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Two salts containing fullerene Cgy and indium(III) bromide phthalocyanine (Pc) radical anions
have been obtained as single crystals: (TBA");(Cgo""){In""(Br)(Pc)* }(Br )-C¢H4Cl, (1) and
(TEAY),(Cgo™ ) {In"(Br)(Pc)* }-C¢H4Cly'CgH,y4 (2) where TBAY and TEA™ are tetrabutyl- and
tetracthylammonium cations, respectively. The presence of both radical anions is supported by
spectra of 1 and 2 in the NIR and IR-ranges. The salts contain zig-zag C4y* chains with 10.136
and 10.383 A center-to-center (ctc) distances in 1 and a uniform ctc distance of 10.186 A in 2.
In 1, the C4* radical anions are dimerized in the 180-140 K range to form singly bonded
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(Cso ), dimers, whereas they remain monomeric in 2. Effective packing of planar In(Br)(Pc)®
and spherical Cg*" is attained by introducing fullerene spheres between the phenylene
substituents of Pc allowing the formation of multiple van der Waals contacts between them.
Effective magnetic moment of 1 at 300 K is 2.35 pp indicating a contribution of both C4*~ and
In(Br)(Pc)" species having S = 1/2 spin state. There is strong antiferromagnetic coupling of
spins between fullerenes in the chains and fullerenes and phthalocyanines in the monomeric
phase of 1 with the Weiss temperature of -120 K in the 300-180 K range. The formation of
diamagnetic (Cqp ), dimers switches off magnetic coupling and magnetically isolates
In(Br)(Pc)"” (Weiss temperature is only -1 K in the 140-10 K range). Magnetic behavior of 2 is
described by the Curie-Weiss law with weak ferromagnetic coupling of spins with @ = +7.6 K
in the 50-300 K range. Both salts manifest single Lorentzian EPR lines at room temperature
with g = 1.9911 and linewidth (4H) of 25.4 mT (1) and g =1.9956 and AH = 7.5 mT (2) which
can be attributed to both C¢,"~ and In(Br)(Pc)* species having strong exchange interaction. An
asymmetric signal with the main component at g = 1.989-1.965 in the dimeric phase of 1 was
attributed to the In(Br)(Pc)" radical anions..

dedicated to metal phthalocyanines doping by alkali metals'”'? but
no single crystals can be obtained by this method.

A coexistence of metal phthalocyanines and fullerenes in one
compound is a very promising task since these compounds can
combine unique magnetic, conducting and optical properties of both
fullerenes and phthalocyanines. Indeed, in spite of different shapes
of these molecules, they can be cocrystallized in one compound.?*2*
Those can be molecular complexes containing neutral fullerenes and

Introduction

Fullerenes and metal phthalocyanines are wide classes of compounds
which can show promising conducting and magnetic properties in
ionic states. For example, fullerenes manifest metallic conductivity
in the MCg salts and some layered complexes, superconductivity in
M;Cy salts and form even pure organic ferromagnets with high
enough ordering temperature of 19 K.' These properties are mainly

manifested when fullerene has a radical anion state with —1 or —3
charge on the molecule. High conductivity and promising magnetic
properties of oxidized metal phthalocyanines are also well known.**
As in fullerenes, the existence of metallic conductivity or even
superconductivity was predicted for anionic metal phthalocyanines.’
However, only several compounds containing negatively charged
metal phthalocyanines were obtained and characterized in solid state
by now. These compounds were obtained with cobalt(l), iron(I),
metal free and magnesium(Il) phthalocyanine anions and anions of
iron(I) hexadecachlorophthalocyanine.'®'® Several works are

This journal is © The Royal Society of Chemistry 2013

phthalocyanines like [Fe"'Pc(CsHsN),]-Cop-4CeHaCL. 20 Cyp radical
anions also form ionic (Cg™)-(M"Pc-L7)-(D"), complexes with
zinc(Il), manganese(Il) and magnesium(II) phthalocyanines which
coordinate negatively charged anions like L = I, CH;CH,S™ and
OH™. PMDAE" and TMP" were used as counter cations D" (the
cations of N, N, N',N',N -pentamethyldiaminoethane and N,N,N -
trimethylpiperazinium, respectively). No negative charge on metal
phthalocyanine has been found in these complexes. Phthalocyanines
form n-m stacking {MHPC(L’)}Z dimers, whereas the Cg,"~ radical
anions are arranged in layers or chains. In most cases, fullerenes
dimerize below 250 K to form diamagnetic singly bonded (Cgy ),
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dimers and only in {Mn"Pc(CH;CH,S7),-(IN)1..}(Cgo™)- (PMDAE"),
-CeHyCl, (x = 0.87) they remain in the monomeric state.2> 2
Negatively charged fullerenes and metal phthalocyanine anions were
for the first time combined in one compound in
(Cr0)2 {(Fe'Pc) }o(cryptand(2,2,2)-[Na*])g-Solvent, containing
fullerene C;, and iron(I) phthalocyanine anions. However, since the
Cy" radical anions strongly tend to dimerization, they form
diamagnetic singly bonded (C; ), dimers at temperature essentially
higher than 293 K. As a result, the compound manifests only
paramagnetic behavior due to magnetic isolation of paramagnetic
(Fe'Pc)” anions by diamagnetic (C7 ), dimers, cryptand{2,2,2]-(Na")
cations and solvent molecules.

