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Abstract: New ionic complexes of fullerenes Cgo and Cy;o with decamethylchromocene Cp*;Cr-Cgo-
(CsH4Cly), (1), Cp*2Cr+Ceo*(CsHe)2 (2); the multicomponent complex of (Cs*)(C7o™) with cyclotriveratrylene
CTV'(CS)z‘(Cm)z'(DMF)7'(C5H5)o,75 (3), bis(benzene)chromium CI’(CaHG)z'Ceo‘(C5H4C|2)o,7 (4), CT(CGHs)z'
Cag‘CeHsCN (5), CT(CGHa)z‘C70‘C6H4C|2 (6), CI'(CsHs)z'Cso (7), cobaltocene szCO‘Ceo‘C6H4C|2 (8),
Cp2C0-Cro*(CsHaCl2)os (9); and cesium Cs-C7o*(DMF)s (10) have been obtained. The complexes have been
characterized by the elemental analysis, IR-, UV—vis—NIR spectroscopy, EPR and SQUID measurements.
It is shown that Cgo*~ exists as a single-bonded diamagnetic (Ceo)2 dimer in 1, 2, 4, 5, and 8 at low
temperatures (1.9—250 K). The dimers dissociate above 160—250 K depending on donor and solvent
molecules involved in the complex. Ceo*~ dimerizes reversibly and shows a small hysteresis (<2 K) at slow
cooling and heating rates. The single-bonded diamagnetic (C7o7). dimers are also formed in 6, 9, and 10
and begin to dissociate only above 250—360 K. The IR and UV—vis—NIR spectra of o-bonded negatively
charged fullerenes are presented.

Introduction K, Rb, and Cs}f. The linear G~ and G¢>~ polymers bonded
by one single bond were observed in®4,'nNH3 salts (M=

lonic compounds of fullerenes are interesting both by their 0 - ) .
unusual physical properties (superconductivity and ferromag- C& S, and Ba)? and in NaRbGso and LkCsGeo phases: A

netism} and a large variety of dimeric and polymeric structures Single-bonded linear &~ polymer was also found in ionic
of negatively charged fullerenédost of ionic charge transfer ~ CT(CeHsMe)»CorCS,. The G anions form linear chains

(CT) complexes of fullerenes: TDAEgo3 CpCo-Ceo'CS,4 with a 9.6 A dis_tance between the centers and t_he shortest

CPZCO’CGO'CGHSCNIS Cp*zNi’Ceo'C&,G CI’IlITPPC60'(THF)3,7 C(Ceo)"'C(Ceo) distance of 2.12 A. H.OWEVGI', the dlsordgr I!’l

various salts of " (n = 1, 2 and 3) with PPN, Ph,P* and the fgllerene part does not allow satlsfgctory. characterization

other§ contain monomeric fullerene radical anions. of this polymeri? Co¢" forms a two-dimensional polymer
The linear Go~ polymer bonded by two single bonds Ponded by four single bonds in hso*?

(cyclobutane ring) is formed in metallic 1€, phases (M= The first single-bonded (6-)2 dimer was found in metastable

M-Cso phases (M= K, Rb, and Cs}* Azafullerene forms a

T Division of Chemistry, Graduate School of Science, Kyoto University. neutral single-bonded €N), dimer, which is isoelectronic to
* Institute of Problems of Chemical Physics RAS. ’

$ Institute of Solid-State Physics RAS. (Ce0 )2 and has similar propertié3 A reversible phase transition
I'Research Center for Low Temperature and Materials Sciences, Kyoto
University. (8) (a) Reed, C. A,; Bolskar, R. BChem. Re. 200Q 100, 1075-1119. (b)

(1) (a) Rosseinsky, M. J. Mater. Chem1995 5, 14971513. (b) Gotschy, Bilow, U.; Jansen, MJ. Chem. Soc., Chem. Commui994 403—404.
B. Fullerene Sci. and Technol996 4, 677-698. (c) Konarev, D. V.; (b) Paul, P.; Xie, Z.; Bau, R.; Boyd, P. D. W.; Reed, C.JAAm. Chem.
Lyubovskaya, R. NRuss. Chem. Re1999 68, 19-38. S0c.1994 116, 4145-4146.

(2) Prassides, K. IThe Physics of Fullerenes-Based and Fullerene-Related  (9) (a) Stephens, P. W.; Bortel, G.; Faigel, G.; Tegze, hpday, A.; Pekker,
Materials Andreoni, W., Ed.; Kluwer Academic Publishers: Netherlands, S.; Oszlanyi, G.; FofroL. Nature 1994 370, 636-639. (b) Winter, J.;
2000, pp 175202. Kuzmany, H.; Soldatov, A.; Persson, P.; Jacobsson, P.; SundqvizhyB.

