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Abstract

lonic complexes of fullerenes Cg, C7o, and
Cso(CN); were obtained. Those - are >

Cp sCr-Cop(CsH,Cly, (1) (Cp‘ZCr: decamethyl-
chromocene); Cr(CsHg)» Cog(CsH L Cly)os -+ (2),
Cr(CsHy)z Coo'CoHsCN (3), Cr(CoHg) s Cro CsHsCN(4),
(Cr(CsHg),: bis(benzene)chromium); -~ Cp;Co-Cep

CsHCly  (5), CpsCo-Cry(CsHCly)os (6) (CpsCo:
cobaltocene); multi-component complexes CTV(Cs),
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(Cr0)2(DMF) 5 (C6H6)0 75 (7) and CTV+(Cs):(Cs)2(DMF)s(8) containing neutral
cyclotriveratrylene - ‘molecule; and multi-component complexes
(D)-(C"TPP fullerene)-Solvent (9-14) (Co"TPP: tetraphenylporphyrmate cobalt.
D, D:  Cr(CsHy, TDAE  (tetrakis(dimethylaminojethylene); ~ TMA®
(tetramethylammonium); MP" (N-methylpyridinium); Cs*; and fullerene: Ce, and
Ca(CN)y). Fullerene radical anions were shown to have strong tendency to form
diamagnetic o-bonded (Cg,f)z and (Cyy ), dimers in 1-8 -and o-bonded
(Co"TPP fullerene) anions in 9-13. Molecular structure of these dimers and
anions were determined from X- ray diffraction analysis on single crystals The
lengths of the intercage C-C bond in the (C6,; ); and (Cm ), dimers are 1.597(7)
and 1.584(9) A whereas the lengths of the Co--C(fullerene) coardmatton bonds
are in the 2.28-2.32 A range. The c-bonded anions are stable at low tempemtures
and dissociate above 140-250 K ((Cs')> dimer), above 250-360 K ((C ), dimer)
and above 190-200 K. ((Co”TPP Sfullerene ) anions in 12 and 13). It was shown
that stability of s-bonded anions is also defined by size of solvent molecules and :
cations involved in a complex. The dissociation of dlamagnetzc o-bonded anions
results in the increase in the magnetic moments of the complexes and  the
appearance of resonating EPR signals due to strong exchange coupling between
non-bonded paramagnetic fullerene radical amons and cations. Pecultarttzes of
the formation of (fullerene’), dimers, (Co"TPP fullerene’). anions and other
possible o-bonded anions containing negatively charged fullerenes are discussed.

Abbreviations
Cr(CeHe),: bls(benzene)chromlum (0); Cr(CeHsMe)a: b1s(toluene)chronnum 0);
Cr(CsH;Mes),: bis(mesitylene)chromium (0); Cp,Co: cobaltocene; Cp*,Cr:
bis(pentamethylcyclopentadienyl)chromium (II); Cp*,Ni: bis(pentamethylcyclo-
pentadienyl)nickel (IT); Cp*,Co: bis(pentamethylcyclopentadienyl) cobalt (II);
Co"TPP: 5, 10, 15, 20-tetraphenyl-21H, 23H-porphyrinate cobalt (IT); Cr"'TPP:
5, 10, 15, 20-tetraphenyl-21H, 23H-porphyrinate chromium (II); Sn"TpTP: 5,
10, 15, 20-tetratolyl-21H, 23H-porphyrinate tin (II); Mn"TPP: 5, 10, 15, 20-
tetraphenyl-21H, - 23 H-porphyrinate manganese (1); Fe"TPP: 5,10, 15, 20-
tetraphenyl—ZlH 23H-porphyrinate iron (II); TDAE; tetrakls(dlmethylammo)
ethylene; PPN": bis (trlphenylphosphoranylldene)ammomum cation; Ph4P
tetraphenylphosphonium cation; MP": N-methylpyridinium cation; TMA™:
tetramethylammonium - - cation;” - CTV:  cyclotriveratrylene; - DMF; * N,N'-
dimethylformamide; C¢H,Cly: o-dichlorobenzene; CsHsCN: benzomtrlle, THF;
‘tetrahydrofurane. .
Introduction

Tonic complexes of fullerenes possess interesting physical properties such
as superconductivity and ferromagnetism {1-3] as well as a large variety of
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dimeric and polymeric structures of negatively charged fullerenes some of
which also show metallic conductivity and strong magnetic correlations [4].
These structures were obtained mainly when doping fullerenes by alkali metals
in a gaseous phase. The linear Cso polymer bonded by two single bonds
(cyclobutane ring) was formed in metallic M-Cs, phases (M = K, Rb, and Cs).
The first phase is a three-dimensional metal down.to 4 K, whereas Rb and Cs
phases are one-dimensional metals undergoing ,nietalLinsulator transitions
below 50 and 40 K, resp'ectively [5-7]. The linear Céo 7 polymers bonded by
one single bond were formed in Na;RbCgo and Li;CsCgo phases. The metallic
behavior of these phases was still observed after polymerization [8, 9]. Cso"™
forms a two-dimensional polymer,bonded by four single bonds in NayCeo [10].
Neutral fullerenes also form a4 variety of polymeric structures under high
pressure and temperatures [11], soime of which were doped by alkali metals
[12]. Strong interest to this-field of research was. evoked by the discovery of
high-temperature ferromagnetlsm in a rhombohedral polymeric Ce phase
treated at high pressure-and temperature [13] The first o-bonded (Cso ), dimer
was found in metastable M-Cg, phases (M = K Rb, and Cs) and its molecular
structure was for the first time studied by X-ray powder diffraction [14-17].
Neutral fullerenes als¢ form dimers. However, in contrast to.single-bonded
(Cs0 ), -in (Ceo)y and (Cro), dimers, fullerenes are bonded-by two single bonds.
(cyclobutane ring) [18, 19). Neutral (CsoN), dimer formed by azafullerene is
bonded by one single bond and is isoelectronic to (Cgo ), dimer [20].

-Most of ionic complexes of fullerenes obtained up to now by direct synthesis
in solution contain monomeric . fullerene radical anions. Those are. TDAE-Cg
[21], Cp2COC60CS2 [22], Cp2C0C6oC6H5CN [23], Cp*2N1C50CSZ : [24],
CrmTPPCG()(THF);; [25], (Cp*2C0)2C60(C6H5CN, C51‘14C12)2 [26], various salts
of Cee" (n = 1,2 and 3) and Cs,"_ with PPN" and Ph,P" [27-30], salts of Ce)"™ (n
= 2 and 3) with alkali.metal cations {31-33], and others {34, 35]. The properties
of isolated fullerene radical anions are widely discussed in literature [36].

Recently different o-bonded polymeric and dimeric structures based on
negatively charged. fullerenes have been discovered in ionic complexes. A
single-bonded  linear  Cg polymer . was - reported to- form in ionic
Cr(CsHsMe),-Cgp-CS, [37].. The Csp anions form linear chains with a 9.6 A
distance between the centers and the shortest C(Cg) -C(Cso) distance of 2.12
A, which, however, is too long for the single C-C bond. The disorder in the
fullerene. part does not allow this polymer.-to be satisfactorily characterized
[37]. Linear polymer from Cy~~ was formed in M:C;¢-nNH; salts (M = Ca, Sr,
and Ba) and structurally characterized [38, 39]. Monomeric Cq" radical anions
were shown to polymerize in a ferromagnetic phase of TDAE-Cg under
hydrostatic pressure of 7 kbar and this polymeric phase was stable at ambient
conditions. Depolymerization occurs only at heating above 520 K [40, 41].
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Figure 1.'Molecular structure of the -bonded anions discussed in this review:
(@) o-bonded (Cgg), dimer; (b) s-bonded (Cy7), dimer; (c) o-bonded (Co"TPP-Cey")
anion; (d) o-bonded {Co™TPP-Cyo(CN),”} anion.

