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The review summarizes the results of investigations of ionic fullerene compounds contain-
ing negatively charged dimers and fullerene anions coordinated to metalloporphyrins. Fullerene
radical anions were found to form diamagnetic singly bonded (Cgy7), and (C;y7), dimers.
Dimerization is reversible and leads to paramagnetic—diamagnetic phase transitions or a
decrease in the magnetic moment of the complexes. The temperature, at which dissociation of
the (Cgy7), dimers begins, varies from 140 to 320 K; the corresponding temperature for the
(Cy97), dimers varies from 260 to 360 K and higher. We prepared the first doubly bonded
(Cgp), dimer. At 300 K, this dimer exists as a biradical. The fullerene radical anions form
Co—C coordination bonds with cobalt(i1) porphyrinates. The resulting anions are diamag-
netic. In some cases, Co—C coordination bonds undergo reversible dissociation, resulting in
magnetic transitions from the diamagnetic to the paramagnetic state.

Key words: C¢, and C, fullerenes, donor-acceptor complexes, metallocenes, porphyrins,
dimerization, coordination, crystal structure, magnetic properties, ESR spectroscopy, IR and
near-IR spectra.

The discovery of a new allotrope of carbon,! viz.,
fullerene, resulted in the appearance of a unique three-
dimensional & acceptor. A large number of donor-accep-
tor compounds based on fullerenes both in the neutral
and ionic ground state have been synthesized.2—5 Neutral
compounds are of interest due to their photophysical prop-
erties.%7 lonic compounds containing fullerene radical
anions Cg""~ (n = 1 or 3) exhibit metallic conductivity,

superconductivity, and ferromagnetism.2-3-8:9 Fullerene
radical anions can exist either in the monomeric state or
form dimers, polymers, or coordination bonds with orga-
nometallic donors.%1? These processes give rise to a wide
diversity of structures and properties of ionic fullerene
compounds. An understanding and the prediction of such
processes are of significance for the synthesis of the cer-
tain types of fullerene structures with desired physical
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properties, which are of importance for the design of new
fullerenes based on functional materials.

Linear (Cqy7),, polymers, in which each C¢,~ anion
is linked to the adjacent anions by four C—C bonds
(Fig. 1, a), were found for the first time in the M- Cg
compounds (M = K, Rb, or Cs). The K- Cy, compound
behaves as a three-dimensional metal up to 4 K, whereas
the compounds with M = Rb or Cs are quasi-one-dimen-
sional metals, which undergo the metal—insulator phase
transition at 7 < 50 and 40 K, respectively.11=13 Under
high pressure, the Na,Rb - C¢, and Li;Cs - C4, compounds
form linear (C603—)n polymers, in which each trianion is
linked to the adjacent trianions by two C—C bonds. The
starting compounds containing monomeric trianions are
superconductors, and polymerization leads to the disap-
pearance of superconductivity, whereas the metallic prop-
erties are retained.16:17 In the salts of C;, with metal cat-
ions, viz., {(Ba?")+(NH;);}+(Cs27)« (NH;3),, {(Sr?*)-
- (NH;)g} - (C79?7) - (NH3)3, and {(Sr?") - (NHj)g};+
+(C70°7),+ (NH3) 9, which were prepared by diffusion in
liquid ammonia, polymers consisting of C;,?>~ dianions

Fig. 1. Linear (Cgy7), polymer in the M-Cq, compounds
(M = K, Rb, or Cs) (a)1'=13; the (C;>"), polymer in the
{(Sr2*) - (NHa)g} - (Coo2) - (NHa); salt (5)™; and the two-di-
mensional (Cgy*"), polymer in the Na,Cg, compound (c). 3

(see Fig. 1, b) and C,>~ trianions are formed.14-18:19 [n the
Na, - C¢, compound, the C¢y*~ tetraanions form two-di-
mensional polymers, each tetraanion being involved in
four new C—C bonds (see Fig. 1, ¢) with four other
tetraanions.!s

The hypothesis about the existence of singly bonded
(Cgg7), dimers has been made in the analysis of X-ray
powder diffraction data for the metastable phases M« Cg,
(M = K, Rb, or Cs). These singly bonded dimers are
diamagnetic (Fig. 2, a).29=23 Dimers of neutral fullerenes
were documented. Fullerene Cgq forms the doubly bonded
(Cgp), dimer.2425 In the neutral azafullerene dimer
(C59N),, the monomers are linked to each other by
only one C—C bond, and this dimer is isoelectronic
with (Cgy7),.26

Many ionic fullerene compounds containing or-
ganic or organometallic donors and cations (Fig. 3) in-
volve monomeric radical anions. These are TDAE - Cy,?
Cp,Co+ Cg* CS,,27 Cp*)Ni-Cg+CS,,28 CrllITPP- Cg-
«(THF)3,% and (Cp*,Co0),+ C¢y* (PhCN, C¢H4Cly-0),,30
salts of C¢y™~ (n = 1, 2, or 3) and C,y°~ with PPN™
(PPN is bis(triphenylphosphoranylidene)ammonium),
Ph,P*, or PhyAs™ cations,31—35 and salts of C¢y"~ (n = 2
or 3) with alkali metal cations3¢—3% or some other cat-
ions.3? The properties of these compounds were discussed
in the review.3 Rather recently, polymeric and dimeric
structures formed by fullerene anions were found in these
compounds. In the Cr(C4Hs;Me), - C¢y+ CS, compound,
the C¢y~ anions are apparently linked to each other by
two C—C bonds to form a linear polymer. However, the
structure of this polymer cannot be satisfactorily charac-
terized because of a disorder of the C¢,~ anions.4? In the
ferromagnetic TDAE - Cy salt, the Cg,"~ radical anions
undergo polymerization under a pressure of 7 kbar; the
resulting polymeric phase is stable under atmospheric pres-
sure and undergoes depolymerization only upon heating
above 520 K.41:42

The reversible phase transition associated with dimer-
ization of Cg,°~ was observed for the first time in the
Cr(C¢HsMe), - C4y compound at 250 K (X-ray powder
diffraction data). A model of the molecular structure of
the (Cgy~), dimer was proposed and the C—C bond length
between the Cgy~ anions in the dimer was estimated
(1.55 A).43:44 A complete X-ray diffraction study of the
molecular structure of the singly bonded (Cg,7), dimer
(o dimer, see Fig. 2, a) became possible after the prepa-
ration of single crystals of Cp*,Cr-Cg,-(CsH4Cly),
(Cp*,Cr, see Fig. 3).45 Similar dimers were found in
some other ionic complexes of Cg, with Cp,Co,46
Cr(CgHg),,4047 and Cr(Ph—Ph), 48 and the (Cs),-
*(Cg)2*CTV-(DMF)¢ 4 and  Cr(CgHg),* Cgp*
-[Pd(dbdtc),], s complexes.>® The ESR and '3C NMR
spectroscopic studies demonstrated that the Cg, "~ radical
anion in the structure of Cr(CgH;Mes), - Cy also, appar-
ently, undergoes dimerization. However, a reversible
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Fig. 2. Molecular structures of dimers and coordinatively bound anions: the (Cg;7), o dimer (a); the doubly bonded (C¢;™), dimer (b);
the (C7), o dimer (c); the coordinatively bound {Co!'TPP:(C4,~)} anion (d), the coordinatively bound {(Co'OEP:(C¢,7)}
anion (e), and the coordinatively bound {Co"TPP-(Cg(CN),"} anion (f) (OEP is octaethylporphyrinate and TPP is tetra-

phenylporphyrinate).

stepwise decrease in the magnetic moment attendant on
dimerization was not observed. Presumably, dimerization
in this complex occurs not as a first-order phase transition
(like in other known compounds) but as a higher-order
phase transition.5! The Cg,"~ radical anions also form
unusual negatively charged doubly bonded (Cg, ™), dimers
(m dimers; see Fig. 2, b). The electronic structures of these
dimers are substantially different from those of ¢ dimers.>2
In some compounds, doubly bonded dimers coexist with
o dimers.33

The C;,"~ radical anions also prone to form singly
bonded diamagnetic (C,,~), dimers. The molecular struc-
ture of such dimers (see Fig. 2, ¢) has been established for
the first time in the X-ray diffraction study of crystals
of (Cs);+(Cy),+ CTV:(DMF);+(CgHg)g.75 (CTV, see
Fig. 3).54 Analogous dimers are formed (magnetic mea-
surement data) in complexes of C;, with Cr(C¢Hg),,46-55
Cp,Co,% Cp*,Cr,3 Cp*,Ni 3 (see Fig. 3), and Cs.46 In
the structure of TDAE-C,,-CcHsMe, the presence of

(C57), was proved by single-crystal X-ray diffraction.3
Several ionic complexes of dicyanofullerene Cgy(CN),
were characterized.57-38 Dimerization of C¢y(CN), "~ was
proved at least in the complex with bis(benzene)chromium
Cr(CgHg),.®

Metal octaethyl- and tetraphenylporphyrinates (see
Fig. 3) form neutral complexes with fullerenes, their de-
rivatives, and endometallofullerenes.3—7"! In these com-
plexes (particularly, with metalloporphyrins contain-
ing M = Coll, Fell, or Fel!ll) 64,66—68 {here are rather
strong M...Cg, interactions. The M...C distances are
2.55—2.70 A, which are smaller than the sum of the
van der Waals radii of the M and C atoms (~3.1 A) but are
substantially longer than the Co—C coordination bonds
in alkylcobalamines (1.99—2.03 A).”2 In these com-
plexes, interactions between metalloporphyrins and neu-
tral fullerenes can be described as secondary bonding.%3
The bonds between the fullerene radical anions and
cobalt(11) porphyrinates are stronger than those with neu-
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TDAE is tetrakis(dimethylamino)ethylene, DMP" is the N,N -dimethylpyrazolium cation, CTV is cyclotriveratrylene,
DMETEP* is the N "-(ethylthioethyl)-N,N "-dimethylpiperazinium cation, MP* is the N-methylpyridinium cation, Pd(dbdtc), is palladium(ir)

dibenzyldithiocarbamate, and

MDABCO" is the N-methyldiazabicyclooctane (4-aza-1-methylazoniabicyclo[2.2.2]octane) cation.

Fig. 3. Molecular structures of the donors and cations used for the synthesis of ionic fullerene compounds.

tral fullerenes, and these radical anions form coor-
dinatively bound anions (see Fig. 2, d—f).73~76 The latter
can be stable up to room temperature’57® or undergo
dissociation upon heating. It is also possible to synthesize
complexes containing uncoordinated cobalt(ir) porphyrin-
ates and fullerene anions*.””