(3) Allemand, P.-M.; Khemani, K. C.; Koch, A.; Koch, A.; Wudl, F.; Holczer, Rev. B 1996 54, 17 486-17 492.

K.; Donovan, S.; Gioer, G.; Thompson, J. D5ciencel991 253 301— (10) (a) Brumm, H.; Peters, E.; Jansen, AMhgew. Chem., Int. Ed&Engl. 2001,
303. 40, 2069-2071. (b) Wedig, U.; Brumm, H.; Jansen, @hem. Eur. J2002

(4) Balch, A. L.; Lee, J. W.; Noll, B. C.; Olmstead, M. M. Recent Adances 8, 2769-2774.
in the Chemistry and Physics of Fullerenes and Related Materi&és. (11) (a) Bendele, G.; Stephens, P.; Prassides, K.; Vavekis, K.; Kortados, K.;
Kadish, K. M.; Ruoff, R. S1994 24, 1231-1243. Tanigaki, K. Phys. Re. Lett 1998 80, 736-739. (b) Margadonna, S.;

(5) Stinchcombe, J.; Pécaud, A.; Bhyrappa, P.; Boyd, P. D. W.; Reed, C. A. Prassides, K.; Knudsen, K.; Hanfland, M.; Kosaka, M.; TanigakiCKem.
J. Am. Chem. S0d.993 115 5212-5217. Mater. 1999 11, 2960-2965.

(6) Wan, W. C.; Liu, X.; Sweeney, G. M.; Broderick, W. B., Am. Chem. (12) Broderick, W. E.; Choi, K. W.; Wan, W. (Electrochemical Soc. Proc.
So0c.1995 117, 9580-9581. 1997 14, 1102-1113.

(7) Paicaud, A.; Hsu, J.; Reed, C. A; Koch, A.; Khemani, K.; Allemand, (13) Oszlayi, G.; Baumgarther, G.; Faigel, G.; Forla Phys. Re. Lett 1997,
P.-M.; Wudl, F.J. Am. Chem. S0d.991, 113 6698-6670. 78, 4438-4441.

10074 = J. AM. CHEM. SOC. 2003, 125, 10074—10083 10.1021/ja035546a CCC: $25.00 © 2003 American Chemical Society



Single-Bonded (Cg~); and (C7o~)2 Dimers

ARTICLES

Figure 1. Molecular structure of the (). dimer in Cp*%CrCsr
(CeH4Clr)2 (1)'&a); and the (& )2 dimer in CT\(Cs)(Cro)2(DMF)7
(CeHe)o.75 (3)* (b).
Table 1. UV—vis—NIR Spectra of 1-10
solution solid state in KBr pellets
donor bands, nm attribution® N state at RT uv NIR range
Cp*,Cr 840, 941, Coc®™ 1 Ceo —, 340 935, 1080
1313 (CHCN)
2 Ceo™ —, 340 932,1082
3 (Cro7)2dimer 910, 1240
Cr(CeHe)2 941, 1073 Coo+Co?>~ 4 Coo™ 265, 341 936, 1078
(CHsCN)
5 Ce™™ 267,345 935, 1073
6 (Cro7)2dimer 910, 1240
7 (Cso™)2dimer 261, 335 906, 1060,
or polymer 1240
CpCo 827,940 Coc?™ 8 Coo™™ 266, 342 935, 1080
(CHsCN)
9 (C7[)_)2 dimer — 910, 1240
10 (Cyg )2 dimer  — 910, 1240
Cp.Cr 933, 1077 Ceo'™

(CsHsCN)

aThe characteristic absorption bands @f'C in CgHsCN are at 936-
940 and 10861081 nm and those of¢g~ in C¢HsCN are at 846-844,

955-957, and 13241332 nm?4

attributed to the &g~

dimerization was observed
Cr(CsHsMe)*Ceo at 250 K, whose crystal structure was

investigated by X-ray powder diffractidf:1” Recently, single
crystals of ionic Gy complex: Cp%Cr-Cesor(CsH4Cl2)2 have been
prepared and the molecular structure of they( dimer has

been determined (Figure 1¥)The phase transition associated

with the G¢'~ dimerization was observed at 22000 K. Single-
bonded (Go™)2 dimers (Figure 1b) were found in CF{Cs)-
(C70)2‘(DMF)7' (CeH5)0.75,19 CI'(CGHG)z'C70'CeH5Me,20 and TDAE
Cr0-CsHsMe 2! The formation of the (&™) dimers in the first
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G.; Bortel, G.; Faigel, G.; Grasy, L.; Bendele, G.; Stephens, P. W.; Forro
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Figure 2. Vis—NIR spectra of the benzonitrile solution containingoC
and CpCr at a 1:10 molar ratio: (a) 2 minutes after the preparation; (b)
1.5 hours after the preparation; (c) 3 hours after the preparation. Lines show
the bands ascribable tos6 (1) and zwitter-ion (CgCrt-Ceo*™) (2).