In this work we report the first two salts combining
fullerene Cgy and indium(IIT) bromide phthalocyanine radical anions:
(TBA)3(Co"){In"'(Br)(Pc)™ }(Br ) CeHuCly (1) and (TEA )y (Cg™)
{In"(Br)(Pc)* }-C¢H4Cly:CeH,4 (2), where TBA' and TEA" are
tetrabutyl- and tetraethylammonium cations, respectively. We
determined crystal structure of these salts and characterized them by
IR- and UV-visible-NIR- and EPR spectroscopy, and performed
SQUID measurements for 1. Strong antiferromagnetic coupling of
spins between Cg'™ as well as Cg"~ and In(Br)(Pc)” radical anions
is shown in 1, whereas weak ferromagnetic coupling is realized in 2.
Reversible dimerization of Cg" in 1 in the 140-180 K range
interrupts magnetic interaction between spins and the salt transmits
to a paramagnetic state. It should be noted that there are no data on
the In(Br)(Pc)* radical anions till now and in this work we present
for the first time their molecular structure, optical and magnetic
properties.

Results and discussion

a). Synthesis

Both fullerene Cyy and metal phthalocyanines can be reduced to the
radical anion state by strong reductant sodium fluorenone ketyl in
the presence of organic cations like TBA" or TEA". In contrast to
other reduced metal phthalocyanines, indium(III) chloride
phthalocyanine does not crystallize as TBA" or TEA" salts by the
diffusion of hexane into the solution. That allows the
cocrystallization of both anionic fullerene and phthalocyanine
components in one compound. The salts, in which the axial chloride
anions at the indium(IIl) atoms are substituted by bromide anions
originated from tetraalkylammonium bromide, can be obtained in
pure forms allowing one to determine their crystal structures and
characterize optical and magnetic properties. Since sodium
fluorenone ketyl can generate even fullerene dianions in solution,”
only two equivalents of the reductant were used for an equimolar
fullerene — phthalocyanine mixture.

b). Optical properties

IR-spectra of salts 1 and 2 are shown in Supporting information
(Table S1, Fig. S1). They show IR-active bands of reduced Cg, and
In(Br)(Pc) along with those of cations and solvent molecules. Some
strong intensity bands of In(Cl)(Pc) are shifted up to 5-10 cm™ at the
formation of In(Br)(Pc)*” (bands at 724, 771, 1084, 1118, 1332 cm™
in the spectrum of starting In(Cl)(Pc)). Fullerenes manifest three of
four IR-active bands in the spectra of the salts. The F,(4) Cgo mode
which is most sensitive to charge transfer to the Cq4 molecule is
shifted from 1429 cm™ (position characteristic of neutral Cgp) to
1386-1396 cm™ at the formation of fullerene salts with -1 charge on
the molecule.?*** The position of this mode in the spectra of 1 and 2
at 1391 cm™ allows one to assign the charge state of fullerene to —1.
The alternation of relative intensities of the Fi,(1) and F;,(2)
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Figure 1. UV-visible-NIR spectra for starting In(Cl)(Pc) (a) and salts 1 (b) and 2 (c)
in KBr pellets prepared in anaerobic conditions for 1 and 2. The bands attributed
to the Cg"~ and In(Br)(Pc)* radical anions are shown by red and blue arrows,
respectively.
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absorption bands at 516 and 575 cm’ are also characteristic of
negatively charged fullerenes® .