The present review summarizes the results of investi-
gations of ionic complexes and salts of fullerenes contain-
ing the negatively charged (Cgy7), and (C;7), dimers
and coordinatively bound fullerene anions with cobalt(11)
porphyrinates, which were synthesized by our research
group in the last four years. The structural aspects of
dimerization and coordination and the influence of vari-
ous factors on stability of the resulting anionic species are
discussed in detail. The magnetic and optical properties
of ionic fullerene complexes and reversible changes in
these properties as a result of the formation of dimers and
coordinatively bound anions are considered.

1. Synthesis of complexes

Depending on the oxidation potential of the donor
component (DC), fullerenes can form both ionic
(DC¥)(Cy®) (charge transfer is close to unity, & ~1)
and neutral (DC3")(C¢®") (charge transfer is close to

*D. V. Konarev, S. S. Khasanov, G. Saito, and R. N.
Lyubovskaya, unpublished data.

zero, & ~0) complexes. Partial charge transfer (0 <& < 1)
is rarely observed in fullerene compounds.’® Fullerenes
behave as rather weak acceptors (E%~ = —0.44 (C¢,) and
—0.41 V (C4)).” Hence, the formation of ionic com-
pounds would be expected only in the case of strong do-
nors (DC), which are oxidized at a potential more nega-
tive than —0.5 V. These are Cp*,Cr (E*/0 = —1.04 V),30
Cr(C¢Hg), (E/0=—0.72V) 81 TDAE (E*/0 = —0.75 V),32
and Cp,Co (E*/0 = —0.91 V)3 (all potentials were deter-
mined relative to a saturated calomel electrode). Ionic
compounds can be synthesized in solution by direct re-
duction of fullerenes with strong donors (DC) or by cat-
ion metathesis with organic cations (DC") (Fig. 4). We
developed a versatile procedure for the cation metathesis,
which allows the use of various DC* cations. Fullerene is
reduced with sodium ethanethiolate (EtSNa) in the pres-
ence of the organic salt DC*+Hal~ (Hal = I, Br, or Cl).
The degree of reduction of fullerene with thiolates
depends on the solvent polarity.83:84 The use of a
CgH,Cl,-0—PhCN solvent mixture (15 : 1) results in
selective reduction of fullerene to the radical-anion
state (1—).52:53,76 Sodium halides, salts with organic cat-
ions, and sodium ethanethiolate are poorly soluble in this
solvent mixture and can be filtered off after reduction
(0.5—1 h). Reduced fullerene remains in solution as the
(DC*)+ (Cgp ) salt. The advantage of this method is the
absence of overreduction of fullerene even in the pres-
ence of a large (50-fold) molar excess of the reagent.
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Fig. 4. Methods for the synthesis of neutral and ionic fullerene complexes.

The molecular complexes of fullerenes can be synthe-
sized with different rather weak donors (DC"), such
as metalloporphyrins,3®—7? metal dithiocarbamates,83
amines,30 aromatic hydrocarbons,37:88 tetrathiafulva-
lenes, 2378 efc.2—4 (see Fig. 4). These complexes exhibit a
large structural diversity. However, the neutral ground
state of the complexes results in the absence of conductiv-
ity and magnetic ordering.

With the aim, on the one hand, of exploiting high
potential of donors DC” to form different structures of
fullerene compounds and, on the other hand, with
the aim of synthesizing complexes with fullerenes in the
charged radical-anion state, we developed a multicompo-
nent approach, in which two donors (DC and DC") are
used. A strong donor DC can reduce fullerene or is a
small cation (DC%). Another larger donor (DC ") remains
neutral and defines the structure of the resulting complex
(see Fig. 4). The {(Cr'(C4Hg), %)+ (Co!'TPP- Ful™)-
+C¢H,4Cl,} compound (Ful is fullerene) containing
Cr(C¢Hg), as the strong donor (DC), which reduces
fullerene, and CoITPP as the neutral donor DC” is an
example of such complexes. Different donors and cations,
such as TDAE, Cr(C4Hg),, MDABCO™*, DMP*, MP™,
and DMETEP®, can be used as DC; CTV, Pd(dbdtc),,
ColITPP, Co"OEP, and Co"TMPP can serve as DC’
(see Fig. 3).

In solution, fullerene radical anions are very sensitive
to oxygen. Because of this, crystals of ionic compounds
were synthesized under anaerobic condition in a box filled
with an inert gas, the oxygen and water content being
lower than 1 promille. The solvents were thoroughly puri-
fied from oxygen and water (three freezing—evacua-
tion—filling with argon—thawing cycles). In the crystal-
line state, the ionic complexes (DC*)+(Cg," ) are more
stable to oxidation (except for complexes with metal-
containing cations). Multicomponent ionic complexes
containing the neutral donor component DC” have the
highest stability (remain unchanged for several days
or more).

The general method for the synthesis of ionic com-
plexes is based on diffusion of hexane into a solution

Hexane
_

Crystals

0-C6H4C12
PhCN/CH,
DMF/C¢H,

DC + Cg,
DC + DC” + Cg

Diffusion

Fig. 5. Diffusion cell for the crystal growth of ionic complexes.

containing the ionic compound (DC™") - (Ful~). The mul-
ticomponent complexes (DC")+(Ful™)-DC” were syn-
thesized by the addition of an excess of the second donor
component (DC”) to the reaction solution (Fig. 5). In
these reactions, C¢H4Cl, or the CgH4,Cl,—PhCN (15: 1),
C¢H¢—DMF (14 : 2), or CgH4—PhCN (12 : 4) mixture
were used as the solvent. Slow diffusion (1—2 months)
afforded single crystals suitable for X-ray diffraction.
The resulting crystals were initially identified by IR,
UV—Vis, and NIR spectroscopy. Then all complexes were
characterized by elemental analysis and magnetic mea-
surements (ESR in the range of 4—293 K and SQUID
(a superconducting interference detector) in the range of
1.9—300 K). The crystal structures of most of compounds
were studied.

The compositions of compounds 1—20 and the
temperature ranges of existence of dimers and coor-
dinatively bound anions are given in Table 1. The dimers
and the coordinatively bound anions exist at tem-
peratures lower than 77. In the range 77 < T < T,
the C—C and Co—C bonds undergo dissociation. At
T > T,, a monomeric phase or uncoordinated cobalt(1r)
porphyrinate and fullerene radical anions are formed
(Scheme 1).
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Table 1. Compositions of the complexes and the dissociation temperatures of dimers and coordinatively bound anions*

Complex Type of the resulting Dissociation ~ Refer-
structure temperature/K  ence
T, T,
(Cp*,Cr*)+ (Cgp™ ™) * (CgH4CLy), (1) o Dimer (Cg7), 200 230 45,46
{Cri(C4Hg)y" *}+(Cgp" ™) » CeH4Cl, (2) o Dimer (Cgy7), 160 240 46,47
{Crl(CgHg)," *}+(Cgo" )+ PhCN (3) 6 Dimer (Cgy7), 240 >300 46
{Cr'(CgHg)y 12+ (C797)2 (CgH4CLy), (4) Dimer (C77), 260 >300 46
(CpyCo™)+ (Cqp" ™) » CgH4Cly (5) o Dimer (Cgy7), 250 350 46
(CpyC0™),+(Crp7)z* CeH4Cl, (6) Dimer (C797), >300 - 46
(Cs™)y+(Cg7)y* CTV+(DMF);+ (C¢Hg)g.75 (7) Dimer (C7p7), 360 390 46, 54
(Cs%)5+(Cgp" )2+ CTV+ (DMF); (8) o Dimer (Cgy7), 140 220 49
(Cs)y+(C797)2* (DMF) o (9) Dimer (C7y7), >300 — 46
{Crl(CgHg)," *}+ (Cgp” ) - {Pd(dbdtc),}g 5 (10) o Dimer (Cg7), 150 170 50
{(MDABCO™) - Col'TMPP},+ (Cgp7)* (C¢H4Cly), 5+ (PACN), 5 (11) = Dimer (Cgp7), >300 — 52
(DMETEP™),+(C¢p7)2 - {(MnI'TPP), - DMP} - (CcH,4Cly)5 (12) o Dimer (Cgy7), (86%), 320 360 53
n Dimer (Cgy™), (14%)
(Cr'(CgHg)y " ™)1 7+ {(CoM"TPP+ Cgp)y 77} - (CgH4Cly)3 5 (13) o-{Col'TPP- (Cgy7)} >300 — 74
(MP*) +{Co!'TPP- (C¢y™)} - (C4H4CLy), 5 (14) 6-{Co!'TPP- (Cgy7)} >300 — 77
(Cr'(CgHg)y" )2+ {COlITPP - (Cgp(CN); )} + (Cao(CN), " ) - -{Co'TPP+ (Cgy(CN);")} >300 — 73,74
*(CgH4Cly); (15)
(TDAE ")+ {Co'TPP - (C¢y7)} (16) 6-{Co!'TPP- (C¢ )} 190 >300 75
(TMP*)+{Co!lOEP+ (C¢y™)} * (PhCN)g 75+ (CeH4Cls)g o5 (17) 6-{Co!!OEP- (Cyy )} >300 — 76

{(MDABCO™) - Co''OEP- (Cgy7)} - (PhCN) 67+ (CeH4Cly)g 33 (18)
(Cs™)+ Co'TPP+ (Cq)" ™)+ (PhCN), 4(CH4Cly)g 36+ MeCN (19)

(DMP™),+(C77)2+ (Col'TPP), - (C4H,Cl,), (20)

(MDABCO™)-CollOEP-(C¢,7) 50 250 76

Uncoordinated Co!!'TPP Is not formed 77
and C6O -
Dimer (Cro7), >300 R

* TMPP is tetrakis(4-methoxyphenyl)porphyrinate, DMP* is the N,N -dimethylpyrazolium cation, and TMP™ is the tetra-

methylphosphonium cation.

** D. V. Konarev, S. S. Khasanov, G. Saito, and R. N. Lyubovskaya, unpublished data.

Scheme 1

Dimerization:

(DCH)a  [(Ful )] (T< Ty) ==
Dimeric phase

== 2[(DC*)+(Ful'")](T>T,)

Monomeric phase (1—11)
Coordination:
(DC*)+{(Co'Porph) * (Ful)} (T< T;) ==
Coordinatively bound anions
<= (DC*)+(Co""Porph)+ (Ful'~) (T > T,)
Uncoordinated components (12—20)

Porph is porphyrin
2. Formation of dimers of negatively charged fullerenes

2.1. Dimerization of Cgy°~ in (Cp*,Cr*)-(Cgy° )+
« (CgH4Cly), (1).4546 2.1.1. Structural aspects of dimeriza-
tion in compound 1. The UV—Vis spectra show that com-
plex 1 exists in the ionic state with a total charge transfer

from the Cp*,Cr donor to the Cg, molecule*546 because
the first oxidation potential of Cp*,Cr (E*/0 = —1.04 V)80
is substantially more negative than the first reduction po-
tential of Cgy (E%~ = —0.44 V).” The IR spectra also
indicate that the Cg4, "~ radical anions exist at room tem-
perature in the monomeric state (upon dimerization, new
absorption bands appear in the IR spectrum39).

