CsH4Cl, (OEP is
octaethylporphyrin; DMETEP* is N,N’-dimethyl-N’-
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ethylthioethylpiperazinium cation)* and (K*[DB18C6]),-
(Ce0"7)4'(Cg)-12THF (DB18C6 is dibenzo-18-crown-6
ether),® negatively charged and neutral fullerenes have large
spatial separation and in different cationic surroundings of
fullerenes that easily provides charge disproportionation. The
distances between two types of fullerenes are relatively short in
1, and electrons can potentially move from charged to neutral
fullerene. However, no movement is realized because of
different cationic surroundings of negatively charged and
neutral fullerenes.

Thus, hexagonal fullerene layers consist of negatively charged
and neutral fullerenes (Figure 4). All center-to-center distances
between differently charged fullerenes of types I and II are short
(10.02 A), and multiple short van der Waals (vdW) C---C
contacts are formed between them, showing the formation of a
closely packed fullerene structure. However, all center-to-center
distances between negatively charged fullerenes of type I are
essentially longer than those between type I and II fullerenes
due to corrugation. The interfullerene center-to-center
distances are 10.37 A, and no vdW contacts form in this case.
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Figure 4. View on hexagonal fullerene layers and along the c¢ axis.
Roman numerals show the type of fullerene: I, C4,"~; I, neutral Cqy,.
Black dashed lines linking fullerene centers and figures show
interfullerene center-to-center distances in Angstroms. Only one of
three orientations is shown for Cg,.

That is possible since neighboring negatively charged fullerenes
displace out of the layers toward CsH,Cl, in the opposite
directions (above and below the fullerene layer). Neutral
fullerenes of type II are completely surrounded by negatively
charged fullerenes, and interfullerene center-to-center distances
between them are longer than 17 A. Thus, though hexagonal
fullerene layers are formed with six fullerene neighbors for each
fullerene, there are only three negatively charged fullerene
neighbors for each Cg*~ located at interfullerene distances of
10.37 A, essentially exceeding the vdW diameter of Cq, (10.18
A).

The {(Ph;P);Au’} cations have the Cj, symmetry. As a
result, all three P—Au bonds are equal to 2.3742(8) A. The P—
Au—P angles are equal to 120°, and the sum of these angles of
360° indicates a trigonal-planar arrangement. Thus, the purely
ionic structure of the (Ph,P);Au’ cations is formed in the
complex with Cgy. The Au” cations slightly displace out of the
plane formed by three phosphorus atoms by 0.005 and 0.010 A

toward closely located Cg,°™ radical anions. Previously, solvent-
free and dichloromethane-containing phases of (Ph;P);AuCl
were structurally characterized. They do not show the C,,
symmetry, and all three P—Au bonds are slightly different of
2.395(2), 2.404(2), and 2.432(2) A for solvent-free and
2.3795(6), 2.3911(6), and 2.3666(6) A for solvent-containing
phases. The sum of three P—Au—P angles is 352.3° for the
solvent-free phase and 355.35° for the solvent-containing
phase, indicating a noticeable deviation of the P;Au core from
planarity. This bonding situation is intermediate between
covalent [(Ph;P);AuCl] and ionic [(PhsP);Au*](Cl7) struc-
tures.

Magnetic properties of 1 were studied by EPR in the 297—4
K range (Figure S). This compound showed an intense broad
Lorentzian EPR signal with g = 1.9984 and a line width (AH)
of 395 mT at 297 K (Figure Sa). This signal was
unambiguously attributed'®'" to Cg"~. Its integral intensity
corresponds to the contribution of approximately two S = 1/2
spins per formula unit, in accordance with the supposed ionic
composition of 1. The signal width strongly narrowed
(Supporting Information, Figure S4), and the g-factor was
shifted to smaller values with cooling (Figure Sc). The
temperature dependence of the reverse integral intensity of
the signal can be fitted well by the Curie—Weiss law with a
negative Weiss temperature of —5 K (Figure 5d), showing weak
antiferromagnetic interaction of spins. Most probably, this
interaction results in the splitting of the EPR signal into two
components below 75 K (Figure Sb), which also narrow and
shift to the smaller g-factors with the temperature decrease
(Figure S4, Supporting Information, and Figure Sc). The
weakness of the antiferromagnetic interaction can be
interpreted by poor numbers (only three) of negatively charged
fullerene neighbors with long distances.