and the latter complexes was justified by the X-ray diffraction
on a single crystal®?! The study of these complexes seems
promising due to that variation of donor and solvent molecules
involved in the complex can lead to different dimers and
polymers, whereas the possibility of the preparation of single
crystals provides their structural characterization.

We systematically studied new ionigg&and Go complexes
with strong donors, namely, decamethylchromocene {Cp*
E*0y, = —1.04 \2?), bis(benzene)chromium (Cr¢Bs)2, E*/012
= —0.72 V&), cobaltocene (Gi£o, E0p = —0.91 V&),
chromocene (G&r, EM0p = —0.55 V29 (all E*/%y, vs. SCE),
and cesium both in solution and solid state. The complexes were
characterized by the elemental analysis, IR, -tIN6—NIR
spectra, EPR, and SQUID measurements. The phase transitions
attributed to the g~ dimerization were found and the dimeric
(Ce07)2 and (Go )2 phases were characterized. The IR and-UV
vis—NIR spectra ob-bonded negatively charged fullerenes have
been presented. The reversibility of dimerization and the effect
of the donor and solvent molecules involved in the complex on
dimerization temperatures were studied.

Results and Discussion

Formation of lonic Complexes.The interaction of g with
donors was studied in solutiongg&and a 10-fold molar excess
of the donors were dissolved in benzonitrilegffsCN) or
acetonitrile (CHCN) in anaerobic conditions. According to the
NIR spectra, G was reduced by GEr to Gsg~, Cr(CgHe)2 to
form the mixture of Gg'~ and Go?>~, and Cp%Cr and CpCo to

~ (Table 1)8224The spectra of solutions remain unchanged
during several hours (excepting £Jy) indicating the formation
of stable ions.

Dissolution of CpCr and Gg produces initially violet solution
in CeHsCN, which turns red-brown in 1.5 h and green-brown
in 3 h. The NIR spectra (Figure 2) show the decay of
characteristic absorption ofg&~ at 933 and 1077 nm and the
evolution of a new broad peak with the maximum at 1000 nm.
The total intensity of absorption in the NIR range also decreases
with time. Such a change is similar to that in the interaction of
Cso With unsaturated amines 1,8-diazabicyclo-[5,4,0]-undec-7-

(22) Robbins, J. L.; Edelstein, N.; Spencer, B.; Smart, J1.@m. Chem. Soc
1982 104, 1882-1893.

(23) Treichel, P. M.; Essenmacher, G. P.; Efner, H. F.; Klabunde, Kuaig.
Chim. Actal981, 48, 41—-44.

(24) Konarev, D. V.; Drichko, N. V.; Graja, Al. Chim. Phys1998 95, 2143—
2156.
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Table 2. Data for the Crystals of 1-10

elemental analysis

found/calcd.

N complex C,% H,%

N,%

Cl,% 0,% M, % color and shape

1 Cp*2Cr-Ceo(CeHaCl2)2

according to X-ray diffraction dat&

black parallelepipeds

2 Cp*2Cr-Csor(CeHe)2 88.19 3.25 0.0 8.56 black parallelepipeds
/89.77 13.41 /0.0 /2.60 14.22

3 CTV+(Csy(Cr0)2:(DMF)7+(CgHe)o.75 according to X-ray diffraction dat& black hexagonal plates

4 Cr(CsHe)2* Cso* (CeHaCl2)o.7 85.14 1.37 4.67 8.82 black-brown polycrystals
/86.04 /1.39 14.67 /3.01 14.89

5 Cr(CsHg)2*CsorCsHsCN 88.25 1.91 1.42 0.0 8.42 black parallelepipeds
/89.19 /1.60 /1.31 /0.0 /3.01 14.89

6 Cr(CsHg)2:Cro-CsHaCl> 85.88 1.49 4.76 7.87 black-brown
/86.08 /1.30 /5.78 /2.60 14.24 polycrystals

7 Cr(CsHe)2:Cso 89.65 1.85 8.5 black-brown powder
/90.16 /1.73 /3.10 /5.01

8 Cp2Co-Ceor CeH4Cl 84.21 2.27 5.70 7.82 black polycrystals
/83.84 /1.28 16.52 12.94 /5.42

9 CpCo Cror(CeHaCl2)o s 86.48 1.65 0.0 2.86 9.61 black polycrystals
/87.79 /1.06 /0.0 /3.13 /2.82 /5.20

10 CsCro(DMF)s 74.62 2.12 4.23 19.69 elongated plates

/75.21 /2.55 14.37 18.17 /9.70

a Calculated by the difference (100,%) ((C, H, CI, N), %)