A fragment of the crystal structure of 1 at 300 K is
shown in Fig. 6, a. The monomeric C¢,"~ radical anions
are orientationally disordered (undergo virtually free ro-
tation), the C¢H4Cl, molecules are disordered over two
orientations, whereas the Cp*,Cr* cations are ordered
(are omitted in Fig. 6, a). The Cg,"~ radical anions form
zigzag chains along the diagonal of the ac plane. The
distance between the centers of C¢y"~ in the chains
is 10.10 A (in pure Cg fullerene, this distance is 10.02 A
at 293 K).99

Cooling of compound 1 to temperatures lower than
220—200 K leads to reversible structural changes. The
monoclinic cell is retained, but the ¢ crystal axis is doubled
(Table 2). A comparison of one-half of the unit cell vol-
ume at 7' < 200 K with the unit cell volume before the
transition shows that the volume decreases by more than
300 A3 upon dimerization. At 200 K, singly bonded dimers
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&l

Fig. 6. Crystal structures of the monomeric and dimeric phases
of complex 1 at 300 (a) and 100 K (b)*¢. Zigzag chains of Cg,~
are indicated by dashed lines.

(Cg07), (o dimers) are formed. However, these dimers are
statistically disordered over two orientations (these orien-
tations are related by a rotation axis about the longer axis
of the dimer). A decrease in the temperature leads to an
increase in the occupancy of one orientation and a de-
crease in the occupancy of another. At 100 K, the ratio
between two orientations is 75 : 25 (all geometric param-
eters of the (Cgy7), dimer were determined for the orien-
tation with a higher occupancy). The ¢ dimer has the
C,,, symmetry. In this case, the C¢,~ anions are in frans po-
sitions relative to one another (see Fig. 2, @), which has
been predicted theoretically.®192 The average 6—6 and
6—>5 bond lengths in fullerene (except for the sp3-hybrid-
ized C atoms) are 1.391(21) and 1.445(21) A, respec-
tively. The C—C bond length between the Cq,~ anions is

Table 2. Changes in the unit cell parameters of 1 upon dimer-
ization6

Parameter 300 K 100 K

Molecular formula C184H76C18Cr2 C368H152C116Cr4

Crystal system Monoclinic Monoclinic
Space group C2/c P2,
a/A 23.167(5) 22.973(1)
b/A 20.983(5) 20.785(1)
c/A 14.609(2) 24.747(1)
B/deg 123.415(8) 106.387(3)
V/A3 5928(2) 11247.7(9)
Z 2 2
Pealc/g cm~3 1.498 1.579

1.597(7) A, which is substantially larger than the normal
C—C bond length (1.541(3) A)?3 and is rather close to
the theoretically predicted value (1.618 A).92 In the
dimeric phase, the zigzag chains of Cq,~ are retained.
However, the distances between the centers of Cg,~ are
changed (see Fig. 6, b). In the dimer, these distances
decrease to 9.28 A. The distance between the centers of
Cg~ of the adjacent dimers is 9.91 A.

Since the (Cg;7), dimer in complex 1 is singly bonded,
it is less stable than the neutral (Cg), dimer containing
two shorter C—C bonds (1.575(7) A).24 Actually, the
dissociation temperature of (Cg7), (200—230 K) is sub-
stantially lower than that of the neutral (Cgg), dimer
(423—448 K).24 The dissociation energy for (Cgy7), in
complex 1 is as low as 63+4 kJ mol~1.46

2.1.2. Changes in the magnetic properties of complex 1
upon dimerization. At 300 K, the magnetic moment ()
of complex 1 is 4.20 ug (Fig. 7, a), which corresponds to
the contribution of Cp*,Cr* (§=3/2) and C¢,"~ (S=1/2)
(calculated p.g¢ = 4.27 pg). A similar magnetic moment
(4.20 pg) was found for the ionic complex (Cr'''TPP™).
+(Cgp" ")+ (THF)3, in which Cr'''TPP™* also has the spin
state S = 3/2, and C¢,"~ has the spin § = 1/2.29 A de-
crease in the temperature in a range of 230—200 K leads
to a reversible decrease in the magnetic moment of com-
plex 1to 3.85 ug (see Fig. 7, a). This is associated with the
formation of diamagnetic (Cqy7), dimers and the dis-
appearance of the contribution of the spins of Cgy" .
Therefore, at temperatures lower than 200 K, only the
spins of Cp*,Cr* contribute to the magnetic moment
(Uege = 3.87 pp). Dimerization is reversible with small
hysteresis (2 K). The dimeric phase is characterized by
the Weiss constant of —1 K, which is indicative of weak
antiferromagnetic interactions between spins, resulting ap-
parently in a decrease in the magnetic moment of com-
plex 1 at temperatures lower than 30 K (see Fig. 7). How-
ever, antiferromagnetic ordering of spins was not observed
down to 1.9 K.

The ESR spectrum of complex 1 at room tempera-
ture shows no signals. In the ESR spectrum of the
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Fig. 7. Temperature dependences of the magnetic moments of
complexes 1 (a) and 2 (b) in the range of 1.9—300 K.46

(Cr'ITPP*) + (C¢y ")+ (THF); complex described ear-
lier, signals are also absent in the temperature range
of 4—300 K.2% Presumably, the monomeric Cg " ~ radical
anion and the Cp*,Cr* cation give one very broad signal
with the averaged g factor rather than two signals as a
consequence of an exchange interaction. To validate this
assumption, we measured the ESR spectra of complex 1
with increasing the temperature up to 410 K. Actually,
a very broad ESR signal with g = 2.2210 and a half-width
(AH) larger than 1000 G appears at temperatures higher
than 320 K. An increase in the temperature leads to a
substantial narrowing of this signal to AH = 730 G and a
shift of the g factor to 2.1483 at 410 K.4°

A new ESR signal appears upon cooling of complex 1
below 230 K. The intensity of this signal rapidly increases
with decreasing temperature to 200 K. Upon a further
decrease in the temperature, the intensity of the ESR
signal increases inversely proportional to the tempera-
ture. At 4 K, the signal is asymmetric, characterized by
the parameters g, = 3.974 (AH =70 G) and g, = 2.013
(AH = 55 G), and belongs to the isolated Cp*,Cr™ cation
(the (Cp*,Cr*)-(PF¢7) salt gives a similar asymmetric
ESR signal with g, = 4.02(1) and g = 2.001(1)8%). The
temperature, at which a new signal appears in the ESR
spectrum of complex 1, is close to the dimerization tem-

perature. Therefore, the formation of diamagnetic (Cg7),
dimers disrupts an interaction between the paramagnetic
Cp*,Cr* and Cg,"~ ions characteristic of the monomeric
phase and results in the contribution of the isolated
Cp*,Cr* cations to the dimeric phase.

The C;,°~ radical anions in the ionic compound
(Cp*,Cr™) « (C497) - C¢HsMe exist as diamagnetic (C7y7),
dimers, which are stable up to 300 K (ESR data).55

2.2. Dimerization of fullerene radical anions in com-
plexes with bis(benzene)chromium.*6:47 Bis(benzene)chro-
mium and its substituted analogs are widely used for the
synthesis of ionic complexes with fullerenes.40:43,44,51,58,94
We synthesized the {Crl(C4Hg), "}« (Cgp" ™)+ CeH4Cl,
(2),  {Cr'(CgHg), *}+(Cgo"")-PhCN  (3), and
{Cr(C4Hg)y "}, (Cq07)2- CeH4Cl, (4) compounds,
which have the ionic ground state with the monomeric
Cgo”~ (2 and 3) radical anion and the (C;;,7), dimer (4) at
room temperature.46

At 300 K, the magnetic moment of complex 2
is 2.45 pgp, which corresponds to the contribution of
Crl(C4Hg),"" (S = 1/2) and Cg¢y"~ (S = 1/2) (see
Fig. 7, b). At 240—300 K, the Weiss constant is negative
(—18 K) and is indicative of the antiferromagnetic char-
acter of interactions between spins. The magnetic mo-
ment reversibly decreases at 240—160 K to 1.73 pg (see
Fig. 7, b). Therefore, the contribution of Cgy"~ disap-
pears at T < 160 K due to dimerization, and only the
contribution of the spins of Cr'(C¢Hg)," ™ (uer = 1.73 up)
persists. The temperature dependence of magnetic suscep-
tibility of complex 2 at 7< 160 K follows the Curie—Weiss
law with the Weiss constant of —0.5 K. At room tempera-
ture, the ESR spectrum of complex 2 shows one Lorenz
signal with the g factor of 1.9913, whose value is interme-
diate between the values characteristic of Crl(C4Hg), *
(g = 1.986)% and Cg,"~ (g = 2.000—1.996).3 This is
evidence of an exchange interaction between the spins of
the Cr!(C¢Hg), " radical cation and the Cg,"~ radical
anion. Cooling of complex 2 in the temperature range of
240—160 K leads to a shift of the g factor to g = 1.986
characteristic®3 of the Cr'(C4Hg)," " radical cation. This
behavior is consistent with the formation of diamagnetic
(Cgp7), dimers at 240—160 K. Interesting features of
dimerization in complex 2 are a rather large transition
range (80 K) and two steps in the temperature depen-
dence of the magnetic moment with the transition point
at 200 K, at which an approximately half of dimers is
formed (see Fig. 7, b). This behavior may be associated
with the fact that the complex contains two types of
dimers, that differ in thermal stability (the difference
is ~40 K).

The crystal structure of complex 2 was studied at 250
and 90 K. At 250 K, the Cg4,"~ radical anions are mono-
meric and orientationally disordered. There are zigzag
chains consisting of Cg, "~ radical anions oriented along
the a axis; the distances between the centers of Cg,"~ are
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Fig. 8. Crystal structure projected along the b axis for the mono-
meric (a) and dimeric (b) phases of complex 2 at 250 and 90 K,
respectively.4” The C¢, "~ radical anions in the monomeric phase
are disordered and are shown by circles. The distances between
the centers of the C¢,~ anions (A) are given.