A reversible phase transition attributed to C," dimerization was observed
in Cr(CsHsMe),-Ceo at 250 K, whose crystal structure was investigated by X—
ray - powder diffraction [42, 43].  Recently; single crystals of an ionic
Ceocomplex: Cp*,Cr-Ceo(CsH4Clo), (Cp*,Cr, Fig: 2) have been prepared and
the molecular structure of the (Cso ), dimer has been determined from X-ray
diffraction on a single crystal (Fig. 1, a) [44]. The reversible phase transition
associated with Cyo’~ dimerization was observed in this complex at 220-200 K
[44]. Similar dimers were also formed in other ionic complexes of Ce with
Cp*,Cr', Cp,Co’, and Cr'i(CeHe),”™ (Fig. 2) [45]. Ceo” is probably dimerized
in Cr'(C¢HsMe;),-Coo too [46]. This ‘was concluded from the EPR, magnetic
and >C NMR data. However, the complex does not show a step-like decrease
of the magnetic moment with temperature, which must - accompany
dimerization. X-ray powder diffraction neither supports the formation of o-
bond between Cio anions at 50 K. It was assumed that the dimerization of
Ceo'in this complex can occur not as a first-order phase transition as it was
observed in previously studied complexes but the phase transition of a higher
order [46]. Related 6-bonded (C+7), dimer (Fig. 1, b) was found in-a multi-
component complex CTV-(Cs)s(Cro)(DMF):«(CsHe)o7s (CTV, Fig.2). The
preparation of single crystals of this-complex allows for the first time the
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Figure 2. Molecular structures of the components used for the preparation of the ionic
complexes and salts with fullerenes: decamethylchromocene - (Cp*,Cr);- cobaltocene
(Cp2Co); - bis(benzene)chromium  (Cr(CsHe)); - tetrakis(dimethylamino)ethylene
(TDAE); . N-methylpyridinium  (MP");  tetramethylammonium (TMA*)
tetraphenylporphyrinate cobalt I (COHTPP) cyclotnveratrylene (CTV).

molecular structure of (Cqo ), dimer to be determmed [47] Such dimers were
found in other ionic complexes of C70 with Cr (C6H5)2’+ [45, 48], TDAE' [49],

Cp2Co [45], Cp*,Cr" [48], Cp* ,Ni" [48] and Cs' [45]. In addition several
Jionic complexes of dlcyanofullerene Cso(CN), were obtained [50, 51], at least
for one complex with Cri(CsH),™, Cso(CN),"™ was suggested to dimerize [51]

All these data show that d1merlzat10n plays an 1mportant role in 1omc
complexes of fullerenes.

_Additionally to o-bonded dimers formed by negatively charged fullerenes,
the related family of c-bonded (Co''TPP-fullerene”) anions was found in ionic
complexes containing tetraphenylporphyrinate cobalt (IT) (Co"TPP, Fig. 2) and
fullerene radical anions (Fig. 1, ¢ and d). The formation of the Co--C bond was
well known and many compounds with this bond were obtained and
characterized, for example, alkylcobalamms [52]. Nevertheless, the formatlon
of 6-bonded (Co"'TPP-fullerene ) anions was unexpected.

Metal tetraphenyl- and octaethylporphyrins form a large variety of
complexes with neutral fullerenes; their derivatives and endometalloﬁlllerenes
[53 70]. These complexes (especially with porphyrins.containing Co", Fe" and
Fe™) are specified by the M--C(fullerene) contacts in the 2.55-2.70 A range.
These contacts are shorter than the sum of van der Waals radii of M and C
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atoms, but essentially longer than typical M---C distances at the formation of a
strong M~C bond in alkylcobalamins (1.99-2.03 A-[52]). In:this.case the
interaction between metalloporphyrms and fullerenes can: be described as
secondary bonding.

It was interesting to study. the interaction of metalloporphyrms for example
CoTPP with fullerene radical anions. However, Co"TPP. cannot reduce Cgo to a
radical anion due to relatively weak donor properties. Indeed, besides Cr"TPP [25]
and Sn"TpTP [23], other porphyrins (even Mn"TPP [54] and Fe"TPP [60]) form
only neutral complexes with ‘Cgo [53-70]. This problem was solved by a multi-
component approach using two donor counterparts. One of them is-a small-sized
strong donor able to ionizé fullerene (Dy), and the other one is a structure-forming
neutral molecule (D;). For example, in [(Cr(CeHe),™)-(Co"TPP-fullerene )-
CsH,Cly] Cr(CsHs)é is-Dy, Co™TPP is D,, and fullerenes are Cgp, and Ceo(CN),. It
turned out that the fullerene radical anions are bound with Co"TPP essentially
stronger than neutral fullerenes . and form = diamagnetic o-bonded
(Co™TPP-fullerene’) anions with shortened Co---C(fullerene) distances of 2.28-
232 A [72-74).> In . some - multi-component- . complexes . -the ~.c-bonded
(CoHTPP-fullerene_) anions can dissociate at high temperature to-paramagnetic and
EPR active species such as non-bonded Co"TPP and fullerene™ radical anions [75]
analogously to reversible dissociation . of - diamagnetic c-bonded (fullerene ),
dimers. The complex  containing non-bonded Co"TPP and fullerene” radical
anions was also obtained [76].

In this review we summarized our data on synthesis and characterization
of ionic complexes of fullerenes containing c-bonded anions of two types,
namely (fullerene), dimers and (CoHTPP fullerene’) anions. Such complexes
can be interesting in several aspects: «

1). the preparation of new types of o-bonded anions based on negatively
charged fullerenes (dimers, polymers, and coordination anions);

2). the structural characterlzatlon of o-bonded anions due to availability of
single crystals;

3). the changes in stablllty of 5-bonded anions resulting from the Vanatlon
of donor and solvent molecules involved in the complex, and

4). the study of the effect of the formation of c-bonded anions on
conductmg and magnetlc properties of complexes

" Special attentlon was given in this review to structural aspects of the
formation of o-bonded anions, the effect of different factors on their stability
and the changes. in magnetic.properties of the complexes at the transition from
monomeric to dimeric phase. Finally, we discussed peculiarities of the

;. formation of different types of c-bonded anions.
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L. Preparation of the complexes

All complexes presented in this review were obtamed by the diffusion of
n-hexane into a solution containing correspondlng ionic (D1 ) and (Fullerene™)
species (1-8) or (D,"), (Fullerene’) and Co"TPP species (9-15) in (CsHoCly),
(DMF)/(CeHs), and C6H5CN)/C6H6 (Table 1). Slow diffusion allows the

Table 1 Charactensucs of complexes 1-14and the dissociation temperatures for the 6-
bonded anions.

(D*)z [(fullerene')z] (Sol)z,‘ (T<T) T 2[DY (fullerene") ~(Sol),]-(T>T2) (1-8)
dlmenc  phase monomeric phase

(D*Y[Co"TPP-fullerene J(Sol)x (T<Ty) = (D*)(Co"TPP)«(fullerene™)(Sol)y (T>Ts) ~(9-14)

o-bonded anion non-bonded units
N/ Composition of the complex Colorand | Dissociation temperatures. | -Ref, .
- -shape. for the o-bonded anions
T/K T/K
: Complexes containing o-bonded (fullerene™); dimers
1| (Cp* 1Cr ) (Coo ) (CsHaCl)y - Black paralielepipeds 200 230 | 44,45
2 | (Cr'(CoHlg)2™)(Con)(CsHaCloor Black-brown polycrystals 160 240 |45
3 | (Cr'(CeHa)z ) Coo ) (GeHsCN) Black parallelepipeds 240 >300 |45
| (CHCatle)y 1 Cro JH{CoHaCl) Blackbrown polyerystals | 250 | >300 | 45
5 [ (Cp2Co*)(Cor ) (CsHiCla) 7 | ‘Black polycrystals 250 350 |45
6| (CpsCo")(Cro ) (CeHaClodos " ‘Black polycrystals, .~ |- >300 il As
47 C]V-(Cs’);-(C7o')2'(DMF)7'(Coﬁs)ojs Black hexagonal plates 360 390 |47
8| CTV-(Cs')r (Cco-)z (DMF)(, : Black elongatee plates 140 220
Complexes containing o-bonded (Co™PP-fullerene™) amons
9 | (TMA™)(Co"TPP-Ceg)-(CeHsCN)-(CsH4Cly) ~ [ Biackprisms [ >300 76
10 | (MP*)(Co™TPP-Ceq")(CoHCla)12 [ Biackprisms | 300 76
11 [(Cr'(CeHe)a ™17 [(CO"TPP:Coo)a™ T(CoHaCla)s s Biack clongated . | 3300 74
prisms
12 | (CeY(CsHo)s ™) Co"TPP-Coo( €N)5 )+ (Ceo(CN),™) | Black elongated. [ 200* | 300 | 72,
(CsHaCla)s parallelepipeds 74
13 ' (EDAE™)(Co"TPP:Cy7) g | Black prisms 190 |>300]75
14 (Cs*)-Oo“TPP-(Cgo")-(C6H5CN)1,64(C6H4C12)0A36-‘ Black prisms not exists at | 76
CH,CON 2-300K

e only a'small conmbuuon from non-bonded Co"TPP aqd ful]erene was observed.