UV-visible-NIR spectra of the salts (Fig. 1) are very rich. The
bands at 262 and 340, 941 and 1080 nm in the spectrum of 1 and at
930 and 1080 nm in the spectrum of 2 can be attributed to Cg (Fig.
1, red arrows). Two bands in the NIR-range at 930-941 and 1080 nm
unambiguously justify radical anion state of fullerenes in 1 and 2
with —1 charge on the molecule.”**® Multiple bands at 417
(shoulder), 547, 593, 630, 698 and 1009 nm (1) and 550, 593, 626,
702, 1007 nm (2) can be attributed to the In(Br)(Pc)* radical anions
(Fig. 1, blue arrows). Starting neutral In(Cl)(Pc) manifests the Soret
band at 370 nm and the split Q-band at 672, 724 and 832 nm (Fig. 1,
spectrum a). It is seen that the formation of In(Br)(Pc)*” noticeably
shifts the Q-band to higher energies and splits into several bands
observed at 547-550, 626-630 and 698-702 nm. Another interesting
feature is the appearance of a new intense band at 1007-1009 nm in
the NIR range at the formation of In(Br)(Pc)*” (Fig. 1, spectra b and
c). This band is characteristic of phthalocyanine radical anions with
electron delocalized on the phthalocyanine macrocycle.'* * For
example, in the spectra of the salts with metal free phthalocyanine
radical anions (H,Pc¢®"), this band is observed at 1028-1033 nm. ' It
is seen that substitution of two pyrrole hydrogen atoms of H,Pc*” by
the indium bromide fragment in In(Br)(Pc)” only slightly blue shifts
this band in the spectra of 1 and 2. It should be noted that the
formation of the Fe'Pc™ and Co'Pc¢” anions with localization of an
additional electron on the metal center is not accompanied by the
appearance of new bands in the NIR range.'> ' ** Thus, at the
reduction of indium(IIl) chloride phthalocyanine electron comes to
the phthalocyanine macrocycle and indium preserves +3 charge as
was predicted from its electrochemistry.’!

c). Crystal structures

At 250 K salt 1 contains three TBA" cations and three different types
of anions: monomeric Cq ", In(Br)(Pc)* and free bromide (Br)
anions (Fig. 2a shows these components at 100 K). Thus, Cg," and
In(Br)(Pc)* radical anions coexist in one compound. For the
coexistence of phthalocyanine and fullerene anions in a salt, only
one example with dimerized fullerene anions, (C7o ),{(Fe'Pc) }¢
(cryptand[2,2,2]-[Na*])s-Solvent has been reported so far.”

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Charged components in the crystal structures of 1 at 250 (a) and 100 K
(b) and 2 (c) at 90 K. Only major occupied orientations for the disordered
components are shown. Ellipsoids are shown with the 50% probability.

Ionic components packing in the crystal structure of 1 is shown
in Fig. 3. There are zig-zag fullerene chains in 1 coming along the b-
axis. These chains are not uniform since center-to-center
interfullerene distances are 10.136 and 10.383 A. The former
distance is shorter than the van der Waals (vdW) diameter of Cg,
(10.18 A), and vdW C...C contacts are formed between fullerenes.
The latter ctc distance is essentially longer than vdW diameter of
Ceo, and no vdW contacts are formed. Fullerene chains are arranged
in the layers separated by the phthalocyanine layers containing
TBA" cations, free bromide anions and solvent C¢H,Cl, molecules.
There are no vdW contacts between In(Br)(Pc)” in 1 since they are
separated by bulky TBA' cations along the a-axis (Fig. 3a).
However, multiple short vdW C...C contacts are formed between
phthalocyanine and fullerene radical anions since fullerene spheres
are introduced between phenylene groups of phthalocyanines (Fig.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Crystal structure of monomeric phase of salt 1 at 250 K viewed along
the b- (a) and a-axes (b). In(Br)(Pc)®” units are located far from each other in Fig.
b since they are separated by TBA" cations along the a-axis (as shown in Fig. a).
Bromide anions and solvents molecules are not shown.

3b, vdW C...C contacts are shown by green dashed lines). Contacts
are short enough (3.47-3.68 A) to provide effective magnetic
coupling between these two paramagnetic species.

Crystal structure of 1 solved at 100 K indicates dimerization of
Cgo" and the formation of singly bonded (Cq; ), dimes (Fig. 2a). The
dimers are formed in fullerene zig-zag chains namely in the fullerene
pairs with the shorter center-to-center distance of 10.136 A. The
dimers are well ordered allowing one to determine the intercage C-C
bond length of 1.593(17) A and the ctc distance between fullerenes
in the dimers of 9.292 A. These values are in the range of values
found previously for singly bonded (Cgy"), dimers.>**

Salt 2 contains two TEA" cations and two types of anions: a
monomeric Cqy" radical anion and a In(Br)(Pc)" radical anion (Fig.
2b). The main structural motif of salt 2 is zig-zag fullerene chains
arranged parallel to the c-axis (Fig. 4a). The ctc interfullerene
distance in the chain is uniform and rather long (10.186 A). That
does not allow the dimerization of Cg" . Fullerene chains are
separated by phthalocyanines. TEA" cations are located in the
cavities formed in zig-zag fullerene chains in which phenylene
groups of phthalocyanines are inserted as well. As a result, two
negatively charged components are held together in a crystal by the
TEA" cations.