10.052 and 10.279 A (Fig. 8, a).4” The former distance is
smaller than the van der Waals diameter of Cy (10.18 A).
In this case, shortened C...C contacts are formed. On the
contrary, the latter distance is too long for the formation
of such contacts. It is these chains where dimerization of
Cyo "~ radical anions occurs, dimerization being observed
not only in pairs with the shortest distance between the
centers (10.052 A) but also in pairs of the second type.
Apparently, dimerization of Cg, "~ radical anions in pairs
with the 10.052 A distance at 240—200 K leads to a con-
traction of the crystal lattice, which makes possible dimer-
ization in Cg,"~ pairs with the 10.279 A distance at
200—160 K. The dimers generated from pairs of Cgy ™~
radical anions with different distances between the cen-
ters (10.052 and 10.279 A) differ in the geometric param-
eters. The distances between the centers of Cgy~ in the
dimers are 9.262 and 9.271 A. The C—C bond lengths
between the Cgy~ anions are 1.585(5) and 1.595(5) A,
respectively (see Fig. 8, b). Dimerization in complex 2

Table 3. Changes in the unit cell parameters of 2 upon dimer-
ization%’

Parameter 250 K 90 K

Molecular formula C,3H4CL,Cr C,3H4CL,Cr

Crystal system Monoclinic Triclinic
Space group P2,/c Pl
a/A 15.604(4) 15.6010(13)
b/A 15.313(4) 14.6619(12)
¢/A 19.461(5) 19.7463(16)
o/deg — 90.973(3)
B/deg 112.225(8) 112.455(2)
y/deg — 86.799(3)
V/A3 4305(2) 4167.8(6)
Z 4 4
Peae/2 cm 3 1.660 1.715

leads to a lowering of the unit cell symmetry from mono-
clinic to triclinic (Table 3) and a decrease in the unit cell
volume by ~140 A3.

In complex 3, dissociation of the dimers starts at a
temperature higher than 240 K. Hence, the magnetic mo-
ment of complex 3 is as small as 2.12 up even at 300 K
(the calculated magnetic moment for a system consisting
of two uncoupled spins .§ = 1/2 is 2.45 pg). This is evi-
dence that at 300 K only a part of dimers undergo disso-
ciation. The magnetic moment of the dimeric phase
is 1.73 pp, and the Weiss constant is close to zero, which
is indicative of the absence of a magnetic interaction be-
tween the spins of Crl(C4Hg), " *.46

At 260 K, the magnetic moment of complex 4
is 1.64 up, and it increases to 1.78 ug at 300 K. The ESR
signal of complex 4 has g = 1.986 in the temperature range
of 293—4 K, which is characteristic®> of Cr!(C4Hg),"*.
Therefore, the spins are localized primarily on
Cr'(C¢Hg)y" ™ (uer = 1.73 pp). A small contribution of
C,o"~ radical anions is observed only at 7 > 260 K, at
which dissociation of the diamagnetic (C;,7), dimers
starts.

Based on the data on the known fullerene complexes
with substituted bis(arene)chromium derivatives, the in-
fluence of the size of the solvent and bis(arene)chromium
molecules and the type of fullerene on stability of 6 dimers
can be analyzed (Table 4). An increase in the number of
substituents in the bis(arene)chromium molecule leads to
an increase in the size of the cations. The complex with
the largest Crl(C4H;Me;), "t cation has the lowest dis-
sociation temperature, whereas complexes with the
Cr'(C4¢HsMe), " and Cr'(C4Hg), " cations are charac-
terized by similar dissociation temperatures. The evident
tendency to stabilization of the dimeric state Cgy < Cq <
< Cgo(CN), is observed in a series of fullerene complexes
with Cr(C¢Hg),. The size of the solvent molecule also
affects the type of the resulting structure (polymeric or
dimeric) and the dissociation temperature of dimers.
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Table 4. Dissociation temperatures of the dimers of fullerene
radical anions in ionic complexes

Complex T/K Reference
Cr(CgHg),* Cqp 220—300 58
Cr(CgHsMe), - Cq 250 43
CT(C6H3MC3)2' CGO <170 51
(without a phase
transition)

Cr(CgHg),+ Cgp* CS, — 40
(probably, polymer)

Cr(C6H6)2 . C()O . C6H4C12 160—240 46
Cr(C6H6)2 . C60 - PhCN 240—>300 46
Cr(CgHg), - Cyp- CcH4Cly 260—>300 46
Cr(Cg4Hg), - Cqp- C¢HsMe 300—>400 55
Cr(CgHg), * Co(CN), >380 58

2.3. Dimerization of fullerene radical anions in com-
plexes with cobaltocene.*¢ The (Cp,Co™)-(Cg"7)-
- C4H,4Cl, complex (5) exists in the diamagnetic state in
the temperature range of 1.9—250 K due to the formation
of diamagnetic (Cg4,7), o dimers and Cp,Co™ cations.
Only ~3.3% of spins of the total number of C¢, molecules
give a paramagnetic contribution. This is associated with
the presence of a small amount of monomeric Cg "~ radi-
cal anions, which cannot undergo dimerization due ap-
parently to the presence of defects. At T > 250 K, the
magnetic moment of 5 increases up to 1.52 ug (350 K) as
a result of dissociation of (Cg;™),. The ionic state of com-
plex 5 with monomeric Cg, "~ radical anions is justified by
characteristic absorption bands of the C¢, "~ radical anion
in the IR and near-IR spectra and the appearance of
the intense ESR signal of the Cg,"~ radical anion?3?
(g = 1.9988 and AH = 39.7 G at 293 K).4¢ The
(CpyC0™)5+(Cy97),+ CgH4Cl, complex (6) contains
(C5¢7), dimers, which are stable up to 300 K, and exhib-
its diamagnetic properties in the temperature range
of 1.9—300 K.46

2.4. Dimerization of fullerene radical anions in com-
plexes with cesium.46-4%:54 The (Cs*),:(Cy;7),+CTV-
*(DMF);+(CgHg)g.75 (7) and (Cs™);+(Cgp7),* CTV:
- (DMF)g¢ (8) complexes were synthesized using a multi-
component approach. The neutral CTV molecule (see
Fig. 3) was introduced into the ionic salts (Cs*) - (Ful™)
due to the formation of additional coordination bonds
between CTV and cesium cations (O...Cs%) analogously
to coordination of alkali metal cations with crown ethers.

The crystal structure of 7 was studied> at 120 K, and
the molecular structure of singly bonded (C;,7), dimers
was established for the first time. The C,;, symmetry of the
dimers is substantially lower than that of the start-
ing Cyy (Ds,). The C;y~ anions in the dimer are in the
trans conformation with respect to each other (Fig. 9).
The average angles for the sp3-hybridized C atoms
are 109°, which is close to a tetrahedral geometry. The

Fig. 9. Crystal structure of the dimeric phase of complex 7
at 120 K.54 Two crystrallographically independent (C,~), dimers
and two cyclotriveratrylene (CTV) molecules, which are coor-
dinated to four Cs* cations are presented. The disordered
N,N-dimethylformamide and benzene molecules are omitted.

C—C bond length between the C;,~ anions in the dimer
is 1.584(9) A, whereas the distance between the centers of
gravity of two C;,~ anions is 10.417 A. The C—C bond
length in the (C;,7), dimer is substantially larger than the
normal C—C bond length (1.541(3) A)?3 and is interme-
diate between the C—C bond lengths in the (Cgy7),
o dimer (1.597(7) A)* and the neutral (Cg;), dimer
(1.575(7) A).24 The shape of CTV is in good steric agree-
ment with that of the ellipsoidal C;,~ anion, resulting in
the formation of numerous van der Waals contacts be-
tween these species.

In the temperature range of 1.9—350 K, complex 7 is
diamagnetic and gives a weak asymmetric ESR signal at
293 K, which can be decomposed into three components
with g =2.0042 (AH=8G), g, =2.0024 (AH=2G), and
g = 1.9923 (AH = 20 G).3* The number of spins per
formula unit of the complex, which was estimated from
the integral intensity of the ESR signal, is as small as
0.4%. The signal can be assigned to a small amount of
undimerized C,,"~ radical anions. Similar ESR signals
were recorded for the electrochemically generated Cy"~
radical anion in solution (g; = 2.007, g, = 2.003, and
g = 2.0000)7 and for the (Ph,P™),(C;,"7)(I7) salt
(8 =8,=1.9996,g,=2.0150, and g,, = 2.0047).34 There-
fore, the (C;y7), o dimers are diamagnetic and give no
ESR signals. An increase in the magnetic moment of
complex 7 is observed at a temperature higher than 360 K,
which may be associated with dissociation of (C;57),. At
390 K, the degree of dissociation of the dimers is ~90%.

An analogous complex was synthesized4? with Cg (8).
At 293 K, this complex has the ionic ground state and
contains monomeric Cq, "~ radical anions, which give an
ESR signal with g = 1.9990 and AH = 57 G. The forma-
tion of 6 dimers is observed at 140—220 K and is accom-
panied by the transition from the paramagnetic to the
diamagnetic state, the intensity of the ESR signal of the
Cgo "~ radical anion being decreased by more than a fac-
tor of 30 (like in all other cases, several percentage of
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Cgo "~ radical anions remain undimerized). Therefore, the
dissociation temperature of the (Cgy7), dimers in com-
plex 8 is substantially lower than that of the (C;,7), dimers
in complex 7. An analogous situation is observed for all
known compounds of Cg4y and C,, viz., Cp*,Cr (1 and
(Cp*,Cr*)+(Cy97) - C¢HsMe ), Cr(C¢Hg), (2 and 4),
and Cp,Co (5 and 6).