<8 was obtained ‘similarly to'7 [47): The composilion of 8-was détermined from elemental
analysis.-Found; %: C = 75.36, H = 2.70, N-= 3.02, 100, %= (C, H; N, %) = 18.92. Calc, %: C =
74.53, H = 270, N = 3,15, Cs = 10.00, O = 9.62, IR spectrum: CTV: 618w, 739w, 847w, 877w,
991w, 1031w*, 10855%, 1142m, 1192m, 1219m, 1260s*, 1438w, 1459w, 1509m, 1606w; (Cso™):
526w, 575s, 1388s; DMF:660m, 1031w*,1085s*, 1260s*, and 1656s (the bands marked by (*) are
coincided). Visible<NIR spectrum of 8::336,942, and 1074 nm (Cee™).
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preparation of high-quality single crystals suitable for. X-ray dlﬂ'ractlon
studies. All manipulations with the complexes were made in a glove box due to
air-sensitivity of the crystals, Two- -component ionic complexes are unstable
and decompose in air, whereas the multi-component complexes with Co"TPP
and the same cations are essentially more stable (hours or days). All complexes
were primarily characterized by IR and UV-visible spectra ‘and then by
elemental analysis, temperature dependent EPR, SQUID and conductivity
measurements by a two-probe technique on a polycrystalline sample.

I1. Formation of negatively charged fullerene dimers.

1. Dimerization of Cg radical amions in Cp*,Cr-Cep
(CeHsChL)2 (1) , '
a. Structural aspects of dimerization.

In accordance with IR- and UV-visible-NIR spectra complex 1 has ionic
ground state with nearly fiill charge transfer from Cp*,Cr to Ceo molecules. Cgo™
exists in a monomeric form at RT. We can conclude this based on the fact that
the absorption bands of neutral Cp ,Cr and Cg, molecules are absent, and only
the bands characteristic of Cp*,Cr” cations and monomeric Cso™ radlcal anions
are presént in the IR-spectrum {44, 45]).

The fragment of the crystal structure of 1 at room temperature (RT) is
shown in Fig. 3, a [45]. A direct method for structure solution (SHELX-97)
gave orientationally disordered Cy; molecules. It seems that this disorder could
be approximated by freely rotating fullerene molecule. We restricted our
consideration to the model of a disordered Cso molecule in which carbon atoms
are uniformly distributed over 180 positions on the sphere found in few cycles
of the Fourier synthesis, This allowed us to calculate Cy center-to-center
distances in the structure. In contrast to Ce™, Cp*>Cr’ is completely ordered
(not depicted in Fig. 3, a), whereas the solvent C¢HsCl, molecules are
disordered between two orientations linked to each other by rotation about the
mass center in the molecular plane. Monometic Cs,"~ forms uniform zig-zag
chains along the diagonal to the ac-plane with equal center-to-center distances
of 10.10 A (10.02 A for pristine Csp-at RT [77]).

A reversible structural transformation accompanied: by the umt cell
multiplication (Table 2) takes place upon cooling 1 below:220-200 K. The zig-
zag chain arrangement of Ce,~ is still observed in a low-temperature structure at
100 K (Fig. 3, b). However, the center-to-center distances between Cso - are not
uniform. One short. distance of 9.28 ‘A indicates the formation of c-bonded”
(Cso7)s dimers and the second distance of 9.91 A is close to that between non-
bonded Cg" in the RT structure. The (Co ), dimers are statistically disordered
between two orientations linked to each other by rotation of (Cgp ), -about the

intercage C-C bond at an angle of 142°. The occupancy factors are 0.75 and 0.25.



The formation of 6-bonded anions in ionic complexes of fullerenes 113

Figure 3. Two phases of the crystal structure of 1 ‘projected onto the Cqo* zig-zag
chains. s : . :
(a) crystal structure at RT with monomeric orientationally disordered Coo™;

(b) crystal structure at 100 K.containing (C4o"), dimers statistically disordered between
two orientations (75:25). Only major orientation of (Cgp-); dimers is shown.

Reprinted with permission from [45]. Copyright 2003 American Chemical Society.
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Table 2. Unit cell parameters for 1 above and below dimerization temperature (200-220
K) [44].

RT : N

CosH3sCliCry CsesH152C1i¢Cra
..::Monoclinic Monoclinic
Space group C2/c ) Space.group P2;
a=23.167(5) A : #2293 A - .
b=20.983(5) A T b=20.785(1) A
o=14.609(2) A ‘ i ©=24747(1) A
B=123.415(8)" p=106.387(3)°
V=5928.2) A% V=11247.709) A}
ConZ=4 . z=2 s

Deaic—1.498 ‘g-cm' - Pete=1.579 gom’

1.597(7) A

Figure 4, Molecular structure of the (C¢, "), dimer determmed from X—ray diffraction on
asingle crystal of 1 at 100 K [44].

The (Ceo )2 configuration at 100 K has Cy; symmetry with Cq,~ arranged in
trans conformation relative to each other, as-as prev1ously predicted [78, 79].
The average bond angle of 109° for sp® carbons is close to the tetrahedral
geometry. The length of the 6-6 and 6-5 bonds (excluding the bonds with sp’
carbons) was averaged to 1.391 (21) and 1.445 (21) A, respectively. The length
of the 1nter-cage C-C bond (1.597(7) ‘A) is longer than the normal C-C bond
between sp’ carbons of 1.541(3) A [80] but close to the predicted one (1.618
A).[79]. The intercage center-to-center distance between two Cso in the dimer
is equal to 9.28 A. This is close to the distance in a dimeric phase of Rb- Cso of
about ~9.34 A [16].

The single bonded:(C¢o ), dimer in 1 is less stable than the neutral (Cso)2
dimer with two single bonds between Ce of a noticeably shorter length
*(1.575(7) A) [18]. Indeed, the dissociation temperature of négatively charged
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Figure 5. The projection of crystal structure of 1 at 100 K viewed along the diagonal to
the ac-plane. The C4H,Cl; molecules are omitted.

(Ceo )2 dimer (200-220 K), is essentially lower than that of the neutral (Cg),
dimer (423-448 K [18]): The estimated intercage C-C bond dissociation energy
of 63 = 4 kJ-mol™ for the (Ceo ), dimer also indicates a weakness of this bond
relative to the.energy for the single C-C bond in CH;-CH; (the dissociation
energy is 368 kJ-mol” [81]). . : ‘

As a whole; the packing of the complex may be described as a honeycomb
network in which (Ce,), dimers are held together by Cp*,Cr' cations to form
large continuous channels (Fig. 5). The channels pass along the [101] direction
and are oceupied-by the stacking CsHiCly molecules. The dimers-form several
shortened contacts with-each other in the zig-zag chains passing along the
diagonal to the ac-plane (the shortest C--C distance of 3.266(6) A) and with
Cp*,Cr" (the shortest C--C distance of 3.049(6) A).

b. Changes in magnetic properties at dimerization .

The changes in the magnetic. properties of 1 can.be monitored on the
temperature dependence of reverse molar magnetic susceptibility measured in
the 300 - 1.9 K range (Fig: 6). The estimated magnetic- moment was equal to
4.20 pp at 300 K (the p. for the non-interacting system of S =3/2, 1/2 spins is
4.27 yp). indicating the contribution of both spins from Cp*,Cr" (S = 3/2) and



116 Dmitri V. Konarev et al.

150
o’.
. .r".’
=2 ’.,f
% 100 (Ceo')z T -* _
Q ’ ./.z CGO
g /"
\% 5 O i ‘.../
E .... !
s , o*
I / v
0+ «

0 50 100 150 200 250 300
Temperature / K

Figure 6, Temperature dependence of reverse magnetic susceptibility (1/yme) for

polycrystalline 1 in the 300 - 1.9 K range. The behavior is reversible.