ene and 1,13,3-tetramethylA22-bi(imidazoline) in GHsCN .2

of Ceg’~.8224The band of neutral Cp€r at 418 cm is shifted

In both cases, this interaction can be described by a two-stepto 437 cnttin 1, to 438 cmi! in 2 and to 437 cm! in ionic

model. On the first fast stepegis reduced by chromocene to
form individual CpCr™ and Gg~ ions. The second slow step
is the addition of CECr' to Cs¢~ accompanied by the formation
of covalently linked (probably by2-type) zwitter-ionic com-
pound (CpCrt—Cgg ) followed by radical recombination in
this compound (CgCr—Cqgg). The reaction of g with vana-
docene?® titanocen&’ and nickelocer® also yields the
(7?-CpM)«Cgo compounds.

The crystals of @ and Go complexes (Table 2) with
Cp*,Cr, CP(C¢Hg)2, and CpCo were obtained by dissolution
of fullerene and corresponding donor igHGCl, (1, 4, 6, and
8), CsHe/CsHsCN (2, and5), CeH4Cl2/CeHsCN (9), and GHe/
DMF (3, 10) mixtures and their crystallization during slow
diffusion of hexane. Mixing & and CP(CgHg)2 in CeHg or
CsHsMe results in solid polycrystalling.

Cso Complexes with Decamethylchromocene (CpE€r). Cgo
forms Cp*sz'Ceo'(C5H4C|2)2 (l), and CDECY‘CGQ‘(CeHe)z (2)
depending on solvent used.

The IR and vis-NIR spectra ofL and2 are similar at room
temperature (R 285 K) and show the ionic ground state of
the complexes with monomerics€ . It was justified by the
shift of F1,(4) mode of G in the complexes to 13921393
cm! relative to Go (1429 cnt?t) and the essential increase of
the integral intensities dfy,(2) (575 cnt?) and Fyy(4) modes
relative to that of1,(1) mode (526 1) and 523 2) cm™Y) as in
Coo~ radical anion salts (Ri)-(Csg™)2° and (PBX )2+ (Coo™) (Y )
(X= P, As; Y= CI, 1).3% The intense bands in the solid-state
vis—NIR spectra ofl. and2 (Table 1) also indicate the formation

(25) (a) Skiebe, A.; Hirsch, A.; Klos, H.; Gotschy, Bhem. Phys. Lettl994
220, 138-140. (b) Schilder, A.; Gotschy, B.; Seidl, A.; GomppRt Chem.
Phys 1995 193 321—-326.

(26) Cherkasov, V. K.; Rad’kov, Yu. F.; Lopatin, M. A.; Bochkarev, M. N.
Russ. Chem. Bulll994 43, 1834-1836.

(27) Burlakov, V. V.; Usatov, A. V.; Lyssenko, K. A.; Antipin, M. Yu.; Novikov,
Yu. N.; Shur, V. B.Eur. J. Inorg. Chem1999 1855-1857.

(28) Konarev, D. V.; Lyubovskaya, R. N.; Drichko, N. V.; Yudanova, E. |;
Shul'ga, Yu. M; Litvinov, A. L.; Semkin, V. N.; Tarasov, B. B. Mater.
Chem.200Q 803-818.

(29) Picher, T.; Winkler, R.; Kuzmany, HPhys. Re. B, Solid State1994 49,
15 879-15 889.

(30) Semkin, V. N.; Spitsina, N. G.; Krol, S.; Graja, 8hem. Phys. Letl996
256, 616-622.
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(Cp*,Crh)+(PFs7),22 indicating the formation of CgCrtin 1

and 2. The absence of additional bands in the IR spectra,
excepting solvent ones, which must appear at dimerization or
polymerization of G¢"~3! corresponds to the monomeric state
of Ceo™.

The fragment of the RT crystal structure B# is shown in
Figure 3a. The complex contains orientationally disordered
monomeric Go'~ and ordered CCr* (not depicted in Figure
3a). The GH4Cl, molecules are disordered between two
orientations linked to each other by rotation about the mass
center in the molecular plane. MonomerigC forms the zigzag
chains along the diagonal to the-plane with the equal center-
to-center distance of 10.10 A (10.02 A for pristing/@t RT3?).