In(Br)(Pc)* and a couple of Cg' are alternatively arranged
along the c-axis to form an anion ribbon, in which each In(Br)(Pc)*”
is surrounded by four C4"~ (Fig. 4b). However, in this case, the
number of van der Waals contacts is smaller and they are longer
(3.56-3.80 A) than those in 1. That should result in the weaker
magnetic interactions in 2 than those in 1. Two ribbons of
In(Br)(Pc)” and Cg" are connected by additional In(Br)(Pc)” to
form a vacancy which accommodates TEA" cations and solvent
molecules (Fig. 4c).

Molecular geometry of ordered In(Br)(Pc)*” radical anions
has been determined for the first time in salt 1 at 100 K. The
average equatorial In-N(Pc) bond length is 2.136(6) A, the

J. Name., 2012, 00, 1-3 | 3
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Figure 4. View on the fragment of crystal structure of salt 2 along the b-axis (a); main building block of salt 2 in which one In(Br)(Pc)*” radical anion is surrounded by
four Cgo"~ (van der Waals C...C contacts are shown by green dashed lines) (b); large cavity formed by four In(Br)(Pc)*™ - 4 Cg" units are occupied by TEA® cations and

solvent molecules (c).

displacement of indium atom from the 24-atom phthalocyanine
plane towards the bromide anion is 0.896 A and the length of
axial In-Br bonds is 2.604(1) A at 100 K. The structure of
neutral indium(III) bromide phthalocyanine is unknown and a
comparison with neutral indium(III) iodide phthalocyanine can
only be made. In this case the average equatorial In-N bond
length is 2.130(6) A, the axial In-Br bond length is 2.672(2) A
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Figure 5. Magnetic properties for salt 1 measured by SQUID: temperature

dependence of effective magnetic moment measured in heating (blue squares)

and cooling (red squares) conditions (a) and reciprocal molar magnetic
susceptibility (b) of polycrystalline 1.
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and the displacement of indium atom from the 24-atom
phthalocyanine plane towards the iodide anion is 0.839 A.** It seems
that the reduction of macrocycle to form of In(Br)(Pc)* is
accompanied by slightly stronger displacement of indium atoms
from the 24-atom phthalocyanine plane towards bromide anions
whereas averaged In-N(Pc) bonds are only slightly longer in
In(Br)(Pc)*” (however, this elongation is within experimental error).

d). Magnetic properties

Magnetic properties of 1 were studied by SQUID and EPR
techniques. Effective magnetic moment is 2.35 pg at 300 K. That is
close to the contribution of two S = 1/2 spins per formula unit
(calculated magnetic moment is 2.45 pg) (Fig. 5a). Thus, both
paramagnetic In(Br)(Pc)*” and Cg,"~ species contribute to the
magnetic moment at high temperature. The temperature dependence
of reciprocal molar magnetic susceptibility of 1 is shown in Fig. Sb.
This dependence is linear in a high-temperature 180-300 K range
allowing one to determine Weiss temperature of about -120 K that
indicates strong antiferromagnetic coupling of spins in the
monomeric phase. The strong antiferromagnetic coupling should be
the origin for smaller value of magnetic moment of 2.35 pp at 300 K
in comparison with that for the two independent S = 1/2 spins and
the decrease of magnetic moment of 1 even below 300 K (Fig. 5a).
Two types of interactions can contribute to strong antiferromagnetic
coupling of spins observed in 1. That is magnetic coupling in the
Ceo" chains and coupling between spins localized on In(Br)(Pc)*
and C4"~ whereas the In(Br)(Pc)*” radical anions are located far
from each other in 1. There are several compounds which contain
layers of Cgy"~ with an ctc distance of about 10.13 A or even shorter
but Weiss temperature does not usually exceed =30 K.*"** Enhanced
magnetic coupling is most probably due to additional magnetic
interaction between In(Br)(Pc)* and Cg" spins.