Ceo (S = 1/2). A close value of 4.20 ng was observed for ionic complex
(Cr™TPP")-(Cgo™)-(THF); with the same spin state (S = 3/2,1/2) [25]. A stepwise
reversible decrease in the magnetic moment of 1 from 4.20 down to 3.85 pg was
detected in the 230 - 200 K range. Below these temperatures the magnetic
moment is defined by spins localized on Cp*,Cr" only (the s for the S = 3/2
system is 3.87 pp). The decrease of the magnetic moment of 1 indicates the
disappearance of the contribution of Cs"- spins (S = 1/2) accompanying the
formation of “the diamagnetic. (Cey )> - dimers. ' Reverse - molar - magnetic
susceptibility shows a step-like increase at this transition at 200-220 K (Fig. 6).
The dimeric phase is characterized by the Weiss constant of <1.12 K, indicating
a weak antiferromagnetic interaction of spins, which results in the decrease in the
magnetic moment of 1-below 30 K. However, spin ordering ‘was not detected
downto 1.9K. T

The EPR signal for 1 was not observed at RT (Fig. 7 shows. the EPR
spectrum of 1 at 250 K). Similarly, ionic (Cr""TPP")-(Cs" )-(THF); is EPR silent
in the 300 - 4 K range [25). It can be assumed that monomeric Cs"~ and Cp*,Cr"
can give one very broad resonating signal via strong ‘exchange “coupling
between these ions at RT. Upon cooling 1 below 220-200 K a new signal
abruptly appears ‘in the EPR spectrum ‘(Fig. 7 shows this spectrum at 4 K).
The signal in 1 is an asymmetric one and characterized by resonances near
g:/=3.974 with the line halfwidth (AH) of 70 G and g;=2.013 with AH=55G
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Figure 7. EPR spectrum of 1 at 4,250 and 410 K.

at 4 K. This signal can unambiguously be ascribed to Cp* O with § = 3/2
ground state. Solid (Cp* ,Cr')(PFs ") produces a 51m11ar asymmetric EPR sngnal
with g, =4.02(1) and gu= 2.001(1) [82]. The g~ component of the EPR signal
of polycrystalhne 1 is strongly asymmetric and consists of at least 9
components. The most intense component has g, = 3.974 and AH = 70 G and
each next component shifts to smaller g-factor and becomes wider (Fig. 7).
The asymmetry of the EPR signal in 1 1s probably a result of polycrystallinity
of the sample.

"The temperature of the appearance of the EPR signal from Cp*;Cr" in 1
correlates thh the temperature of the disappearance of the contribution of the
Cso spins to magnetlc susceptlblllty Thus; the formatlon of the diamagnetic
(Cso ), dimers breaks down ‘the strong exchange couphng (observing in EPR)
between spins localized on Cp* 2Cr ‘and monomeric Cg;™in'a high temperature
phase and leads to the appearance of contnbutlon from non-interacting
paramagnetic and EPR active Cp*zCr cations in a low-temperature phase.

To check the p0551b111ty of strong exchange coupling between monomeric
Cso" and Cp* ,Cr" we carried out hlgh-temperature EPR ‘measurements for 1
up to 410 K. Indeed, if the signal is not observed at RT and below, we are able
to resolve a'very broad EPR signal at temperature higher than 320 K and at
high microwave power, which can be attributed to a resonating signal between
Cso~ and Cp*,Cr' ions due to strong-exchange coupling. The parameters of the
signal at 320 K are: g = 2.2210 and AH larger than 1000 G. The temperature
increase noticeably narrows this signal to AH = 730 G and shifts g-factor value
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to 2.1483 (410 K). At 410 K this signal can be well resolved (Fig. 7, 410 K).
Thus, the resonating EPR signal between Cs . and- Cp* ,Cr* cannot be
observed at RT down to the transition temperature at 220-200 K due to
essential broadening, whereas the narrowing of this signal with the temperature
increase allows its observation at high temperatures (410 K).

Similarly, C7"~ is probably dimerized in ionic (Cp*;Cr’)-(Cs)-CsHsMe.
According to EPR measurements the dimer is stable at least up to 300 K [48].

2. Dimerization of fullerene radical anions in the complexes
with bis(benzene)chromium (2-4)

Below are discussed “the: following Ceo and Crwo complexes with
bis(benzene)chromlum Cr(CGHG)Z C60 (C6H4C12)0,7 (2) Cr(C6H6)2 Cso C6H5CN
(3), and Cr(CsHs),:Cro:CsH4Cl, (4). The TR and UV-visible-NIR spectra of 2 -
4 indicate their ionic ground state with monomeric Cso~ (2 and 3) and dimeric
(Cro)2 (4) at RT [45].

The ‘data of magnetic and EPR measurements for 2 and 3 are shown in
Figs. 8 and 9. The magnetic moment of 2 is 2.45 up at RT and remains
unchanged down to 240 K. This value is close to that calculated for the system
containing . two S = 1/2 spins localized on Cr'(CeHg),” and Cs". The
temperature dependence of reverse magnetic susceptlblhty in this temperature
range is linear with the Weiss constant of about —17.8 K indicating a noticeable
antiferromagnetic interaction of spins. The magnetic moment stepwise and
reversibly decreases below 240.K down to 1.73 pjp at 160 K (Fig. 8, a) (pess for
non-interacting S=1/2 system is 1.73 pg). Below 160 K the temperature
dependence of reverse intensity is again linear however, with the essentially
smaller Weiss constant of —0.51 K. Dimerization suppresses the
antlferromagnetlc interaction of spins observed in a high-temperature phase of
the complex with monomeric Cso . Dimerization is also accompanied by the
changes in the EPR spectrum. The EPR 51gna1 of 2 has g = 1.9913 at RT (Fig.
8, b)..This value is an 1ntermed1ate one between those for crl (CGHG)Z (g=
1.986 [83]) and Csp" (g = 1.998 [36]) indicating strong ‘exchange coupling
between these ions. On cooling 2 in the 240-160 K range the g-factor shifts to
1.986. This value is characteristic of non-mteractmg paramagnetlc Cr'i(CeHe),™
[83]. The line halledth monotonically decreases at dimerization (Fig. 8, ¢).

The magnetic. moment of 3 .is - 1. 74 pg below 230 K and remains
unchanged .down to .10 K. -The temperature dependence of reverse molar
magnetic susceptibility is also linear in this range with the Weiss constant of
-0.06 K. Above 230 K the magnetic moment increases with temperature up to
2.12 py at 300 K (this value is an mtermedlate one between 1.73 pg (S = 1/2)
and 2.45 pg (S = 1/2+1/2)) (Fig. 9, a). 'The EPR behavior of 3 is more
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Society.

complicated than that of 2. The EPR signal is a Lorentzian line with g = 1 9910
and AH = 30 G at RT. The g-factor shifts to-1.988 and the signal becomes
narrower as in 2 with the temperature decrease down to 230 K. Howevet,
below 230 K the signal broadens and splits into two components below 150 K
(gn= 1.9949 and g, = 1.9835 at 4 K) (Fig. 9, b and c). Such an asymmetric
s1gnal with gp = 2.0026 and g, = 1.9757 was previously observed for
crl (CeH),™ in rigid solution [83]. Thus, both SQUID and EPR measurements
indicate dimerization of C¢" on cooling 2 and 3 in the 240 - 160 and '300‘-
230 K ranges. N

The magnetic moment of 4 is equal to 1 64 g at 250 K and only shghtly
increases with temperature up to 1.78-pp at 300 K. The EPR signal of 4 with
g=1.9857 at RT is characteristic of CrI(CGHé)z'+ [83] and does not shift with
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the temperature decrease down to 10 K Such a behav1or indicates the formation of
the (Cyo ), dimers and the contribution of Cr' (CeHe),™" spins to magnetic and spin
susceptibility. The increase of the magnetic moment of 4 above 250 K suggests the
beginning of dlss001atlon of the: (C70 )a: dlmers to paramagnetlc Cro .-

Some more ionic complexes of fullerenes with bis(benzene)chromium and
related donors were obtained that allows one to analyze the effect of the size of
solvent molecules, cations and the type of fullerene on stabllrty of negatively
charged fullerene dimers.