In the absence of CTV in DMF, the salt of Cy,
fullerene with DMF-solvated Cs™ cations, (Cs"),-
*(C707)2° (DMF) 4 (9) can be prepared, and this salt con-
tains (C,~), dimers stable up to 300 K.46

2.5. Dimerization of Cgy"~ radical anions in the
{Cr'(CgHg), *} - (Cgp ")+ {Pd(dbdtc),}y 5 complex (10).50
Complex 10 was synthesized by reduction of fullerene
with bis(benzene)chromium, palladium(ir) dibenzyldi-
thiocarbamate acting as a structure-forming neutral mol-
ecule.30 In the structure of 10 (solved at 90 K), the strongly
deformed layers of Cg, * ~ radical anions alternate with the
layers of Pd(dbdtc),, and the Clrl(C6H6)2'+ radical cat-
ions are located between the layers (Fig. 10). The Cqy"~
radical anions form pairs inside the layers with a short
C...C distance (3.092(2) A), which is substantially smaller
than the sum of the van der Waals radii of two C atoms
(3.42 A).9% This is indicative of the monomeric state
of C¢y"~. The diamagnetic (Cgy7), dimers are formed in
complex 10 upon cooling at 150—130 K and undergo
dissociation upon heating at 150—170 K, which is ac-
companied by the corresponding change in the magnetic
moment (Fig. 11). The dimerization—dissociation hys-
teresis is ~20 K (see Fig. 11, the inset). Nowadays, this is
the largest hysteresis for the known complexes. The for-
mation temperatures of (Cgy7), dimers varies from 220
to 360 K. Therefore, complex 10 is characterized by
the lowest dimerization temperature (150—130 K) of all
the known complexes. The ESR spectrum of the mono-
meric phase contains a Lorenz signal with g = 1.9934 and
a half-width of 41 G. This g factor is intermediate be-
tween those for Crl(C4Hg), * (g = 1.986)% and Cg"
(g =2.000—1.996),%3 which is indicative of an exchange

Fig. 10. Crystal structure of complex 10 at 90 K.5% The short
(3.092(2) A) van der Waals C...C contacts between the Cgp"~
radical anions are indicated by dashed lines.
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Fig. 11. Temperature dependence of the magnetic moment of
complex 10 in the range of 1.9—300 K. The temperature depen-
dences of the magnetic moment measured in the cooling and
heating modes are shown in the inset.50

interaction between these radical ions. Upon dimeriza-
tion in complex 10, the shape of the ESR signal changes,
and its intensity is halved. The signal becomes asymmet-
ric with two components at g; = 1.9969 (AH = 22.4 G)
and g, = 1.9826 (AH = 23.2 G). A similar asymmetric
ESR signal was observed? for the isolated Cr!(C¢Hg),"*
radical cation.

We found that the dimerization temperature depends
on the cooling rate. The onset of dimerization was de-
tected by ESR spectroscopy. It appeared that at a high
cooling rate, the dimerization temperature decreases. For
example, cooling of complex 10 for 10 min from 293 to
100 K leads to a shift of the temperature of the onset of
dimerization from 140 to 60 K. In the study of the crystal
structure of 10, cooling of the crystal down to 90 K was
performed during 10 s, which apparently made it possible
to retain the monomeric phase of 10 at 90 K.50

2.6. Formation of the doubly bonded (Cgy7),
dimer.52 The {(MDABCO"):Co'"TMPP},(C¢;),*
«(CcH4Cly);5 5+ (PhCN), 5 complex (11) containing this
dimer was synthesized by the addition of the neutral
Co!''TMPP molecule to the (MDABCO™)+(C¢,7) salt.
The N atom of the MDABCO" cation is coordinated to
the Co atom of the Co"TM PP molecule giving rise to the
coordinatively bound (MDABCO™)-Co'lTMPP cation
(Co—N, 2.385(3) A; Fig. 12). Then this cation forms
complex 11 with Cg~. There are two MDABCO™ cations
per dimer in complex 11. Hence, the formal charge of the
dimer is (2—). The IR and near-IR spectra prove this
assumption.5?

The crystal structure of 11 was determied at 120 K.52
The Cg,~ anions in the dimer are linked to each other by
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Fig. 12. Fragment of the crystal structure of complex 11 at
120 K.32 The (Cqy7), m dimer and the coordinatively bound
(MDABCO™") - CollTMPP cations are presented. The N atoms
(N*) in the MDABCO™ cation bearing a positive charge are
labeled.

two C—C bonds (1.581(3) A). These bonds are longer
than those in the neutral (Cy), dimer (1.575(7) A)24 but
shorter than that in the (C¢y), o dimer (1.597(7) A).43
The distance between the centers of Cgy~ in the doubly
bonded dimer (C—C, 9.07 A) is substantially shorter than
that in the o dimer (9.28 A).42 The average 6—6 and 5—6
bond lengths in the © dimer (1.395(11) and 1.448(10) A,
respectively), except for the bonds involving sp3-hybrid-
ized C atoms, are similar to those for the ¢ dimer. In
complex 11, Co''TMPP is not coordinated to the (Cgy7),
dimer. The Co...C((Cgy™),) distances (2.75—2.97 A) are
substantially longer than the analogous distances upon
the formation of the Co—C coordination bonds in the
{Co!'TPP - (C¢,")} anions (2.28—2.32 A)7 and the Co...C
van der Waals contacts in neutral complexes of cobalt(ir)
porphyrinates with fullerenes (2.58—2.69 A).66.74 Presum-
ably, the formation of the Co—C((Cg4;7),) coordination
bond is hindered by a competition of the MDABCO*
cation located on the opposite side of the porphyrin plane
for the coordination site at the Co atom (see Fig. 12),
resulting in a deviation of the Co atom toward the N atom
of the MDABCO™ cation by 0.193 A.

The (Cgy7), dimers in complex 11 are isolated from
each other, because they are located inside the cell formed
by six coordinated (MDABCO™)-Co!ITMPP cations
(in Fig. 12, only four such cations are shown). Presum-
ably, it is these van der Waals interactions between the
(MDABCO™) - ColITMPP cations in this cell that are fa-
vorable for the formation of a more compact doubly
bonded dimer instead of the commonly observed ¢ dimer.

In spite of the absence of the Co—C((Cgy7),) coordi-
nation bond in complex 11, there is an efficient interac-
tion between the n systems of Col'TMPP and (C4y7),
sufficient for an exchange magnetic interaction between
these species. Both Co''TMPP and the (Cg,~), dimer

contribute to the magnetic moment of complex 11. The
magnetic moment is 3.47 ug at 300 K, which is similar to
the calculated magnetic moment for a system containing
four uncoupled spins S = 1/2 (U = 3.46 pg). Two
Cgo~ anions, each containing approximately one spin,
form a single molecule in the dimer. Hence, this dimer
should exist in the biradical state. Actually, the ESR data
confirm the presence of spins on the dimer, because the
ESR spectrum shows a broad signal of Co''TMPP along
with a signal of the Cq,~ anion. Due to a strong exchange
interaction between Col'lTMPP and (Cg;™),, both signals
have a Lorenz shape and do not exhibit individual fea-
tures, such as asymmetry or a triplet splitting. The inten-
sity of the ESR signal of the (Cgy™), dimer decreases with
decreasing temperature. The observed temperature de-
pendence can be described in terms of the triplet state
model®7 with an energy gap between the triplet (S = 1)
and singlet (.S = 0) levels of 702 cm™!, which is ~10 times
smaller than the analogous values for the monomeric
fullerene dianion Cg)2~ in solution and in the solid state
(600 and 730 cm™!, respectively).30,98

2.7. Formation of two types of dimers in the same
compound.33 The (DMETEP™),+(Cg7),* {(Mn!'TPP), -
- DMP} - (CcH,4Cl,)5 complex (12) was prepared by crys-
tallization of the (DMETEPY)-(Cy,7) salt with the
coordinated (Mn!'TPP),- DMP dimer. The unusual
DMETEP™ cation (see Fig. 3) is generated by the nucleo-
philic addition of the ethanethiolate anion (EtS™) to the
dimethyldiazabicyclooctane dication (DMDABCO?Z").
These compounds were used as the starting reagents for
reduction of fullerene and cation metathesis.>3

The crystal structure of 12 was solved33 at 100 K. The
main distinguishing structural feature of complex 12 is the
presence of channels formed by four (Mn!'TPP),- DMP
molecules. The channels are occupied by zigzag chains
composed of the alternating (Cgy~), dimers and the
DMETEP™ cations (Fig. 13). It was found that the struc-
ture of 12 contains two types of (Cgy7), dimers, viz., the
o dimer with an occupancy of 86% and the doubly bonded
(Cgp7), dimer with an occupancy of 14%. The geometric
parameters of these dimers are similar to those found
earlier for two types of (Cgy7), dimers.

The magnetic moment of complex 12 is 8.3 pg in the
temperature range of 40—320 K (Fig. 14), which corre-
sponds to the contribution of two high-spin Mn!! atoms
(S =5/2 + 5/2, pur = 8.37 pg). The Weiss constant
(—0.5 K) is indicative of a weak antiferromagnetic inter-
action between spins in complex 12, resulting in a de-
crease in the magnetic moment at 7'< 40 K (see Fig. 14).
The contribution of Cg,"~ is not observed at 40—320 K
because of dimerization. Although the doubly bonded
(Cq07), dimers are paramagnetic, their contribution is
insignificant (no higher than 0.06 ug) compared to the
contribution of high-spin Mn!! because of a low occu-
pancy of the position of this dimer. At a temperature
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Fig. 13. Fragment of the crystal structure of complex 12 pro-
jected along the g axis and the zigzag chains of the (Cgy7),
dimers and the DMETEP™ cations.53 The Mn!ITPP porphyrinate
forms coordination dimers (Mn"TPP),-DMP, in which two
porphyrin fragments are linked to each other by the bidentate
N, N ’-dimethylpiperazine (DMP) ligand.

higher than 320 K, the magnetic moment increases
up to 8.66 ug (360 K), which corresponds to the appear-
ance of two paramagnetic Cy, "~ radical anions upon dis-
sociation of the diamagnetic (Cgy7), o dimer (Uop =
8.72 up). Dissociation of the dimers is accompanied by
substantial changes in the ESR spectrum of complex 12.
The dimeric phase is characterized by a complex ESR
spectrum with a large number of components in the range
from 0 to 7000 G. This spectrum is attributed to an ex-
change interaction between two Mn!l atoms in the
(Mn!'TPP),: DMP coordination dimer. Upon dissocia-
tion of 6-(Cgy7), at a temperature higher than 320 K,
a new Lorenz signal with g = 2.0179 (AH = 655 G) ap-
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*-0 o-0-04

8.0

75 F
(Ce07)2

7.0 ¢ # 1 I 1
0 100 200 300 T/K

Fig. 14. Temperature dependence of the magnetic moment of
complex 12 in the range of 1.9—360 K.53

pears in the ESR spectrum. The intensity of the latter
increases as the temperature increases up to 360 K, whereas
the signal characteristic of the dimeric phase virtually
disappears. The new signal can be assigned to the para-
magnetic (Mn!'TPP),- DMP and Cg,"~ species involved
in an exchange interaction.