Judging from the precipitous reduction of magnetic moment
(Fig. 5a) and integral intensity of EPR signal (Fig. 7c) as well as
transition in the reciprocal molar magnetic susceptibility (Fig. 5b),
the dimerization of Cg" to form diamagnetic singly bonded (Cyy ),
dimers is realized in the 180-140 K range and the magnetic moment
is only 1.83 pp below 140 K (Fig. Sa). This value is close to 1.73 pg
calculated for the system with one non-interacting S =1/2 spin and is
supposed to originate from remaining In(Br)(Pc)*". Low-temperature
dimeric phase is characterized by very small Weiss temperature of -1
K in the 140-10 K range indicating that dimerization of Cgy"™
switches off strong antiferromagnetic coupling of spins and

This journal is © The Royal Society of Chemistry 2012
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Figure 6. Evolution of EPR signal for polycrystalline 1 with temperature. Spectra at 225, 60 and 4 K are shown.

magnetically isolated In(Br)(Pc)* radical anions are formed. Since
dimerization is reversible (only with small hysteresis, Fig. 5a), the
transition from strong to weak magnetic coupling of spins also
occurs completely reversibly.

The EPR signal of 1 is a broad Lorentzian line with g-factor of
1.9911 and linewidth (4H) of 25.4 mT (Fig. 6 shows this signal at
225 K). This signal is noticeably different from those observed for
the Cgo*™ radical anions, which generally have g-factors in the 1.996-
2.000 range and are essentially narrower (AH = 2-8 mT at room
temperature).”*>° Thus, the observed signal can be attributed to both
paramagnetic In(Br)(Pc)”™ and Cg" species showing strong
exchange magnetic interaction. Generally, in this case the Lorentzian
signal with an intermediate g-factor value between those
characteristic of individual species is manifested.*® Therefore, we
can suppose that the EPR signal from In(Br)(Pc)*” should have g-
factor lower than 1.991. G-factor of the signal only slightly
decreases, and the signal narrows with the temperature decrease
(Fig. 7a and b). Dimerization of C4" realized in the 140-180 K
range is accompanied by the decrease of integral intensity of the
signal to the half (Fig. 7c). Since diamagnetic singly bonded (Cqy ),
dimers are EPR silent,>*? we can suppose that the EPR signal below
140 K originates mainly from In(Br)(Pc)*". The signal attributed to
In(Br)(Pc)* is split into two components below 140 K (Fig. 6,
spectrum at 60 K). The main component has g-factor of 1.9890 and
AH = 14.50 mT at 120 K. At the beginning, the second component
with g, = 1.9965 (4H = 4.55 mT) has very weak intensity of ~4%
from that of the main component (at 120 K). However, the
contribution of the second component increases with the temperature
decrease and is about 50% from that of the main signal at 40 K. On
the whole, both components of the EPR signal attributed to
In(Br)(Pc)* strongly narrow with the temperature decrease and their
g-factors are shifted to lower values below 100 K. Below 10 K salt 1
shows a complicate signal with two main components at g; = 1.9986

and g, = 1.9445. Split and weak signals are also observed in
magnetic fields from 324 up to 332 mT. Signal separation varies in
the 0.8 - 1.4 mT range at 4 K (Fig. 6, spectrum at 4 K). Such
splitting can be associated with hyperfine interaction of unpaired
spins with In'"® having nuclear spin 9/2 and quadrupole moment, Q
= 0.86. Another more probable reason for the appearance of weak
components in the 324-332 mT range is strong asymmetry of g-
component of the EPR signal because of polycrystallinity of the
sample. Such effects were observed in some anionic fullerene and
phthalocyanine compounds containing Cp*,Cr",
(MDABCO"),Mn''TPP cations or in the salt with the (Fe'Cl,sPc)”
anions (Cp*,Cr is decamethylchromocene, MDABCO' is N-
methyldiazabicyclooctanium cation and (Fe'Cli¢Pc)” is the anion of
iron(I) hexadecachlorophthalocyanine).*> ** ** It is interesting that
the EPR signal from In(Br)(Pc)* is strongly different from those of
the radical anions of metal-free phthalocyanine (H,Pc®") which are
essentially narrower (AH = 0.1-0.3 mT) and have g-factors of
2.0035-2.0037." Thus, the substitution of hydrogens by a indium-
halide fragment strongly affects the EPR spectra of radical anions of
these phthalocyanines.