'The size of cations can be varied using a different number of substituents
in a benzene ring. The compound with the largest Cr(C¢H;Mes), cation shows
the lowest dissociation ' temperature, however Cr(CsHsMe), and Cr(CeHe)z
differing by one methyl substituent in a benzene ring have close dissociation
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Table 3. Dissociation temperatures for the (fullerene™), dimers in ionic complexes.

Dependence on the size of cation and the type of fullerene used.

Size of Complexés with Ceo Stability (Fullerene’):(Cr(CsHs)2™)-Solv.
cation Solvent free phases Fullerene Solvent
Cr(CsHlg)2 probably polymer (45, 84]* Cso 220 - 300 K'|51]
220-300 K [51] TR
Cr(CsHsMe), 250K ... [42, 43] . [ CsHsMe 300 - >400 K [48]
Cr(CeH3Mes); * dimerjzation <170°K | Cea(CN)2 >380K. [51]
without phase transition [46} :

*e phasés obtained by fast precipitation of the complex from C¢Hg and CsHsMe. IR:spectra at RT
show many new additional bands, which can be associated with polymerization {45].

Dependence on the size of solvent molecule.

Solvent-containing Complexes of Cep * "~ - -Solvent-containing complexes of Cyg
Cr(CsHe)2"Cs0°CS2 probably polymet [37] | Cr(CsHe)z'Cro-CsHsMe 300 - >400 X [48]
Cr{(CgHg)y"Cep(CH,CL,),; 160 = 240 K [45] | Cr{(CeHe)zCro-CoHaCl, 250 - >300 K [45]
CH{CiHy)yCoCH,CN 240 23300 K [45] k :

temperatures (Table 3). An obvious tendency for stabilization of dimeric state
is observed in a series: Cso < Cro < Cgo(CN), (Table 3). It is seen that the
extension of the m-electronic system of Cso relatlvely to that of Ce or the
introduction of two CN groups, which can to a great extent delocalize the
negative charge of fullerene anions stabilize the dimeric state. Large CH4Cl,
solvent molecules noticeably destabilize the dimeric state relative to smaller
CsHsCN and CsHsMe solvent molecules (Table 3).

3. Dimerization of fullerene radical anions in the complexes

with cobaltocene (5, and 6)

Two ionic complexes of Cso: Cp2Co-Ceo-CS, [22], CpZCo -Ceo-CeHsCN [23]
and one complex of Cyo: Cp,Co~Cq [85] with cobaltocene obtained earlier were
shown to contain monomeric Cso - [22, 23]and Cy,"™ [85]. We prepared new Ce
and :Cy, complexes with-cobaltocene in o-dichlorobenzene:. Cp,Co-Coo-CsH4Cly
(8), and Cp;Co-Cyp-CsH4Cl, (6), in which fullerene radical anions are dimerized.

Complex 5 is a diamagnetic in the 1.9 - 250 K range according to SQUID
measurements. This is consistent with the presence of both diamagnetic (Cs ),
dimers and Cp,Co" cations. Paramagnetic contribution in this temperature range
corresponds to 3.3 % of S = 1/2 spins from a total amount of Cs. On heating 5 in
the 250-350 K range, the increase in the magnetic moment up to 1.52 pg'at 350
K is observed (Fig.10, @) as a result of the dissoéiation of the (Ceo )» dimers.
Above 350 K Cy, exists mainly in a monomeric form. The ionic ground state of
8 with monomeric Ce," radical anions is justified by the"'characteristic Cso
bands in IR- and visible-NIR spectra [45].
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Two low-temperature signals were observed in the EPR spectrum of 5.
The main signal with g = 1.9979 and AH = 5 G at 4 K could be ascribed to
Ceo~. The signal had weak intensity in the 1.9 - 250 K range corresponding to
only 2-3.% of spins from a total amount of Cs. Above 250 K the intensity of
the EPR signal of Cs begms to increase (Fig. 10, b) together with the
magnetic moment of the complex indicating the dissociation of diamagnetic
(Ceo )2 dimers. It is interesting to note that dimerization does not almost affect
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the line halfw1dth of the s1gnal and it is monotomcally narrowed with the
temperature decrease (Fig. 10, d) as in other ionic complexes with monomeric
and isolated Csp - radical anions [36; 75]. At.the same time the dimerization
shifts g-factor to larger values (Fig 10,.¢). The second very weak and -narrow
EPR signal (g = 1.9998 and AH = 3.G) observed in the whole temperature
range had temperature 1ndependent AH and was attributed to impurities [86].

The IR -and-solid state. NIR spectra.-of :6-contain-absorption bands
characteristic of the (Czo"); dimer [45). 6 is EPR silent and shows only a weak
EPR signal (< 0.1 % of total Cr) in the 4 - 285 K range attributable to
impurities [86]. Thus, 6 containg (Cro ), dimers from 2 up t0'285 K.

4 Dlmenzatlon of fullerene radlcal amons in the multi-
component salts 7, and 8.

Two multi-component. complexes. of fullerenes- Cg; and C7o with cesium
cation and neutral cyclotriveratrylene molecule: (Cs);:(Cro),-(DMF);-(CsHe o 75
(7) and CTV-(Cs)(Cso)>-(DMF); (8) are to be considered (Table 1).

‘Single crystal X-ray diffraction data for 7 at 120 K [47] show that Cyg"
anions form c-bonded (Cy ), dimers. One of two crystallographically
1ndependent dimers is ordered that allows its molecular structure to be studied. -
Symmetry of the (Cyo ), conﬁguratlon is close to Cy, (Fig. 11) as in the case of
(Ceo )2 dlmer and is lower than Ds; symmetry of parent Cro. The average bond
angle for sp’ carbons of 109° is close to tetrahedral geometry. The length of the
bridging intercage C-C bonds is 1.584(9) A and the intermolecular distance
between the centers of mass of two fullerenes Cy is 10. 417 A. This intercage
C-C bond is longer than the normal C-C bond between sp’ carbons (1.541(3)
A) [80] and is an intermediate one between those for the negatively charged
(Cs0")2 and neutral (Cgo), dimers: 1.597(7) [44] and 1.575(7) A [18].

Figure 11. Molecular ‘structure of the (Cso), dimer determined from the -X-ray
diffraction on a single crystal of 7 at 120 K [47].
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" Crystal structure of 7 at"120 K contains two crystallographically
independent (C7o ), dimers, two neutral CTV molecules, four cesium cations,
DMF and C¢Hs solvent ‘molecules = (Fig. 12). 'Such a composition of the
complex results in an integer (-1) charged state of Cy,. The ‘complex is an
example of a supramolecular ‘array, which combines the n-m stacking of a
bowl-shaped CTV molecule and an elongated Cy; sphere together with the Cs”
cations chelated by CTV. molecules in-a crown-like marner: Therefore, the
neutral CTV molecules can be introduced ‘into the (Cs")-(Cr") salt to form a
multi-component ionic compound. The n-r stacking is formed by phenylene
groups of CTV and'Cy,~ hexagons dnd pentagons with shortened C...Cvan der
Waals contacts in the 3.13 - 3.54 A range. Multiple O(CTV)...C(C7 ) contacts
of 3.20-3.52 A length additionally contributé to the CTV - Cy” van der Waals
interaction. The complex has a layered structure-in which the layers composed
of the (Cy¢), dimers alternate with those composed of CTV, Cs* and solvent
DMF molecules. Because of this, shortened contacts between Cs” cations and
(Cy0), dimers are absent (>3.9 A). However, Cs" cations in the layer form van
der Waals contacts with CTV (each CTV molecule coordinates three Cs”
cations with the O...Cs distances in the 3.00-3.16 A range) and with oxygen
atoms of carbonyl groups of DMF molecules with the O...Cs distances in the
2.87-3.08 A range (Fig. 12). ; § .

Polycrystalline 7 shows a weak asymmetric EPR signal at RT having three
components: g; = 2.0042 with AH = 8 G, g, = 2.0024 with AH=2 G, and g; =
1.9923 with AH = 20 G. A number of spins per a formula unit estimated from
integral intensity of the EPR signal is only 0.4 % from total amoumt of Cy,.