Numerous examples provide evidence that the disso-
ciation temperatures of ¢ dimers in Cg, complexes are
substantially different. For example, of all the known
o dimers, the highest temperature (320 K), at which dis-
sociation begins, is observed for complex 12. Apparently,
stability of the (Cgy7), o dimers and, consequently, the
dissociation temperature substantially depend on the na-
ture of the solvent molecules, cations, and neutral com-
ponents surrounding the dimer in the crystal structure.
Dissociation of dimers leads to a substantial increase in
the volume occupied by two individual Cg,"~ radical
anions. Hence, the environment of the dimer exerts a
"pressure” on the latter and can stabilize the dimer, thus
increasing the dissociation temperature. Apparently, an
increase in the "pressure” leads not only to stabilization of
o dimers but also to an increase in the percentage of
doubly bonded (Cg, ™), dimers, which are more compact
than ¢ dimers (the distances between the centers of Cgy~
are 9.07 and 9.28 A, respectively). Apparently, this is
responsible for the appearance of a small amount of the
doubly bonded (Cgqy ™), dimers in complex 12. In the limit-
ing case, like in complex 11, a compound only with the
latter dimers is formed.

3. Formation of coordinated
{(Co"Porph) - (Ful~)} anions

3.1. Coordination of fullerene radical anions to
Col'TPP.#-73.7477 The {Cr'(C¢Hg)," ¥}, 7+ {(Co'TPP-
*Cg0)2! 77} (CeHyCly)3 3 (13), (MP)-{Co!'TPP-
“(Ce9 )} (CeH4CLy) 5 (14), and {Cr'(CeHg)y ")y
+{Co'TPP« (C4y(CN),7)} - {Cqo(CN), 7} - (C4H4Cl,)5
(15) complexes were synthesized by the introduction of
the neutral Co!'TPP molecule into the ionic complex
(DC™) - (Ful™), resulting in the formation of Co—C coor-
dination bonds between Co!'TPP and the fullerene radi-
cal anions. Tetraphenylporphyrinates of other metals (Fe,
Cu, and Zn) cannot form stable metal—carbon coordina-
tion bonds. Analogous complexes with Fe, Cu, and Zn
tetraphenylporphyrinates were not synthesized.

Complex 13 contains two crystallographically inde-
pendent coordinatively bound (Co'TPP-Cg,~) anions
with the Co...C distances of 2.294(10) and 2.319(9) A
(see Fig. 2, d). The Co...C distances for three other
C atoms nearest to the coordinated C atom are substan-
tially longer (3.004—3.204 A). This coordination mode
corresponds to c-bonding between Co!'TPP and Cg;~.
It should be noted that the Co—C bond (2.29—2.32 A) is
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substantially longer that the Co—C bonds in alkyl-
cobalamines (1.99—2.03 A),72i.e., the Co—C(C¢,~) bond
in complex 13 is rather weak. However, it is substantially
shorter than the M...Cg, contacts in complexes of neu-
tral fullerenes with metal tetraphenyl- and octaethyl-
porphyrinates (2.55—3.00 A).80,63—71 Therefore, the
fullerene radical anions are stronger ligands than neutral
fullerenes.

The magnetic moment of complex 13 at 300 K
is 2.4 ug, which is close to the value of 2.26 up calculated
for a system, in which only Crl(C¢Hg),"* (S = 1/2) gives
a contribution to the magnetic moment. At the same
time, this magnetic moment is substantially smaller than
Wesr = 4.14 up calculated for a system, in which all para-
magnetic species (Cr'(C¢Hg), ™, Col'TPP, and Cg," ")
make a contribution to the magnetic moment. The
ESR signal of complex 13 in the temperature range
of 4—293 K has g = 1.986, which is characteristic of
Cr'(C¢Hg), " *.%% Consequently, both coordinatively bound
(Co"'TPP-Cg,™) anions in complex 13 are diamagnetic
and are not observed in the ESR spectrum.”4

Complex 14 contains the diamagnetic N-methyl-
pyridinium cations (MP*, see Fig. 3) and the diamag-
netic coordinatively bound (Co!'TPP - C¢,™) anions stable
up to 300 K, due to which this complex is diamagnetic
and gives no ESR signals in the temperature range
of 1.9—300 K.49-77

Multicomponent complex 15 with dicyanofullerene
C¢o(CN), contains the new coordinated Co!'TPP-
+{Cso(CN), 7}, species (Fig. 15). One C¢((CN),~ anion
forms a coordination bond with Col'TPP; the Co...C dis-
tance is 2.283(3) A. The second Cgo(CN), "~ radical anion

Fig. 15. Fragment of the crystal structure of complex 15.73 The
Co—C coordination bond is indicated by a solid line, and the
shortened van der Waals Co!l...C(C4,(CN),"~) contacts are
shown by dashed lines.

forms only shortened n2-type van der Walls contacts with
Co!'TPP; the Co...C distances are 2.790(3) and 2.927(3) A
(see Fig. 15).

The magnetic moment of complex 15 is 2.91 up
at 300 K, which corresponds to the contribution of three
spins 8 = 1/2 (U = 3 ug), whereas five spins § = 1/2
should be present taking into account the composition of
this complex. At 293 K, the ESR signal of complex 15 has
a single line. At T < 180 K, this line is split into two
components (g, = 1.9821 with AH = 15 G and g, = 1.9934
with AH =21 G at 4 K). The former signal can be assigned
to the Cr'(C6H6)2'Jr radical cations; the latter signal,
to two radical ions (uncoordinated Cgy(CN), "~ and
CrI(C6H6)2°+) having an exchange interaction. From
these data it follows that the coordinatively bound
(Co'"TPP - Cgy(CN),™) anions are also diamagnetic.

3.2. Reversible dissociation of {Co!'TPP-(Cg7)}.”>
The (TDAE**) - {Co!'TPP+ (C¢, ™)} complex (16) involves
the paramagnetic TDAE" " serving as the cation (see
Fig. 3). Complex 16 formally contains three paramag-
netic species, viz., Col'TPP, TDAE"*, and Cg,"~, with
the spin S = 1/2. Hence, the magnetic moment in this
system should be 3 pg. The real magnetic moment of
complex 16 at low temperatures (10—190 K) is 1.45 ug
(Fig. 16). A decrease in the magnetic moment of complex
16 is associated with the formation of the diamagnetic
coordinatively bound (Co!'TPP- C¢,~) anions. The ESR
spectrum of complex 16 at 4—190 K contains one Lorenz
line (g = 2.0030—2.0050 and AH = 32 G), which can be
assigned to TDAE"* (g = 2.0035).82 In the temperature
range of 190—300 K, the magnetic moment of complex 16
increases (U = 1.85 pp at 300 K, see Fig. 16), the ESR
signal is broadened to 242 G (293 K), and the g factor is
shifted to higher values (g = 2.0194 at 293 K). Since
Co!'TPP in fullerene complexes is characterized by g = 2.4
and AH = 500—600 G at 293 K ,61-63 the observed changes

Heft/Hp
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-l-l-l-l-l"'.J
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Fig. 16. Temperature dependence of the magnetic moment of
polycrystalline complex 16 in the range of 1.9—300 K.”5 The
vertical line corresponds to the beginning of dissociation of
{Col'TPP- (Cgy)}-
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can be attributed to dissociation of the (Co'"TPP-C¢,™)
anions and the appearance of the contribution of the un-
coordinated paramagnetic ESR-active Co!'TPP and
Cgo "~ species, which can give one broad ESR signal. In
the temperature range of 190—300 K, ~20% of the
coordinatively bound anions undergo dissociation.

3.3. Characteristic features of coordination of Co'lIOEP
and Cg,~.7¢ Cobalt(11) octaethylporphyrinate forms the
multicomponent complexes (TMP™).{Co"OEP-
*(Ceo )} (PhCN)g 75+ (CcH Cly)gps  (17)  and
(MDABCO™) - {(MDABCO™")-Co"OEP-(C4;7)}*
+(PhCN)( 67+ (C¢H4Cly) 33 (18) with fullerene anions and
small cations, such as TMP" and MDABCO™. In com-
plex 17, the tetramethylphosphonium (TMP™) cation is
not coordinated to metalloporphyrin (Fig. 17, a), whereas
the N-methyldiazabicyclooctane cation (MDABCO)
in complex 18 is coordinated forming the
Co..N(MDABCO™) bond with a length of 2.340(1) A
(see Fig. 17, b). Complexes 17 and 18 have similar struc-
tures and contain zigzag chains composed of the Cgy~
anions and cations, which are located in channels formed
by ColOEP molecules. Nevertheless, the difference in
the coordination ability of TMP* and MDABCO™ results
in the formation of different coordination structures in
complexes 17 and 18.76

In the presence of TMP™, complex 17 contains the
coordinatively bound {Co!"OEP-(Cg4,”)} anions analo-
gous to (Co!"'TPP-Cg,) (the Co...C(Cg,~) distance is
2.268(1) A at 100 K; see Figs 17, a and 2, e). In the
temperature range of 4—293 K, complex 17 gives no ESR
signals, which is indicative of the diamagnetic state of the
{Co"OEP -+ (C¢,7)} anions and their stability up to room
temperature.

Apparently, an additional coordination of MDABCO*
to Co'"OEP in complex 18 destabilizes the Co...C(Cg,™)
bond. As a result, the Co...C(Cgq;™) bond in 18 is substan-
tially longer than that in 17 (2.508(4) A at 100 K). In the
temperature range of 4—50 K, complex 18 gives no ESR
signals (Fig. 18), which is consistent with the formation
of the coordinatively bound diamagnetic {( MDABCO™) -
- Co'"OEP - (Cyy7)} species with the Co—N and Co—C
coordination bonds. At a temperature higher than 50 K, a
new broad ESR signal appears and its intensity begins to
increase (g = 2.1188 and AH = 520 G at 293 K). The
appearance of this signal is associated with dissociation of
Co—C coordination bonds and the formation of the un-
coordinated paramagnetic (MDABCO™) - Co'!OEP and
Cqo” ~ species. The latter give one ESR signal due to an
exchange interaction. These signals are observed in most
of ionic fullerene complexes containing two paramag-
netic species (Cy "~ and cations or neutral donors). The
integral intensity of the ESR signal in the spectrum of 18
at T > 250 K corresponds to dissociation of all diamag-
netic species into paramagnetic species (see Fig. 18). This
is the first example of reversible dissociation of the
Co—C(Cgy™) coordination ¢ bond accompanied by the
transition from the diamagnetic to the paramagnetic state.