A reversible structural transformation accompanied by the
unit cell multiplication takes place upon cooliddelow 226-

200 K. The zigzag chain arrangement afCis observed in a
low-temperature (100 K) dimeric structure as well (Figure 3b).
However, the distances between the centers &f @re not
equal: one short distance of 9.28 A indicates the formation of
ao-bonded (Gy )2 dimer and the second distance of 9.91 A is
close to that in the RT structure &fand pristine G at 153 K
(9.94 A3,

The (Go )2 dimers are statistically disordered between two
orientations linked to each other by rotation of;{Q, about
the intercage €C bond by an angle of 142The occupancy
factors are 0.75 and 0.25. The length of intercageQCbond
in the (Gsg)2 dimer is 1.597(7) A. The estimated intercage C
bond dissociation energy is 63 48 and 354 5 kJmol~1 for
1 and2, respectively.

Magnetic susceptibilities of and 2 were measured in the
300-1.9 K range (Table 3). The temperature dependencies of
their magnetic momentsx) are presented in Figure 4. The

(31) Dresselhaus, M. S.; Dresselhaus, GFutierene Polymers and Fullerene
Polymer CompositesEklund, P. C., Rao, A. M., Eds.; Springer-Verlag:
Berlin, 1999, p +57.

(32) Heiney, P. A.; Fischer, J. E.; McGhie, A. R.; Romanov, W. J.; Denenstein,
A. M.; McCauley, J. P., Jr.; Smith, A. B., lll; Cox, D. Phys. Re. Lett
1991 67, 1468-1468.

(33) Burgi, H.-B.; Blanc, E.; Schwarzenbach, D.; Liu, S.; Lu, Y.-J.; Kappers,
M. M.; Ibers, J. A.Angew. Chem., Int. Ed. Endl992 31, 640—-643.
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Figure 3. Packing of Go~ and GH4Cl; in Cp*,Cr-Cer(CsH4Cly)2 (1) at 300 (a) and 100 K (b). Cp€rt cations are omitted for clarity. The view along the
diagonal to theac-plane is shown. Zigzag chains from¢C are shown by dashed lines. Only the major orientation of theg {&dimers is shown for low

temperature structure (b).

Table 3. Data of Magnetic Measurements

N O, K (temp range, K)

observed ue,us (temp. range, K)

calculated uer,us per formula unit

1 —1.12 (56-190) 3.85 (56-190) 3.876=23/2)
4.20 (240-300) 4.27 6=13/2, 1/2)
2 —0.85 (10-160) 3.80 (16-160) 3.876=3/2)
4.14 (196-300) 4.276=3/2, 1/2)
3 —0.51 (2-350) Complex is diamagnetigd¢= —0.0017 ememol1).
The Curie tail corresponds to 2.4% of total,C
4 —0.06 (16-140) 1.73 (16-160) 1.736=1/2)
2.40-2.45 (246-300) 2.456=1/2,1/2)
5 —0.18 (16-220) 1.74 (16-220) 1.736=1/2)
2.12 (300) 2.12 (intermediate value between
S=1/2 andS= 1/2, 1/2)
6 —0.06 (16-250) 1.64 (16-250) 1.736=1/2)
1.78 (300)
7 —3.5 (70-300) 1.80 (76-300) 1.73 6= 1/2)
8 —0.72 (2-250) 0.04-0.08 (1.9-250) Complex is diamagnetic. The Curie tail corresponds to
3.3% of total Go
1.52 (356-380) 1.73 6=1/2)
10 —0.46 (2-350) Complex is diamagnetigd = —0.0025 ememol2).
The Curie tail corresponds to 0.7% of total,C
4,5 the magnetic moments are defined by the spins localized on
427 1y (S =3/2,1/2) Cp*ZCI’+ (the HUeff for the S= 3/2 SyStem iS 387/{3) The
* oeee decrease in the magnetic momentlodnd 2 clearly indicates
40 Y A the disappearance of the contribution afC spins 6= 1/2)
o | 263D A consistent with the reversible formation of the diamagnetic
h o ADLNo NpNALY . . .
z e (Cs0 )2 dimers. The reversible decrease of the magnetic moment
< from 2.5 ug down to 1.72 ug was also observed in
3,54 Cr(CsHsMe)»+Ceo at 250 K as a result of g~ dimerizationt®
The decrease in the magnetic moment& ahd2 below 30 K
(Figure 4) indicates a weak antiferromagnetic interaction
30 between the CgCrt spins. However, the spin ordering was

100 200
Temperature, K
Figure 4. Dependencies of the magnetic momengj vs temperature for

polycrystalline (a) CpsCr-Csr(CsH4Cly)2 (1), and (b) Cp3Cr(Cso)(CeHe)2
(2) between 300 and 1.9 K. The behavior is reversible.