Figure 12. Fragment of crystal structure of 7. C¢Hy-and disordered DMF molecules are
omitted. ‘
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The (C; ), dimer is diamagnetic and EPR silent, and the observed signal
can be attributed to - non-bonded .Cj’. Similar asymmetric signals
are known for electro-chemically generated Cyo" in solution (g; = 2.007, g,
= 2.003 and g; = 2.0000 [87] and solid (Ph,P )2(C70'")(I ) (=8 =
1.9996, g, (long axis) = 2.0150, g,.. = 2.0047 [88]).

Magnetic susceptibility of 7 was measured in the 1.9 - 390 K range.
The paramagnetic contribution of 2.4 % was subtracted from the
experimental data revealing that magnetic susceptibility is negative at RT
and is temperature independent in the 1.9 - 260 K range (Xmole = -1.7x107°
emu-mole‘l). Thus, 7 is diamagnetic as a result of the formation of (C7y ),
dimers. A small increase of magnetic susceptibility is observed in the 260-
360 K range, whereas it increases abruptly above 360 K indicating the
dissociation of (Cy57), (at 390 K about 90 % of dimers dissociate to C7o").

A similar complex was obtained with Cg (8). Its composition
determined from elemental analysis (Table 1) is similar to that of 7. The
complex has ionic ground state with -1 charge on the Cq, molecule as was
deduced from its composition and IR- and visible-NIR spectra. Magnetic
and EPR measurements indicate that below 140 K complex contains
diamagnetic c-bonded (Cso ). dimers (Fig.13) and its paramagnetic
susceptibility corresponds to only ~4.6 % of spins from total amount of
Cso. The temperature dependence of reverse molar magnetic susceptibility
in this temperature range is linear with the Weiss constant of -3.4 K. The
EPR signal below 140 K can unambiguously be attributed to monomeric
Cso” due to characteristic narrowing of the signal with the temperature
decrease and g-factor value. The estimated integral intensity of the signal is
about 4 % from total amount of Ceo. Previously we even observed EPR
signals from monomeric Cso" 0r-Cso" below dimerization temperatures in
5-7 (from 0.1 to 3 % of spins from total amount of fullerene molecules).
These signals most probably were associated with a small amount of non-
dimerized Cgs" " preserved in ‘the 'sample due to: a high cooling rate, the
presence “of ‘defects preventing dimerization and so on. The dimers
dissociate in 8 in the 140 - 220 K range. This is the lowest dissociation
temperature: for-the (Ceo )2 dimers observed up to now and consequently
the dimers in: this complex have the:lowest stability. among complexes
studied. Like in 5, the dissotiation of the dimers does not change abruptly
the g-factor value and AH (they monotonically decrease with temperature).
Above 220 K Cqo exists as a monomeric radical anion. It is seen that again
the dissociation temperature for (Cgo ). dimer in 7 is essentially lower than
that for (Cyo"), dimer in ‘8. Similar tendency was noted for previously
discussed Cgo and Cso:'compléxes with Cp"‘z‘Cr+ (1'and - Cp*,Cr:Cyo-CcHsMe
[48], Cr'(CsHe),™" (2 and 4), and Cp,Co" (5 and 6).
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IIL. The formatlon of G-bonded (CoHTPP fullerene )i
anions.

1. Interaction of Cgo*~ with Co"TPP in ionic multl-component
complexes. ~

A multi-component approach suggested by us was successﬁllly used to
prepare a series of complexes: (TMA*)-(Co™ TPP-Ceo )-(CcHsCN)- (C5H4C12) (9)
[76], (MP")-(Co"TPP-Ce ) (C6H4C12)1 2 (10) [76), (Cr'(CeHe) )ir
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[(CO™TPP-Ceq)," " J(CsHiClLy)s 5 (11) [74], (TDAE™)-(Co"TPP-Ceo) (13) [75],
and -~ (Cs")-Co"TPP-(Cso)-(CsHsCN)1 64(CsHaCly)o36:CH;CN  (14) . [76]
containing Ce, . radical anions, neutral Co"TPP and different counter cations
TMA®, MP*, Cr'(CsHg),™, TDAE", and Cs'. Since bis(benzene)chromium
[Cr%(CéHa),], tetrakis(dimethylamino)ethylene (TDAE) and -Cs are strong
donors (E+/° =-.0.72 .V [89], - 0.75 V. [90].and — 2.92 V [80], respectively),
they can directly reduce Ceo.to a radical anion [74-76], whereas to introduce
TMA" and MP" cations into the complexes the reaction of cationic metathesis
was used [76]. e ) e s ,

‘The most interesting peculiarity of the crystal structure of 11 are close
contacts between :cobalt atom. of _CoHTPP and Cy carbon. There are two
(Co"TPP-Ces) units, which have different Co-C(Cso) distances of 2.294(10)
and 2.319(9) A (Fig. 14). The Co--<C(Cso) contacts for three other carbon atoms
of Cso bound to coordinated carbon are 3.004 - 3.204. A. Such coordination
corresponds to the o-bonding of Co"TPP to Cs . The 2.29-2.32 A distances
are longer than the strong covalent Co-+C bond in alkylcobalamins (1.99-2.03
R) [52] but are essentially shorter than the M-C(Fullerene) distances (in the
2.55-3.00 A range) in the complexes of _neutral fullerenes with metal-
containing tetraphenyl- and Octaethylporphyrins [53-71].. As a whole, the
supramolecular arrangément of 11 can be described as_a cage structure with
large cavities connected by channels. The walls of each cavity are built of six
(Co™TPP-Ceo)) units. The cavities accommodate both Cr'(CsHs).™ cations and
CsH,Cl; molecules [74]. - . ‘

Figure 14. Fragment of crystal structure of 11. Disordered Cr'{(C¢Hy),"™ with partial
occupancy and C¢H,Cl, molecules are omitted. o
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The magnetic moment of 11 (2.4 pz) is close to a calculated value for-1.7
non-interacting 1/2 spins (fegr of 2.26 p3) and is essentially smalier than the
calculated value of 4.14 py if all 5.7 non-interacting 1/2 spins from Co"TPP,
~ Cr{(CsHg),™, and (Ceo™) glve the contribution to magnetlc susceptibility. The

EPR signal of 11 with g = 1.986is charactenstlc of Cr (C6H5)2'+ [83]. Thus
both magnetic and EPR data show that spins in 11 are localized mainly on
Cr'(CeHe),™" and both (Co"TPP-Ce ") units are diamagnetic. Such a behavior is
similar to that for 2-4 containing diamagnetic (fullerene ), dimers and
paramagnetic cr (CéHg),™". As a result, at low temperatures these complexes
have EPR signal with g-factor around 1.986 and the magnetlc moment about
1.73 pp defined by the spins locahzed on Cr'(CeHe),™

Complexes 9 and 10 contain diamagnetic and EPR silent TMA" and MP"
cations. The absence of any EPR signals in these complexes in the 4 - 290 K
range “can be attributed to the formation of diamagnetic  ‘c-bonded
(Co"TPP-Cgy") anions, which are ‘stable at least up to 290 K [76]. Magnetic
measurements - support this assumptlon A paramagnetic contribution to
magnetic susceptlblhty of 9 and 10 gives only about 4 % of 1/2 spins per a
formula unit. The subtraction of this paramagnetic contribution (Curie tail)
from the experlmental data (Fig.15) indicates that complex 10 is diamagnetic
with negatlve temperature 1ndependent molar magnetlc susceptlblllty of Ymole =
-9.5%10” emu-mole™. A similar magnetlc behavior was observed for 9. Thus
the magnetic behavior of 9 and 10 is similar to that of 5-8 contammg
dlamagnetlc Cp;Co" or Cs* cations and (fullerene™), dimers.