The EPR signal of 2 shows one Lorentzian line with g = 1.9956
and AH = 7.5 mT at room temperature (Fig. 8a shows the EPR signal
at 200 K). G-factor of the signal slightly shifts to lower values and
the signal narrows with the temperature decrease (Supporting
information, Figs. S2a and S2b). Below 170 K the signal splits into
two components which have g; = 1.9914 and 4H=3.42 mT and g, =
1.9985 and AH = 2.43 mT at 140 K (Fig. 8b shows the EPR signal at
30 K). The temperature dependence of integral intensity of the EPR
signal in 2 can be fitted well by the Curie-Weiss expression with
positive Weiss temperature of +7.6 K indicating weak ferromagnetic
interaction of In(Br)(Pc)”™ and Cg" spins (Supporting information,
Fig. S2c¢). Weak magnetic interactions can be a result of longer
distances between Cg'~ in the chains and between In(Br)(Pc)*” and
Cgo” species in the crystal structure of 2.
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Figure 7. Temperature dependencies of parameters of EPR signal for polycrystalline 1: g-factor (a), linewidth (b) and integral intensity (c).
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Experimental

Materials

In"(CI)(Pc) of 90% purity was purchased from Aldrich, TEABr and
TBABr of 98% purity were purchased from TCI. C4 of 99.98%
purity was purchased from MTR Ltd. Sodium fluorenone ketyl was
obtained as previously described.*” All manipulations for the
synthesis of 1 and 2 were carried out in a MBraun 150B-G glove box
with controlled atmosphere containing H,O and O, less than 1 ppm.
Solvents were purified in argon atmosphere. o-Dichlorobenzene
(C¢H4Cly) was distilled over CaH, under reduced pressure,
benzonitrile (CgHsCN) was distilled over Na under reduced pressure,
hexane was distilled over Na/benzophenone. The crystals of 1 and 2
were stored in a glove box. KBr pellets for measurements of IR- and
UV-visible-NIR spectra were also prepared in a glove box. EPR (for
1 and 2) and SQUID (for 1) magnetic measurements were performed
on polycrystalline samples sealed in 2 mm quarz tubes under 10
Torr.

Synthesis

The crystals of (TBA");(Ceo™){In"(Br)(Pc)” }(Br)-CoH,Cl, (1)
were obtained by the reduction of 27.6 mg of In"(Cl)(Pc) (0.044
mmol), C¢ (30 mg, 0.044 mmol) in the presence of an excess of
TBABr (50 mg, 0,155 mmol) by about two molar equivalents of
sodium fluorenone ketyl (20 mg, 0.098 mmol) in 16 ml of o-
dichlorobenzene at 100°C during four hours in anaerobic condition.
The solution color changed from violet to deep blue and all
components completely dissolved. The solution was cooled down to
room temperature and stirred overnight. Then it was filtered in a 50
mL glass tube of 1.8 cm diameter with a ground glass plug, and 30
mL of hexane was layered over the solution. The crystals of the salts
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were precipitated during 1.5 month. The solvent was decanted off
from the crystals and they were washed with hexane. Crystals of 1
were up to 0.4x0.8x1 mm® in size and were obtained with 34%
yield. The analysis of the obtained crystals under microscope in a
glove box showed the presence of only one phase - black elongated
plates of 1 whose composition was determined from X-ray
diffraction on single crystal and was confirmed by elemental
analysis. Found: C =72.89, H =5.24, N = 6.36 %; calc.; C = 73.61,
H=5.37,N=6.50 %.

The crystals of (TEA"),(Cgo™) {In"(Br)(Pc)” }-C¢H4ClyCeH 4 (2)
were obtained by a similar procedure. Instead of TBABT, an excess
of the TEABr salt (36 mg, 0.171 mmol) was used, and 3 ml of
benzonitrile was added to increase the solubility of the salt.
Diffusion of hexane during 1.5 month produced crystals on the walls
of the tube. The solvent was decanted off from the crystals and they
were washed with hexane. Crystals of 2 were up to 0.2x0.5x1 mm’
in size and were obtained with 28% yield. The analysis of the
obtained crystals under microscope in a glove box showed the
presence of only one phase, namely, black elongated plates of 2
whose composition was determined from X-ray diffraction on single
crystal and was confirmed by elemental analysis. Found: Found: C =
7438, H=3.77,N =7.19 %; calc.; C="75.00, H=3.85, N = 7.33 %.