300

magnetic moments are equal to 420 ug at 300 K (the
ues for the noninteractings = 3/2, 1/2 system is 4.27g).
Therefore, both spins from Cp®r™ (S= 3/2) and Go'~ (S=
1/2) contribute to magnetic susceptibility. A close value of 4.20
ug was observed in (BfTPP")-(Cgo )+ (THF)3” with the same
spin state $= 3/2, 1/2). A stepwise reversible decrease in the
magnetic moment of and2 from 4.14 to 4.20 down to 3.81
3.88up was detected in the 23200 K and 196-160 K ranges

not observed down to 1.9 K.

The EPR signals fot and2 were not observed at RT (Figure
5 shows the EPR spectrum @fat 250 K). Similarly, ionic
Cr'TPPCgor(THF)3 is EPR silent in the 3004 K range’ It
can be assumed that monomerigsC and Cp%Cr* can give
one very broad resonating signal via a strong exchange coupling
between these ions. Upon coolitigpelow 220-200 K (Figure
5, 200 and 4 K) an@ below 180-160 K, new signals appear
in the EPR spectra. The signal this asymmetric and is
characterized by resonances nga+=3.974 with the line half-
width (AH) of 7 mT andg, = 2.013 withAH = 5.5 mT at 4 K.
This signal can be ascribed to GEr™ with S= 3/2 ground
state. Solid (CpsCr")(PRs™)22 produces a similar EPR signal

for 1 and2, respectively (Figure 4). Below these temperatures with go = 4.02(1) andy, = 2.001(1). The g-factor andH of
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Table 4. EPR Parameters (g-factor and the line half-width (AH)) for 1—-10 at RT (285 K) and 4 K

N RT attribution of the signal 4K attribution of the signal
g-factor AH, mT g-factor AH, mT
1 not observed 3.974 7.0 Cgert (S=3/2), iy
3.728 12.3
3.467 14.0
2.013 5.5 g
2 not observed 3.937 7.7 Cirt (S=3/2),0
3.784 17.0
3.417 18.8
3 2.0042 0.8 impurity €0.4%
2.0024 0.2 of total &)
1.9923 2.0
4 1.9913 3.30 CCeHo)z+ + Cog™ 1.9858 2.21 CCeHo)z*
5 1.9910 2.94 CCeHo)z" + Cos™™ 1.9949 2.78 CCeHo)2" , i
1.9835 2.46
6 1.9857 3.10 O(CsHs)z'Jr 1.9859 2.75 O(C5He)2'+
7 1.9977 1.71 CCeHo)2* , q 1.9957 2.02 CCeHo)2" , qi
1.9901 1.74 g 1.9858 1.74 g
8 1.9988 3.97 G~ 1.9979 0.5 Go'~ (calc.2-3% ot total
1.9998 0.3 Go
9 2.0025 0.26 impurities<0.1% ot total 2.0047 0.76 trace of &
2.0013 0.15 @) 2.0027 0.36 impurity
10 2.0025 0.22 impurity € 1% of total Go) 2.0025 0.15 impurity
9
] t 50 mT . n a 2
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Figure 5. EPR spectrum of polycrystalline CgEr-Cer(CeHaCl2)2 (1) at Figure 6. Temperature dependencies of reversible intensity of the EPR
4200 and 250 K. signal from Cp%Crt (S= 3/2) in polycrystalline (a) CpiCr(Cso)*(CesHe)2

(2) and (b) CpsCrCer(CeHaClo)2 ().
the EPR signal from Cg€r' in 1 and2 only weakly depend

on temperature down to 4 K. Thgg-component of the EPR 4’2J /-:-"a'w
signal of polycrystallinel is strongly asymmetric and consists S

of at least 9 components. The most intense componeng:has a1l —

= 3.974 andAH = 7 mT and each next component shifts to £

smaller g-factor and becomes wider (Table 4). Farthe :%40_

spectrum is similar. The asymmetric EPR signalsliand 2
are probably a result of polycrystallinity of the samples.
The temperatures of the appearance of the EPR signals from geeugo
Cp*:Crt in 1 and 2 (Figure 6) correlate with those of the
disappearance of the contribution of thg'C spins to magnetic 100 150 200 250 300
susceptibility (Figure 4). The formation of the diamagnetic Temperature, K
(Cso')2 dimer breaks down the exchange coupling between Figure 7. Temperature dependency of magnetic momend)( for
Cp*,Crt and monomeric g~ at RT and leads to EPR active  polycrystalline CpsCrCsr(CsH4Clz)2 (1) upon the heating (full circles) and
species containing paramagnetic @pr" and the diamagnetic ~ cooling (open squares) processes.