The crystal structure of 18 was determined at 100 K, at
which the Co—C coordination bond is virtually formed,
because the contribution of the diamagnetic coordi-
nated state to {(MDABCO™) - Co'OEP- (C¢,7)} at 100 K
is ~90%, as estimated by ESR spectroscopy (see Fig. 18).
Therefore, the Co...C distance of 2.51 A is intermediate
between those in the coordinatively bound state, in which
both electrons of Co"OEP and Cg, "~ are paired to form
a Co—C coordination bond, and the uncoordinated state

Fig. 17. Molecular structure of the stable coordinated {Co"OEP-(Cy,~)} anion in complex 17 (@) and the coordinated

{(MDABCO™") - Co"OEP- (C¢,™)} species in complex 18 (5).7
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Fig. 18. Temperature dependence of the integral intensity of the
ESR signal of complex 18:76 the diamagnetic {(MDABCO")-
-Co"OEP-(Cgy™)} complex (a); the Co—C(Cgy~) coordina-
tion bond formation (b); the region, in which coordination is
absent (c). The expected integral intensity of the ESR signal for
two uncoupled spins § = 1/2 is indicated by a dashed line. The
temperature, at which the crystal structures of complex 18 was
established, is shown by an arrow.

containing paramagnetic Co"fOEP and Cg,"~. It is seen
that this distance (2.51 A) is substantially longer than the
Co—C bonds in alkylcobalamines (1.99—2.03 A)72 and
complex 17 (2.27 A).

3.4. Complexes without Co—C coordination
bonds*.”” In the (Cs*)+ ColI'TPP-(Cgy" ) -
«(PhCN); ¢4(C¢H4Cly) 36 MeCN  complex  (19),
Co!'TPP and the monomeric Cg," ~ radical anions coex-
ist separately and are not coordinated to each other.

This complex contains the Cs™ cation solvated by two
benzonitrile molecules and one acetonitrile molecule
(Fig. 19). Since the Cs* : Cg ratio is 1 : 1, the charge on
fullerene is 1—. The structure of complex 19 was estab-
lished at 110 K. It contains zigzag chains formed by the
alternating Co!'TPP and Cg," ~ species (a fragment of this
chain is shown in Fig. 19). Each Cg,"~ radical anion is
involved in contacts with two Co!!'TPP molecules; the
Co...C(Cg) distances are in the range of 2.55—3.07 A.
These distances are substantially longer than the Co—C
distances in the coordinatively bound (Co'TPP - Ful™)
anions (2.27—2.32 A)737476 and are similar to the Co...C
distances in neutral C¢, complexes (2.58—2.70 A).64.66,74
Because of a weak coordination in complex 19, the Co
atom does not deviate from the porphyrin plane toward
fullerene as opposed to the coordinatively bound

*D. V. Konarev, S. S. Khasanov, G. Saito, and R. N.
Lyubovskaya, unpublished data.

Fig. 19. Fragment of the crystal structure of complex 19.77 The
disordered C¢H,Cl, molecules are omitted. The shortened
van der Waals contacts with metals (Co, Cs™) are indicated by
dashed lines.

(Co"'TPP-Ful™) anions, in which the Co atom deviates
toward fullerene by 0.091—0.113 A.73:7476 Apparently, the
Co—C coordination bond in complex 19 is absent be-
cause of a large size of the solvated (Cs*)+(PhCN), ¢4°
+MeCN cation, which does not allow the Co''TPP frag-
ment to approach closely the Cg, "~ radical anion.

The ESR spectrum of complex 19 shows two Lorenz
signals with g; = 2.0009 (AH = 47.8 G) and g, = 2.4982
(AH = 512 G). The former signal, which narrows as the
temperature decreases (3 G at 4 K), belongs to Cg,"—,
whereas the latter signal is assigned to Co'TPP. These
data are in good agreement with the presence of the unco-
ordinated paramagnetic Co''TPP and C¢,"~ fragments in
the complex.

In some ionic compounds, short contacts both be-
tween cobalt(11) porphyrinate and fullerene anions and
between fullerene anions are simultaneously present.
In these compounds, both coordination giving rise to
(Co"TPP- Ful~) and dimerization yielding (Ful~), dimers
can occur. However, since the highest unoccupied mo-
lecular orbital (HUMO) in fullerene radical anions con-
tains only one electron, which can be involved in either
coordination or dimerization, these two processes com-
pete. This situation takes place in (DMP"),+(Cy57),¢
- (Col'TPP), - (C4H4Cly), (20). In this complex, the Cqy"~
radical anions undergo dimerization, whereas coordina-
tion to Co!'TPP is absent (Fig. 20). The Co...C((C77),)
distances are in the range of 2.753—2.804 A and are simi-
lar to the analogous distances in the neutral Co'TPP
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Fig. 20. Fragment of the crystal structure of complex 20.78 The
(C797), dimer, Co'TPP, and the N,N-dimethylpyrazolium
cations (DMP*) are shown. The shortened van der Waals
Co...C((C4y7),) contacts are indicated by dashed lines.

complex with C5, (2.70—2.90 A).”# The ESR spectrum of
complex 20 (4—293 K) shows an intense asymmetric sig-
nal with g, =2.5705 (AH =294 G) and g, = 2.2872 (AH =
446 G) characteristic of Co'TPP. The preferred dimer-
ization for C,, "~ radical anions is apparently attributed to
higher stability of (C;;,7), compared to coordinatively
bound {Co''TPP-(C,,7)} anions.

4. Optical spectra of dimers and coordinated anions
of negatively charged fullerenes

The IR spectrum of the starting Cg, fullerene shows
only four absorption bands at 527 (s), 577 (m), 1182 (m),
and 1429 (s) cm~!. The IR spectrum of C, fullerene has
ten bands at 457 (m), 534 (s), 564 (m), 576 (s), 642 (m),
673 (m), 794 (m), 1132 (w), 1413 (w), and 1429 (s) cm~!.
This is due to high symmetry of the above-mentioned
molecules.3? Upon reduction to the radical-anion state,
the number of bands characteristic of neutral fullerene
changes only slightly, but some bands are shifted, and
their intensities are redistributed. The formation of new
C—C bonds in dimers leads to a lowering of the symmetry
of the fullerene cage and results in the formation of a great
number of new bands in the absorption spectra and split-
ting of the already present bands into two or three compo-
nents. For example, the IR spectra of complexes contain-
ing (C;7), dimers show not only absorption bands be-
longing to donors and the solvent but also an approxi-
mately the same set of bands, which can be assigned to
the dimer: 494 (w), 508 (w), 530 (s), 548 (w), 556 (w),
574 (m), 628 (w), 638 (w), 668 (m), 688 (m), 713 (W),
721 (w), 800 (s), 842 (m), 901 (w), 944 (w), 1158 (m),
1176 (w), 1210 (w), 1245 (w), 1279 (w), 1307 (w),
1323 (w), 1354 (w), 1363 (w), 1391 (s), 1412 (m), 1430 (s),
1478 (w), 1508 (w), and 1560 (w) cm~!.46:54 These bands
allow the identification of the (C;;,7), dimer in ionic com-

plexes. Analogously, the IR spectrum of the doubly bonded
(Cgg7), dimer shows a great number of new absorption
bands.52

The formation of coordinatively bound anions results
primarily in splitting of IR-active absorption bands of
fullerenes. For example, in the IR spectrum of complex 17
containing the {Co"OEP-(C¢,~)} anion at room tem-
perature, the bands corresponding to the F;,(1) and F},(4)
modes of Cg are split: 523 (w), 527 (w), 576 (s), 1175 (w),
1387 (s), 1395 (s), and 1398 (s) cm~!.76 However, it should
be noted that an analogous splitting was observed also in
the spectra of some neutral and ionic complexes contain-
ing monomeric fullerenes or their anions.46:%9

Coordinatively bound anions have characteristic
near-IR spectra. These spectra show two absorption bands
at 1092 and 1288 nm (Co''TPP-C¢,),7* 1086 and
1277 nm {Co"OEP-(C¢, )} (Fig. 21, curve 1),76 1071
and ~1210 nm (Co''TPP - C¢,(CN),™).”374 The positions
of absorption bands at 1070—1090 nm are identical to
those of the individual Cg,"~ and Cgi(CN), ~ radical
anions. Hence, these bands can be assigned to intramo-
lecular transitions in fullerene anions. No absorption
bands are present at 1210—1290 nm in the spectra of both
the Cqp"~ and Cgy(CN), "~ radical anions and porphy-
rins. Most likely, these bands are assigned to charge
transfer between the fullerene anions and cobalt(11)
porphyrinates. This assignment is proved by the absence
of a band at 1210—1290 nm in the spectrum of complex
18 containing the uncoordinated (MDABCO™) - Col!OEP
and Cq,"~ fragments at room temperature (see Fig. 21,
curve 3). Therefore, the formation of the Co—C coordi-
nation bond, which provides a close approach and effi-
cient overlap between the m orbitals of the fullerene an-
ions and cobalt(i1) porphyrinates, is a necessary condi-
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Fig. 21. The UV—Vis and near-IR spectra (KBr pellets, 293 K)
of the {Co"OEP- (C4,™)} anion in complex 17 (7),”6 the doubly
bonded (Cgy™), dimer in complex 11 (2),52 the {(MDABCO")-
- Co"OEP- (C¢y™)} species in complex 18 containing uncoordi-
nated Co"OEP and Cg, "~ fragments (3),70 and the (C;,~), dimer
in complex 4 (4).46 The charge transfer bands are indicated by
arrows.
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tion for the appearance of charge transfer bands at
1210—1290 nm.

The spectrum of the doubly bonded (Cgy™), dimer
shows not only two absorption bands at 905 and 1064 nm
but also a new weak band at 1330 nm (see Fig. 21,
curve 2).52 This band is absent in the spectrum of Cg,"
(940 and 1080 nm)3? and can be assigned to the charge
transfer band between the Cgy~ anions in the dimer.

The absorption spectrum of the monomeric C;"~
radical anion in the near-IR range shows® one band at
1363—1386 nm. Upon dimerization, the spectrum of
(C5¢7), contains two broad bands at 880 and 1240 nm
(see Fig. 21, curve 4).46:54 However, it is impossible to
unambiguously determine which band (at 880 or 1240 nm)
corresponds to charge transfer.

5. Formation and stability of dimers and coordinatively
bound anions in ionic fullerene compounds

The synthesis and structural studies of a great number
of ionic fullerene compounds demonstrated that the
dimeric state is typical of fullerene radical anions (par-
ticularly, of C;). In the presence of short intermolecular
contacts between them, dimerization most often occurs.
Complexes and salts of fullerenes with monomeric radical
anions are formed more rarely and only if fullerene radi-
cal anions are rather remote from each other or isolated as
a result of particular steric hindrance (due to the presence
of solvent molecules and alkyl or phenyl substituents
in cations). For example, the CS, molecules in the
Cp,Co+Cqy+ CS, (see Ref. 27) and Cp*,Ni-Cgqy-CS,
complexes?8 are inserted between fullerene radical an-
ions, thus hindering dimerization. In the structure of
TDAE - Cqy, in spite of the presence of short C...C con-
tacts between the C¢ "~ radical anions, dimerization does
not proceed? due apparently to the presence of the bulky
Me substituent in the TDAE"* radical cation. In this
compound, the Cg,"~ radical anions undergo polymer-
ization4142 only under a pressure of 7 kbar.