General

UV-visible-NIR spectra were measured in KBr pellets with a Perkin
Elmer Lambda 1050 spectrometer in the 250-2500 nm range. FT-IR
spectra were obtained in KBr pellets with a Perkin-Elmer Spectrum
400 spectrometer (400-7800 cm™'). EPR spectra were recorded for
sealed polycrystalline samples of 1 and 2 from 4 up to 295 K with a
JEOL JES-TE 200 X-band ESR spectrometer equipped with a JEOL
ES-CT470 cryostat. A Quantum Design MPMS-XL SQUID
magnetometer was used to measure static magnetic susceptibility of
1 at 100 mT magnetic field in cooling and heating conditions in the
300 - 1.9 K range. A sample holder contribution and core
temperature independent diamagnetic susceptibility (yq) Wwere
subtracted from the experimental values. The y4 values for 1 (= -
1412 x10™® emu-mol™") were calculated using the Pascal constants.
The values of -252 x10¢ emu-mol™ for Cgp,*® -344x10"® emu-mol™!
for In(Br)Pc, -207x10° emu-mol™ for TBA", -83 x10® emu-mol" for
C¢H,Cl, and -77 x10°% emu-mol™! for C¢H,, were used. The values of
® and C for 1 below and above dimerization were calculated using
experimental data in the 10-140 and 180-300 K range using
expression yy = C/(T-0) + y,. Effective magnetic moment (z4¢) Was
calculated with formula: z.¢= (8- ;(M-T)l/z.

Crystal structure determination

Crystal data for 1 at 100 K. C,4H,2CLBr,InN,,, M, = 2382.13 g
mol™!, black plate, monoclinic, P 2//n, a = 15.9670(13), b =
17.4625(14), ¢ = 39.938(3) A, = 90.3410(10)°, ¥ = 11135.5(16)
A, Z =4, dy = 1421 gem® p = 1.040 mm”, F(000) = 4936,
20 = 49.67°, reflections measured 76936, unique reflections
19169, reflections with / > 2o(/) = 12211, parameters refined 1690,
restraints 2092, R, = 0.0844, wR, = 0.2130, G.O.F. =1.032.

Crystal data for 1 at 250 K. C 4sH;»CL,Br,)InNy,, M, = 2382.13 g
mol™, black plate, monoclinic, P 2,/n, a = 16.275(1), b = 17.518(1),
c=402432) A, B =90.874(1)°, V= 114722(11) A, Z = 4, doye =
1379 gem™, 1 = 1.010 mm™, F(000) = 4936, 20, = 34.514°,
reflections measured 37908, unique reflections 6962, reflections
with /> 2co(l) = 5672, parameters refined 3049, restraints 5584, R, =
0.0809, wR, = 0.2209, G.O.F.=1.047.

Crystal data for 2 at 90 K. C,H;,BrCLInN,y, M, = 1921.52 g
mol!, black block, monoclinic, P 2,/c, a = 22.3081(5), b =
16.9276(4), ¢ =24.9563(5) A, B = 115.282(1)°, V' =8521.4(3) A®, Z
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=4, dyo = 1.498 gem™, 1z = 0.873 mm™', F(000) = 3928, 20,y =
52.744°, reflections measured 54020, unique reflections 17342,
reflections with /> 2o(/) = 7971, parameters refined 1717, restraints
3038, R; =0.1349, wR, = 0.4274, G.O.F. = 1.243.

X-ray diffraction data for 1 at 100 and 250 K (both
experiments were carried out for one single crystal at the beginning
at 100 and finally at 250 K) and 2 at 90 K were collected on a Bruker
Smart Apex II CCD with graphite monochromated MoK, 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 direct method and refined
by the full-matrix least-squares method against F* using WINGX
and SHELX-2013 programs.*® ** Non-hydrogen atoms were refined
in the anisotropic approximation. Positions of hydrogen atoms were
calculated geometrically.

Disorder and peculiarities in the refinement of the crystal
structures of 1 and 2

Crystal structure of 1 at 250 K involves three crystallographically
independent TBA™ cations, one each of Cg"", In(Br)(Pc)", bromide
(Br ) anion and solvent C¢H,4Cl, molecule. The C4," radical anions
are strongly disordered between four orientations with
0.175(9)/0.176(9)/0.295(9)/0.354(9) occupancies. Butyl substituents
of one of three TBA" cations are also disordered between two
positions having 0.604(17)/0.396(17) occupancies. Since single
crystal of 1 weakly reflects at 250 K, the reflections are observed
only at low angles (the theta cutoff is 17.25°) and low resolution and
poor data/parameters ratio are observed for the monomeric phase of
1. Temperature decrease can solve this problem but noticeable
temperature decrease is impossible with the preservation of
monomeric phase.