0.000+

M“- e e
-0.001 ~ ;

Xomo | MOlE-EMU”

-0.002

0 50 100 - 150 200 250 300
Temperature / K '

Figure 15. Temperature dependence - of .molar magnetic susceptibility  of 10.
Diamagnetic sample: holder -contribution and paramagnetic. contribution form Curie
impurities (4 %) were subtracted from the experimental data.
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Magnetlc susceptlblhty of 13 in the 1. 9‘ - 190 K range follows the Curie-
Weiss law with the Weiss constant of 0.2 K. Since the complex formally
contains three paramagnetic units with 1/2 ground state (Co"TPP, TDAE"™ and
Cso™), a magnetic moment of 3 uz was expected. However, the observed
magnetic moment. is only 1.45 pg (Fig. 16, a). This value is close to that
calculated for one noninteracting 1/2 spin (1.73 ps). The EPR spectrum of 13
in the 4 = 190 K range is a single Lorentzian line with g =2.0030-2.0050 and
nearly constant AH of 32 G (Fig. 16, b and c). This signal can be attributed to
TDAE™ (g = 2.0035 [91]). Thus, spms in 13 are localized mainly on TDAE"™
and the formation of diamagnetic (Co™TPP-Cs,") anions in the 4 - 190 K range
can be suggested.
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Above 190 K, the magnetic moment of 13 increases with temperature (up
to 1.85 pp at 300 K) (Fig. 16, a) probably due to the appearance of additional
contribution from non-bonded paramagnetic Co"TPP and Ce," units to total
magnetic susceptibility. This is supported by EPR data. Above 190 K the EPR
signal essentially broadens and shifts to larger g-factors (g= 2.0194 and AH =
242 G at RT) (Fig. 16, b and ¢). It is known that Co"TPP in the complexes
with neutral Cyo and C;o shows a broad EPR signal with g = 2.4 and AH = 500-
600 G at RT [54, 58]. Therefore, the observed changes in the EPR spectrum of
13 above 190 K can be attributed to the appearance of additional contribution
from non-bonded paramagnetic Co"TPP and Cs,"~ (Which can give one broad
signal due to strong exchange coupling).

o-bonded (Co"TPP-Ce ) 190K  non-bonded Co"TPP and Ce™
diamagnetic, EPR silent e paramagnetic, EPR active

In 11 the Co--C bond of 2.29-2.32 A length is noticeably longer than the
Co-C bond in alkylcobalamins (1.99-2.03 A [52]) or the Co~N bond in
Co"TPP-NO (1.964 A [92]). Thus o-bonding in the (Co"TPP-Cs") anions is
rather weak and the dissociation of these anions can be expected at high
temperatures. Such a transition is similar to the dissociation of diamagnetic
(Cr0 )2 and (Ceo )2 dimers, which also have a rather weak intercagey C-C bond.
However, in case of (Co TPP-Cso ) anions their dissociation results ‘in the
appearance of other paramagnetic units, namely, Co"TPP and Ce™.

The possibility for coexistence of Co"TPP and Cg," without o-bonding
was demonstrated in complex 14. According to the composition as well as IR-
and visible-NIR spectra, C¢; molecules have nearly -1 charged state [76]. The
main structural motif is a zigzag chain of alternating Co"TPP and Cs" (Fig.
17). Each Ceo" unit forms shortened van der Waals contacts with two Co""TPP
molecules with the shortest Co-C(Cso) distances in the 2.55-3.07 A ‘range.
These contacts are of c—type, however, they are longer than those in ‘the o-
bonded dlamagnetlc (Co"TPP-fullerene™) amons @. 28-2 32 A [72-74] ) and
close to those in neutral complexes of Fe Fe and Co"'TPP with Cg (2.57-
2.69 A 60, 55, 61, 74]). Cobalt atom of Co TPP does not deviate from the
mean plane of the porphyrin macrocycle toward fullerene indicating the
absence of noticeable Co-+C(Cs™) bonding: in 14. On~the contrary, these
dev1at10ns are essentially larger (0.091-0.113 A)in 11 and 12 containing o-
bonded (ConTPP fullerene”) anions [74]. Thus, in contrast to previously
described complexes, 14 contains non-bonded Co"TPP and Cg," units at 110
K. The EPR spectrum of 14 justifies the data of X-ray diffraction analysis. It
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Figure 17, Fragment of éryétal structure of 14, Disordered C¢HyCl, moleéules, which
share positions with CqHsCN molecules are omitted.

contains two separate intense EPR signals with g = 2.0009 and 2.4982 and AH
of 47.8 and 512 G, respectively. The first signal is attributed to the non-bonded
Cso™ radical anions. The line halfwidth of this signal monotonically decreases
down to 3 G at 4 K. The second signal was attributed to Co"TPP with S = 1/2
ground state. This signal is similar to that from Co'TPP in the neutral
complexes with fullerenes (the asymmetric signals with g, = 2.51-2.64 and AH
= 150-300 G, gy = 2.28-2.42 and AH = 310-450 G [54, 58, 74]). However, in
contrast to neutral éomplexes, this is a symmetric Lorentzian line down to 4 K.
The strength of o-bonds in (Co"TPP-Cs ) anions is different in multi-
component complexes discussed. Complexes 9, 16 and 11 contain 6-bonded
(CoHTPP-CGO") anions stable in the 4 — 290 K range. Evident dissociation of -
bonded (Co™TPP-Cyo") anions to non-bonded Co"TPP and Cs’~ components is
observed in 13 above 190 K (about 20 % of total Co"TPP and Ceo"~ exist in a
non-bonded state at 290 K [75]). Complex 14 contains essentially non-bonded
Co"TPP and Cy"~ components in the 4 - 290 K range. ,
If we consider the influence of the size of counter cations on the stability
of the o-bonded (Co"TPP-Cy,") anions it is obvious that the increase in the size
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of counter cations destabilizes these anions. Indeed the use of small TMA”,
MP", and Cr{(CsHs),™ cations results in stable o-bonded anions, larger TDAE"
decreases their stability, - and - the - use of = large cation like
(Cs")-(CsHsCN),-CH;CN  probably - does not allow the close approach of
Co"TPP to Cg" to form a Co-C(Cso™ ) 6-bond (Fig. 17). Thus, in spite of
obvious ability of Co"TPP and Cs" to form o-bonded (Co"TPP-Cs,") anions,
steric factors also define the possibility of their formation. Similarly, the
stability of o-bonded (Csp )2 dimers varies in-a wide range (the beginning of
the dissociation lies in the 140-250 K range) and is defined by the size of
cations and solvent molecules involved in the complex.

2. Interaction of Cg(CN);”~ with Co"TPP in ionic multi-
component complex 12

A similar multi-component complex was formed with fullerene Ceo(CN).:
(Cr'(CeHe)2™ )2+ (Co"TPP-Coo( CN); )-(Coo(CN), " )-(CeHaClo)s(12)  [72-74]. It
contains the Co"TPP-(Css(CN);"); units at 120 K (Fig. 18). One Cso(CN);
coordinates to Co"TPP by the o-type with the shortest Co...C ‘distance of
2.283(3) A, indicating ¢-bonding. The second Cgo(CN), forms only shortened
van der Waals contacts with Co"TPP by the n’°-type with the Co...C distances
of 2.790(3) and 2.927(3) A. These distances are close to those in the
complexes of Co"TPP with neutral fullerenes (2.69-2.70 A [74]). The
Co"TPP-(Cso(CN),"), units form a cage structure with channels occupied by
Cri(CeHg),™ radical cations and C¢H4Cl, molecules.

Figure 18. Fragment of crystal structure of 12.' Disordered Cri(C¢He),™ with partial
occupancy and C¢H,Cl, molecules are omitted.
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The magnetic moment estimated from magnetic susceptibility of 12 at RT
is 2.91 pg. This value is close to.that calculated for a system of three non
interacting 1/2 spins. (3.00 pg) and is smaller than that expected from the
composition of the complex (5 units with 1/2 ground state must give magnetic
moment of 3.87 yg). The EPR 51gnal of 12 is a single line at RT, which is split
into two components below 180 K (g, = 1.9821 with AH = 15.G and 2 =
1.9934 with- AH = 21 G.at 4 K). These two components can be attributed.to
Cr'(CsHe),™" and non-bonded Cgo(CN),"™, respectively. Therefore, three spins
per-a formula unit are basically localized on these ion-radicals. Consequently,
the o-bonded (ConTPP~C50(CN)[) anions are deduced to be diamagnetic ones.
Thus, in spite of the presence of two acceptor substituents on the fullerene cage
Cso(CN),"" also forms o-bonded diamagnetic anions as parent Cso.
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Figure 19. Magnetlc moment of 12 vs ‘temperature (a) and the data”of EPR
measurements (g-factor () and the line halfwidth (¢)) for polycrystailine 12. Fig. 19 a,
b and ¢ reprinted with permission from [74]. Copyright 2003 Wiley-VCH.