The electrical resistance of single crystals of 1 was measured
by a two-probe technique along the fullerene plane in anaerobic
conditions. The contacts are fixed on a single crystal with
carbon paste (JEOL Dotite). The crystal has a resistance of ca.
3-10° Q (ca. 4-10° Q-cm in the electrical resistivity), supporting
the highly resistive state of compound 1.

The new fullerene Cg, salt with gold cations, {(PhsP);-
Au'},(Cgp"7)1(Ceo)-CeH,4CL, (1), was obtained. Cations have
the C;, symmetry, providing the formation of hexagonal
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Figure 5. EPR signal of 1 attributed to Cg4,"~ at (a) 297 and (b) 4 K. The fitting of the EPR signal by two Lorentzian lines is shown below the
experimental curve. (c) Temperature dependence of g-factor of the EPR signal from polycrystalline 1. T marks temperature of the EPR signal
splitting into two lines. (d) Temperature dependence of reverse integral intensity fitted by the Curie—Weiss law with a Weiss temperature of —5 K

(red line).
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fullerene layers. There are two gold cations per three fullerene
molecules. However, the negative charge is distributed
nonuniformly over fullerene layers. Charge disproportionation
is accompanied by the formation of negatively charged and
neutral fullerenes of types I and II, respectively. These
fullerenes have different cationic surroundings and distances
to Au’. Most probably, the closer location of Au* to fullerenes
of type I results in the localization of negative charge on these
fullerenes. Such charge disproportionation in hexagonal
fullerene layers is observed for the first time since, in previously
studied compounds with charge disproportionation, negatively
charged and neutral fullerenes had large spatial separation.
Charged and neutral fullerenes in 1 are closely packed within
the layers, and the distances between Cg,°~ are noticeably
longer due to corrugation of the layers. Thus, in spite of
hexagonal packing and close arrangement of fullerenes in the
layers, high conductivity is not realized in the salt due to charge
disproportionation. The degree of magnetic interactions of
spins in the fullerene layers is not high due to relatively long
distances between negatively charged fullerenes. Nevertheless,
structural modification of salt 1 by gold cations with the C;,
symmetry and smaller size can afford salts with more uniform
hexagonal fullerene layers and full charge transfer to fullerenes
like in (MDABCO")(Cg,*”)(TPC) metal. This work is now in
progress.

B EXPERIMENTAL SECTION

Materials. (Ph;P)AuCl (99.9%) and PhyP (99%) were purchased
from Aldrich. Sodium fluorenone ketyl used for fullerene reduction
was obtained as previously described.'” Cq, of 99.98% purity was
purchased from MTR Ltd. All manipulations for the synthesis of 1
were carried out in a MBraun 150B-G glovebox with a controlled inert
atmosphere, and the contents of H,O and O, were less than 1 ppm.
Solvents were purified in an argon atmosphere. o-Dichlorobenzene
(CeH,CL,) was distilled over CaH, under reduced pressure, and
hexane was distilled over Na/benzophenone. The crystals of 1 were
stored in the glovebox. KBr pellets for the measurements of IR and
UV—visible/NIR spectra were also prepared in a glovebox. EPR
measurements were performed on the collection of single crystals of 1
sealed in 2 mm quartz tubes.

Synthesis. Preliminary synthesis of {(Ph;P);Au’},(Cg°*),(Cqo)-
CgH,Cl, (1) was carried out by the following procedure. Fullerene Cy,
(30 mg, 0.042 mmol), a stoichiometric amount of (Ph;P)AuCl (21
mg, 0.042 mmol), and slight excess of sodium fluorenone ketyl (10
mg, 0.049 mmol) in 14 mL of o-dichlorobenzene were stirred at 80 °C
during 2 h. The color of the solution turned red violet, and the NIR
spectrum of the solution showed the formation of the Cy*~ radical
anions. The cooled solution was filtered in a 50 mL glass tube of 1.8
cm in diameter with a ground glass plug, and 30 mL of hexane was
layered over the obtained solution. The crystals of the salt precipitated
during 1 month as dark brown plates. The solvent was decanted from
the crystals, and they were washed with hexane. Crystals with the size
up to 0.5 X 0.5 X 0.1 mm® were obtained with 24% yield.