(Ce0)2 dimers at low temperatures. o ) ) ) _ _
The temperature dependency of magnetic susceptibility of contains single-bonded {€), dimers, which begin to dissociate

polycrystalline 1 in the cooling and heating processes was above 300 K, and the abrupt increase in the magnetic moment
studied in the 108300 K range (Figure 7). At a slow rate (5 is observed only above 360 K. The length of theintercag€C

K per minute, the waiting timesi 3 h at 100 and 300 K) the  bond in the (Go), dimer was found to be 1.584(9) &.
temperature dependency of magnetic momeritisfnearly the The IR and UV-vis—NIR spectra of3 indicate an essential
same for both processes with the hysteresis smaller than 2 K.spectral difference between thez{(C), dimers and the mono-

Complex of C;o Fulleride with Cyclotriveratrylene (CTV). meric G~ radical anions (Figure 8). The solid NIR spectrum

According to the X-ray diffraction on a single crystal the multi- of (C7¢7)2 is specified by the presence of two bands at 910 and
component complex CTNCs):(Cro)2*(DMF)7+(CsHe)o.75 (3) 1240 nm (Figure 8b) instead of one band at 1373 nm in the
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Figure 8. Vis—NIR spectra of (a) monomeric /8~ generated in the

CeH4Cl; solution by the reduction of £g with an equimolar amount of

Cr(GsHe)2; and (b) the (G)2 dimer in polycrystalline CTYCs)(Cro)z

(DMF)#(CgHe)o.75 (3) in KBr pellet.

1

1
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Figure 9. Vis—NIR spectra of (a) monomericeg~ in polycrystalline

Cr(CsHe)2Cs0(CsH4Cl2)o.7 (4); and (b) the (Go~)2 dimer or polymer in
polycrystalline Cr(GHe)>Cso (7) in KBr pellets.

solution spectrum of &~ (Figure 8a). The IR spectrum of
(C707)2 consists of more than 20 bantfsyhereas only 10 bands
are pronounced in the spectrum of parerd. The appearance
of additional “silent” modes is attributed to,& symmetry

coupling between these ions. On coolidn the 246-150 K
range the g-factor shifts to 1.986, that is characteristic of
Cr'(CeHg)2"" 35 (Figure 11,4).

The magnetic moment d is 1.74 ug below 230 K and
remains unchanged down to 10 K. Above 230 K the magnetic
moment increases with temperature up to 2«42t 300 K (the
Uert iINntermediate between 1.7 (S= 1/2) and 2.45%g (S=
1/2, 1/2)) (Figure 105). Probably, the magnetic moment can
further increase with temperature up+@.45ug above 350 K.

The EPR behavior ob is more complicated than that &f
(Table 4, Figure 115). The EPR signal is a Lorentzian line
with g = 1.9910 andAH = 3 mT at RT. The g-factor shifts to
1.988 and the signal becomes narrower as4imwith the
temperature decrease down to 230 K. However, below 230 K,
the signal broadens and splits into two components below 150
K (g) = 1.9949 andgy = 1.9835 at 4 K). Such asymmetric
signal with g, = 2.0026 andgo=1.9757 was observed for
Cr'(CeHg)2"t in rigid solution3® The reason for the different
symmetric and asymmetric EPR signals from{(CgHg)>"" in 4
and5 is not clear. However, both SQUID and EPR measure-
ments indicate a reversible disappearance of the contribution
of the Gs¢"~ spins on coolingt and5 in the 246-160 and 306-

230 K ranges as a result ofs6 dimerization. The intercage
C—C bond dissociation energy was estimated from the data of
magnetic measurements to be 2% and 41+ 3 kkmol~! for

4 and5, respectively.

It was shown that in the spectrum of Cgds)2°Cro-CsH4Cl2
(6) the IR bands of & appeared at same positf§fas those in
the spectrum 08'° containing the (&), dimers, whereas the
IR bands at 418 and 459 crhindicated the presence of
Cr'(CgHg)2"*. The two characteristic bands at 910 and 1240 nm
in the NIR spectrum o6 (as in Figure 8b) also justify the
formation of (Gg ).