134 : Dmitri V. Konarev ef al.

Careful analysis of magnetic and EPR data for 12 allows to conclude that
the o-bonded (Co"TPP-Cso(CN);") anions can begin to dissociate to non-
bonded paramagnetic and EPR activé Co"TPP and Cs(CN)," units above 200
K analogously to 13. Indeed, the magnetic moment of 12 is nearly constant in
the 70-200 'K range (2.65 pp) and decrease only below 70 K due to
antiferromagnetic interactions of spins.. However, ‘above 200 K the small
increase of the magnetic moment is observed up to 2.91 ps at RT. This
increase of the magnetic moment is accompanied by the essential broadening
of EPR'signal. Similar-changes are observed at dissociation' of c-bonded
(Co"TPP-Cgy") anions in 13. The difference only that in 13 this is accompanied
by the shift of g-factor to the larger values whereas in 12 the g-factor does not
shift noticeably. Tn any case the contribution of the non-bonded paramagnetic
species in 12 at RT is smaller than that in 13.

IV. Peculiarities of the formatlon of c-bonded anions

in ionic complexes of fullerenes

Direct reduction of fullerenes or metathesis reactions were used to prepare
a series of new ionic complexes of fullerenes of two types. The first group
involves ‘the complexes (D;")-(fullerene)-Solv., where D, aré Cp*,Cr,
Cr'(CsHe),™, Cp,Co’, and Cs'(CTV). Fullerene radical anions in the
compounds of the first group (1-8) have strong tendency to form o-bonded
(Cso )2 and (Czo), dimers in contrast to some previously studied ionic
complexes (Cp.Co-Csp-CS;- [22], Cp2Co-Ceo-CsHsCN 23], Cp.Co~Cro [85],
and Cp*;Ni-Cg-CS, [24]) containing monomeric radical anions. Dimerization
of fullerene radical anions is reversible and affects the magnetic properties of
the complexes due to:(Cgo )z and (Cy"); dimers are diamagnetic. In all cases
dimerization decreases magnetic -moments of the complexes. Monomeric
phases are specified by “strong -exchange coupling between paramagnetic
cations and fullerene radical anions that resulted in the appearance of one EPR
signal with g-factor averaged between those characteristic for non-interacting
paramagnetic cations and fullerene radical anions. A negative Weiss constant
indicates predominantly antiferromagnetic interactions of spins. Dimerization
magnetically dilutes paramagnetic centers (D*"). As a result, the complexes
containing fullerene .dimers are either diamagnetic or.show a paramagnetic
behavior with weak -antiferromagnetic -interactions of spins. The other
consequence -of dimerization is -a -break of exchange coupling between
paramagnetic cations and fullerene radical anions. observed in.a monomeric
phase and:the appearance of the EPR signals from isolated paramagnetlc
cations in the dimeric phase. , ; .
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:The - second - group involves  ionic. multi-component complexes:
[(D;")-(Co™ TPP) (fullerene )-Solv.], which ' additionally to D, cations.contain
neutral Co"TPP. In the second group, ‘the formation  -of = o-bonded
(Co"TPP-fullerene”) anions has the same influence on magnetic properties of
the complexes as dimerization ‘does since c-bonded (Co"TPP-fullerene")
anions areé also diamagnetic. Thus; their formation results in the decrease in
magnetic moments and the appearance of EPR ‘signals from paramagnetic non-
interacting cations: Cr'(CsHg);™, and TDAE™ instead of one resonating EPR
signal (probably due to strong exchange coupling between three paramagnetlc
units Co"TPP, TDAE"", and Cs,").

Stability of the dimers. from:negatively charged fullerenes changes in the
following row: Cgo < Cy9'<Cs(CN)2: The introduction of acceptor substituents
stabilizes the dimeric state. Possibly dimerization can play a more important
role for the ionic complexes:of fullerene derivatives rather than for those of
parent Ceo. All factors decreasing the repulsion between negative charges on
fullerene anions. in a dimer can stabilize dimeric state. Taking into account that
jonic complexes with diamagnetic.dimers cannot show metallic- conduct1v1ty or
ferromagnetism, the synthesis of fullerene based functional . materials
possessing such properties must be directed to destabilization of a dimeric state
using, for example, electron-donating substituents. Fullerenes with extended
m-electronic. system as in.Cy, also have more stable dimeric state Qhan,'parent
Cso. The presence of two. negative charges on the (Cso ), dimer substantially
destabilizes this dimer relative to isoelectronic neutral s-bonded (CsoN), dimer
formed by azafullerene. The (CsoN), dimer begins to dissociate above 500 K
and even at 740 K only 1 of every ~ 6000 dimers dissociates [93].

The .c-bonded (Co“TPP fullerene) anions with fullerenes .Cg .and -
Ceo(CN), have nearly the same dissociation temperatures whereas in case of
(Ce0)2 and (Cso(CN)y), dimers these temperatures differ by 130 240 K. The
repulsion between negatively charged fullerene and neutral Co"TPP is absent,
and the delocalization of the negative charge on electron-w1thdraw1ng CN
groups cannot noticeably stabrllze the (Co TPP C60(CN)2') anions relative to
the (Co TPP-Cy, ) anions..

~ Sizes of solvent molecules and cations also affect stability of negatively
charged dimers. Larger solvent molecules and cations must force fullerenes
apart preventing the formation of intercage C-C bond and decrease dissociation
temperatures for the dimers. Such effect can be reduced to simple changes in
interfullerene  distances.  Indeed, in ~ Cr(CeHsMe),Ceo  [43],
(Cp*:Cr)-Ceo: (C6H4C12)2 (1) [44], and CT(C5H3MC3)2 Cso [46] the interfullerene
center-to-center distance between the Cg spheres increases in the followmg
order: 9.986 < 10.10 < 10.124 A (at RT). That decreases the dissociation
temperatures in the followmg order 250 >200-220> below 170 K. However,



136 Dmitri V. Konarev et al.

the direct prediction of the' stability ‘of the dimers from the size of solvent
molecules ‘and cations is not possible without known crystal structures, and any
correlations ‘must be valid only in the series of related crystal structures. In
ultimate case large cation and solvent molecules do not allow the formation of
o-bonded anions in spite of obvious ability of fullerene radical anions to form
them. This is observed in various ionic complexes of Cso (see introduction) and
in the multi-component complex 14. :

- The ability to. form o-bonded anions is assoclated w1th the appearance of
an additional electron on LUMO (n*") of fullerene radical anions. Namely this
electron must take part in the formation of the intercage o-bond. The resulted
o-bonded (fullerene™); ‘dimers “have ‘an even number . of. 7t-electrons- and
consequently are diamagnetic. Theoretically, fullerene dianions can also form
negatively charged dimers. Two electrons on the LUMO (TC*Z) of (fullerene®)
can take part in the 6-bonding. In this case the fullerene dianions in the dimers
must be bound by two intercage o-bonds (as in neutral fullerene dimer). Such
dimer is a diamagnetic one. The répulsion between two negative charges in the
dimer destabilizes the dimeric state. Because of this, it can be expected that the
dimers composed of fullerene anions with charged state hlgher than'=1'can be
less stable than correspondmg (fullerene”), dimers.

The formation of (Co"TPP-fullerene’) anions is closely related to the
dimerization of fullerene radical -anions. However, in-this case the LUMO of
fullerene radical anions interacts with the d,* orbital of Co"TPP producing one
molecular orbital (MO) capable of 6-bonding ‘with metal dz’. Since fullerene
radical anion has one electron on LUMO (n*') ‘and Co"TPP (d’) has one
electron on d;* orbital, the 6 MO is occupied by two electrons. A two-electron
covalent bond between Co and fullerene™ is formed resulting in diamagnetism
of the (CoHTPP -fullerene’) anions. It should be noted that covalently bonded
Co"TPP: NO with a similar ‘electronic conﬁguratlon (CoHTPP (d7) and NO
(n*l)) is also _diamagnetic and EPR s11ent [94]. Provided that Co"TPP (d")
interacts thh (fullerenez‘) (Tc* ), one more additional electron must be added
to the MO scheme This electron can be placed even to ©* orbital of fullerene
Such (CoHTPP fullerene” ") anion should also have similar c- (Co -C) bonding
but a doublet (S = 1/2) ground state
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