An improved synthesis of 1 was performed by adding 2 equiv of
Ph;P (22 mg, 0.084 mmol) to the solution of (Ph;P)AuCl (21 mg,
0.042 mmol) in 14 mL of o-dichlorobenzene, and the solution was
stirred at 80 °C during 2 h, leaving a colorless solution. After Cy, (30
mg, 0.042 mmol) and a slight excess of sodium fluorenone ketyl (10
mg, 0.049 mmol) were added, the synthesis of crystals was carried out
similarly to the above method. The crystals of the complex were
precipitated during 1 month as large dark-brown plates (up to 2 X 2 X
0.1 mm?). The solvent was decanted from the crystals, and they were
washed with hexane. The crystals were obtained with 60% yield. IR
and UV—visible spectra and unit cell parameters of the salts obtained
by both methods are the same, showing that only one crystal phase is
formed in both syntheses.
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The composition of 1 was determined from X-ray diffraction on
single crystals. Several crystals tested from the synthesis had the same
unit cell parameters.

General. UV—visible/NIR spectra were measured in KBr pellets on
a PerkinElmer Lambda 1050 spectrometer in the 250—2500 nm range.
FT-IR spectra were obtained in KBr pellets with a PerkinElmer
Spectrum 400 spectrometer (400—7800 cm™'). EPR spectra were
recorded for a polycrystalline sample of 1 from 4 K up to 297 K with a
JEOL JES-TE 200 X-band ESR spectrometer equipped with a JEOL
ES-CT470 cryostat. For the estimation of a number of spins in 1, the
integral intensity of the signal from a weighed amount of the complex
was compared with that of the signal from a sample of CuSO,-SH,0
with a known number of spins.

X-ray Crystallographic Study. Crystal data for 1 at 100(2) K:
Ci47H47AuClIPs, M, = 2138.17, brown plate, trigonal, R3¢ (No. 167), a
=17.1760(6) A, b = 17.1760(4) A, ¢ = 101.643(11) A, V = 25969(3)
A% Z=12,d, = 1641 gem™, p = 1.854 mm™", F(000) = 12 840,
20, = 58.653°, reflections measured 76 013, unique reflections 7629,
reflections with I > 26(I) = 5367, parameters refined 867, restraints
8317, R, = 0.0379, wR, = 0.1025, G.O.F. = 1.035, CCDC 993197.

X-ray diffraction data for 1 were collected at 100(2) K on a Bruker
Smart Apex II CCD diffractometer with graphite monochromated Mo
Ko radiation using a Japan Thermal Engineering Co. cooling system
DX-CS190LD. Raw data reduction to F* was carried out using Bruker
SAINT." The structures were solved by the direct method and refined
by the full-matrix least-squares method against F* using SHELX-
2013."* Non-hydrogen atoms were refined in the anisotropic
approximation. Positions of hydrogen atoms were included into
refinement in a riding mode.

The crystal structure of 1 at 100(2) K contains two crystallo-
graphically independent (Ph;P);Au’ cations, three fullerenes, and one
C¢H,Cl, solvent molecule. Fullerenes and the C4H,Cl, molecule are
located on the C;, symmetry axes and are statistically disordered
between three orientations. To keep the fullerene geometry close to
the ideal one in the disordered groups, the bond length restraints were
applied along with the next-neighbor distances, using the SADI
SHELXL instruction. That results in a great number of restraints used
for the refinement of the crystal structure of 1.

B ASSOCIATED CONTENT

© Supporting Information

Table of IR spectra data; figures showing IR spectra, UV—
visible/NR spectrum, and temperature dependence of the line
width of the EPR signal; and crystallographic data in CIF
format. This material is available free of charge via the Internet
at http://pubs.acs.org.
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