Crystal structure of 1 at 100 K contains three crystallographically
independent TBA" cations, half of singly bonded completely ordered
(Cgo )2 dimer, one each of In"(Br)(Pc)*", bromide (Br") anion and a
solvent C¢H,Cl, molecule. One of three TBA™ cations shows the
positional disorder of butyl groups with the 0.730(5)/0.270(5)
occupancies. The C4H4Cl, molecule is disordered between two
orientations with the 0.865(6)/0.135(6) occupancies. The bromine
anion has two closely located positions with the 0.880(6)/0.120(6)
occupancies. Space occupied by two Cg" decreases after
dimerization and that can result in additional disorder of some
components in the dimeric phase (C¢H4Cl, and bromide anions).

Salt 2 contains two TEA" cations and two types of anions:
monomeric Cq,"~ radical anion disordered between two orientations
with the 0.758(9)/0.242(9) occupancies and In(Br)(Pc)* radical
anion. One of two TEA" cations is also disordered between two
orientations with the 0.559(12)/0.441(12) occupancies. This complex
contains two cavities to accommodate solvent molecules. One of
them contains well-ordered C¢H4Cl, molecule, while second large
cavity accommodates strongly disordered solvent molecules. It
obviously contains hexane but probably also strongly disordered
C¢H4Cl, molecule is encapsulated while the positions cannot be
specified. Additional electron density peaks are also observed near
bromide anions of In(Br)(Pc)*". The position of In and Br above and
below the phthalocyanine plane has the 0.556(2)/0.444(2)
occupancies. Therefore, when the In-Br fragment is absent, large
void is formed which can be occupied by solvent molecules (hexane,
CgH4Cl, or C¢HsCN). Due to large size of the cavity, solvent
molecules are strongly disordered in them. As a result of small
electron density, the positions of solvent molecules cannot be
resolved reasonably. All these factors result in a rather high R-factor
value for this structure (R; = 0.1349). Nevertheless, the positions of
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Cgo" radical anion, phthalocyanine and the TEA™ cations in 2 are
solved and refined stably.

For the disordered parts in the crystal structures of 1 and 2, all
distances were calculated and figures are shown for major occupied
orientations only. To keep geometry of disordered fullerene, solvent
and TBA™ or TEA™ cations close to ideal one, the bond length
restraints were applied along with the next-neighbour distances using
the SADI and SAME SHELXL instructions. That resulted in a great
number of restraints used for the refinement of the crystal structures
of 1 at 250 and 100 K and 2 at 100 K.

Conclusions

We obtained two new salts containing simultaneously fullerene Cg
and indium(IlT) bromide phthalocyanine radical anions:
(TBA)3(Ceo™ ) {In"'(Br)(Pc)* }(Br )-CeH,Cl, (1) and
(TEA")»(Cgo"){In""(Br)(Pc)*"}-C¢H4Cly-CeHy4 (2). The presence of
both radical anions is well proved by their IR- and NIR-spectra. The
salts contain zig-zag Cg*~ chains in both salts. Effective packing of
planar In(Br)(Pc)" and spherical Cg,*" radical anions is attained due
to the intoduction of fullerene spheres between phenylene
substitients of In(Br)(Pc)*” allowing the formation of multiple van
der Waals contacts between them. The presence of Cg," chains and
effective In(Br)(Pc)* and Cg" interactions results in strong
antiferromagnetic coupling of spins in 1 and less effective but
ferromagnetic coupling of spins in 2. It should be noted that the
reversible dimerization of Cg,*™ in 1 in the 180-140 K range switches
off strong magnetic coupling of spins and isolates In"(Br)(Pc)"
radical anions magnetically. Since dimerization is realized
reversibly, the transition from strong to weak magnetic coupling of
spins also occurs completely reversibly. The experimental data show
that effective magnetic coupling between fullerene and metal
phthalocyanine radical anions can realize in spite of different shapes
of these anions. The approach to incorporate different anion radical
species in a crystal will provide the compounds with promising
magnetic properties.
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SYNOPSIS

Salts containing fullerene Cg and indium(Ill) bromide phthalocyanine (Pc) radical anions,
(TBA")3(Coo™) {In™(Br)(Pc)” }(Br )-C¢H4Cl (1) and (TEA)(Cgo™){In"'(Br)(Pc)" }:C¢H4ClCsH 4 (2)
have been obtained: Effective packing of planar In"'(Br)(Pc)*” and spherical Cq," is attained by the
penetration of fullerenes into the concaved periphery of Pc, resulting in the strong antiferromagnetic
coupling of spins in 1 and weaker ferromagnic coupling of spins in 2. Molecular structure, optical and

magnetic properties of In(Br)(Pc)" are presented for the first time.

GRAPHIC

Interplay between fullerene and phthalocyanine species in

(TBA")3(Cgo™ ){In"'(Br)(Pe)” }(Br )- CsH,Cl.
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