Radical recombination is the driving force of dimer-
ization of C¢, "~ radical anions.1% In this case, HUMO of
the Cgy~ anion gives a substantial contribution to the
formation of a C—C bond between the Cg,~ anions in the
o dimer,1%1 which should lead to a strong electrostatic
repulsion between two closely spaced negative charges.
Actually, semiempirical calculations for the ¢ dimer
(Cg07), showed that the highest excess negative charge
(—0.28 e) is located on the C atoms adjacent to the C—C
bond between the fullerene fragments. However, a sub-
stantial alternation of positive and negative charges is ob-
served in the vicinity of this bond, resulting in an increase
in the distance between the charge distribution centers in
the ¢ dimer to 9.86 A.101

The factors responsible for a decrease in repulsion
between two negative charges stabilize the dimeric state.

The presence of electron-deficient substituents in
Cgo(CN),, which can delocalize to a large degree the
negative charge, or the more extended = system of C,
fullerene compared to Cg, leads to an increase in the
distance between the negative charges, thus stabilizing the
(Cgp(CN),7), and (C457), dimers compared to (Cgp7)s-
The neutral azafullerene dimer (Cs9N), is isoelectronic
with (Cgp7),; in the former, however, there is no repul-
sion between negative charges, and it is characterized by a
substantially higher stability than the (Cgy7), o dimer;
dissociation of this dimer begins only at temperatures
higher than 500 K.192 Analogously, the dissociation en-
thalpies of neutral dimers formed by the RC¢," radicals
(R = Pri, Bu!, adamantyl, CCl;, P(O)(OR),, etc.)103—105
(55—149 kJ mol~1)103.104 are much higher than those of
the (C¢p7), o dimers (25—63 kJ mol—1).4¢ An increase in
the charge on the fullerene anion to 2— or 3— is respon-
sible for an increase in repulsion between the negative
charges, and dimers consisting of fullerene di- or trianions
should be unstable. Apparently, this is why these dimers
have not been synthesized as yet.

The starting distances between the fullerene radical
anions in the monomeric phase are defined by the exter-
nal environment of the dimer, i.e., by cations, solvent
molecules, and neutral donors involved in the complex.
An increase in the distance between the centers of
the Cgy"~ radical anions in the monomeric phase in
the series 9.986 < 10.10 < 10.124 A (at 293 K) for
Cr(CeHsMe), - Cp, 4344 (Cp*,Cr) + Cgo * (CeH4Cly), (1),
and Cr(C4H;Me;), - Cg,5! respectively, results in the dif-
ference in stability of the dimers and changes in their
dissociation temperature (250 > 200—220 > below 170 K).
Dimerization in the {Crl(C4Hg), *}+(Cgp" ")+ CcH4Cly
complex (2) occurs in Cq, "~ pairs with different distances
between the centers (10.052 and 10.279 A) giving rise to
dimers, which differ in the geometric parameters and ther-
mal stability.47 The replacement of the solvent molecules
in the complexes can lead not only to changes in the
dissociation temperature of the dimers (for example, the
difference between the dissociation temperatures of the
(Cgp7), dimers in 2 and 3 is 80 K) but also to the for-
mation of different fullerene structures (a polymer in
Cr(C¢HsMe),+ Cgo+ CS, 40 and dimers in compounds 2
and 3; see Table 4).

The electronic structure of the doubly bonded (Cg7),
dimer differs from that of the diamagnetic ¢ dimer, be-
cause each Cq,~ anion in the former dimer contains ap-
proximately one spin. This difference is associated with
the different mechanisms of formation of these dimers.
The doubly bonded dimer is formed by the [2+2]-cyclo-
addition reaction accompanied by cleavage of two © bonds
in two adjacent Cq,~ anions and the formation of two new
C—C bonds between these anions. The electrons on
HUMO of the Cg4,~ anions apparently remain intact. In
the 6 dimer, only one C—C ¢ bond is formed between the
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Cgo~ anions, and electrons on HUMO of the C¢,™ anion
are most likely involved in its formation. A total of
61 electrons are present on the © orbitals of the starting
Cgo "~ radical anion. The formation of two C—C bonds in
the © dimer leads to a decrease in the number of & elec-
trons in the Cg~ anion to 59, and the odd number of
n electrons is responsible for paramagnetism of © dimers.
The formation of one C—C bond in the ¢ dimer leads to
a decrease in the number of w electrons in the Cq,~ anion to
60, and the even number of & electrons gives rise to dia-
magnetism of ¢ dimers. It should be noted that the exist-
ence of two types of dimers was observed!% for planar
7 acceptors as well, viz., tetracyanoethylene and tetra-
cyanoquinodimethane.

The electronic structures of not only dimeric but also
of polymeric fullerene structures depend both on the
charge on the fullerene anion and the number of the
C—C bonds that formed. For example, the linear (Cgy7),
polymer (in which each Cg,~ anion forms four C—C
bonds) (see Fig. 1, a) or the polymer formed by the
(Cgo>7), trianions (in which each Cg,3~ anion forms two
C—C bonds) should retain an odd number of & electrons
(61 — 4 =57 and 63 — 2 = 61 & electrons, respectively)
and be paramagnetic. Actually, these polymers are char-
acterized by temperature-independent paramagnetism as-
sociated with their metallic conductivity.11—13:16,17 The
(C59%7), polymer formed by dianions (in which each C;,*~
anion forms two C—C bonds) or the two-dimensional
polymer (Cgy*"), (in which each Cgy*~ anion forms four
new C—C bonds) should contain an even number of
7 electrons (72 — 2 = 70 and 64 — 4 = 60 = electrons,
respectively) and be diamagnetic.

A dense packing of fullerene anions in ionic fullerene
compounds is a necessary condition for the appearance of
high conductivity or magnetic ordering. In this case,
dimerization is an unfavorable factor because it gives rise
to diamagnetic species in compounds. However, since
dimerization is reversible, for example, under exposure to
light, the transition from the dimeric diamagnetic state to
the monomeric paramagnetic state can occur. In future,
this phenomenon can find use in the design of switches or
data recording devices.

The formation of Co—C coordination bonds has the
same nature as dimerization. Electrons from HUMO of
fullerene radical anions and the d,, orbitals of cobalt(1r)
porphyrinate are involved in the formation of these bonds.
Neutral fullerenes with vacant HUMO do not form such
bonds. The formation of the Co—C coordination bond
leads to pairing of electrons of ColITPP and fullerene
radical anions, and the resulting {Co!'Porph - (Ful™)}
anions become diamagnetic. It should be noted that the
electron of the Cq,~ anion is to a considerable extent
retained on the fullerene cage because the charge state
of Cg, in complexes 13 and 17 containing coordinatively
bound anions is close to 1— (IR spectroscopic data).”4.76

The {Co'"Porph - (C4,™)} anions are more stable than the
corresponding (Cg,7), dimers because there is no repul-
sion between negative charges in these anions. Destabili-
zation of Co—C(Cgy™) bonds can be caused by additional
coordination of the Co atom by the nitrogen-containing
ligand, which approaches from the opposite side (relative
to the Cgy~ anion) of the porphyrin macrocycle, and the
Co atom is pulled closer to this ligand (see Fig. 17, a). In
this case, the unusual diamagnetic—paramagnetic transi-
tion from the coordinated state with paired electrons of
Co!! porphyrinate and Cg~ to uncoordinated paramag-
netic species is observed. The transitions associated with
dissociation of Co—C coordination bonds are very broad
(~200 K) and are, most likely, not caused by structural
phase transitions, as opposed to dissociation of dimers
(the structural transition upon dimerization was not ob-
served only in Crl(C4H;Me;),« Cg).51

The fullerene radical anions containing one electron
on HUMO (r*!) are similar to the NO molecule, which
also contains one electron on HUMO (z*!), and can be
considered as one-electron ligands. It should be noted
that the coordinatively bound Co!ITPP-NO species,
whose electronic configuration is similar to that of
{Co"TPP-(Cgy7)}, is also diamagnetic and gives no ESR
signals.107 The fullerene dianions can be considered as
two-electron ligands, which are analogous to the O, mol-
ecule containing two electrons on HUMO (n*2) and form-
ing the paramagnetic Co"TPP - O, species.107

The chemistry of ionic fullerene compounds is a new
extensively developed line of investigation, which involves
the synthesis and studies of the properties of compounds
containing fullerene radical anions in different oxidation
states.

Studies of compounds with dimeric, polymeric, and
coordinatively bound fullerene anions is an important part
of these investigations and hold promise both from the
fundamental viewpoint and for the design of new mate-
rials. We developed methods and approaches, which pro-
vide wide possibilities for synthesizing new ionic fullerene
compounds. It is known that fullerenes form stable anions
with charge states up to 6—. For most of these com-
pounds, new dimeric, polymeric, or coordination struc-
tures can be synthesized.

The reversible C—C bond formation and coordina-
tion giving rise to M—C bonds have a substantial effect on
the electronic structures of fullerenes and, consequently,
on the conducting, magnetic, and optical properties of
ionic compounds. In compounds containing spins on
dimers, polymers, or coordination structures, the metal-
lic conductivity (probably, superconductivity) and mag-
netic ordering of spins would be expected to exist. For
example, a strong antiferromagnetic interaction between
spins with the Weiss constant of —36 K is observed in
complex 11 containing the paramagnetic doubly bonded
(Cgp), dimer. Not only spins located on the dimer but
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also spins located on cobalt(11) porphyrinates are involved
in magnetic interactions, and these interactions are trans-
ferred through the (Cg;™), dimer’¢

In future, we plan to synthesize and study ionic
compounds containing fullerene anions with a charge
of 2— and 3— and study the structures and properties of
dimers, polymers, and related coordinatively bound
anions. We also plan to prepare ionic compounds with
porphyrinates of such metals, as Fe!l and Mn!!, to
which fullerene radical anions can be coordinated un-
der particular conditions. In this case, paramagnetic
coordinatively bound anions characterized by different
types of magnetic interactions would be expected to be
generated.
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for Young Scientists (Grant YSF 05-109-4653), and the
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