The magnetic moment @ is equal to 1.64«g at 250 K and
only slightly increases with temperature up to 1.g8at 300 K

breaking in the dimer. These modes can be used to identify the(Figure 10,6). The EPR signal o with g = 1.9857 (Table 4)

(C70)2 dimers in the complexes.

Ceo and C;o Complexes with Bis(benzene)chromium
(Cr(CeHg)2). Bis(benzene)chromium complexes ogoCand
Cro: Cr(CsHe)2:Coor (CsHaCl2)o.7 (4), Cr(CsHe)2CoorCsHsCN
(5), Cr(CeHe)2rCr0-CsH4Cl2 (6), and Cr(GHe)2:Ceo (7) have
been obtained. According to the IR spec#tand5 also have
the ionic ground state with monomerigd . F1u(4) Cso mode
shifts in the complexes to 1388390 cn1! whereas the bands
of neutral CP(CgHg)2 at 459 and 490 crit shift to 418-419
and 460 cm? in 4 and5 as in (CHCgHe)2*")(17).3* The solid
NIR spectra o4 and5 contain the bands attributable tg/C
(Table 1, Figure 9 a).

The SQUID and EPR data fdrand5 are listed in Tables 3
and 4. The magnetic moment 4fat RT (2.45ug) is close to

at RT is characteristic of @CeHe)>*" 2° and does not shift with
the temperature decrease down to 10 K (Figure6liSuch a
behavior indicates the formation of the#C), dimers and the
contribution of only CY(CgHe)>*" spins to magnetic and spin
susceptibility The increase of the magnetic momentatbove
250 K suggests the dissociation of the;{Q, dimers to Go"~
(about 8% of total & at 300 K).

Fast precipitation of the complex ing8s or CsHsMe yields
solvent-free Cr(@Hg)2*Coso (7).123" The IR spectrum of is very
rich at RT indicating the splitting of four g modes into three
components and the appearance of new weak “silent” mSéles.
This spectrum differs from those dfand5 and indicates broken
symmetry of Gy~ due to the formation of a-bonded structure.
The formation of linear polymers in (RCss~) results in

calculated one for th& = 1/2, 1/2 system. These spins are similar change#? Instead of characteristic bands ofC new

localized on C(CgHe)™ and Gg~. The magnetic moment

stepwise and reversibly decreases below 240 K down to 1.7

ug at 160 K (Figure 104) (uert for S= 1/2 system is 1.73g).

3(35) Elschenbroich, C.; Bilger, E.; Koch,J.Am. Chem. S04984 106 4297~
4299

(36) (a) The absorption bands in IR-spectruméoéttributed to the (&)
dimer: 494w, 508w, 530s, 548m, 556m, 575m, 628w, 638w, 658w, 668w,

This decrease is accompanied by the changes in the EPR  gg5, 800s, 713w, 720m, 842m. 901w, 944w, 1110w, 1158m, 1176m.

spectrum. The EPR signal dfhasg = 1.9913 at RT (Figure
11,4). This value is intermediate between those fd{CgHg)>*"
(9= 1.986%) and G¢'~ (g = 1.9989) indicating strong exchange

(34) Fritz, H. P.; Liitke, W.; Stammreich, H.; Forneris, Rhem. Ber1959
92, 3246-3250.

1209w, 1258w, 1279m, 1307w, 1323m, 1353w, 1363w, 1392s, 1429m,
1415w, 1480w, 1508w, 1540w, 1558m ctin(b) The absorption bands in
IR-spectrum of7 attributed to the (65)2 dimer or polymer: 499w, 520w,
528w, 540s, 554w, 572s, 607s, 724m, 752w, 774s, 920w, 1010w, 1031w,
1121w, 1172w, 1194m, 1250w, 1322w, 1339w, 1383s, 1406mtcm

(37) (a) Kaplunov, M. G.; Golubev, E. V.; Kulikov, A. V.; Spitsina, N. Gv.
Acad. Nauk, Ser. Khiml999, 785-787. (b) Yoshida, Y.; Otsuka, A,;
Drozdova, O. O.; Saito, Gl. Mater. Chem2003 13, 252—-257.
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Figure 10. Dependencies of the magnetic momenéx{ vs temperature for
Cr(CsHeg)CrgCsH4Cl2 (6); and Cr(GHe)2Ceo (7) between 300 and 1.9 K.
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Figure 11. Temperature dependencies of g-factor and the line half-wislth (T) of the EPR signals from polycrystalline: Cefds)>Cesr(CsHaCl2)o.7 (4);

CI’(C@He)z'Ceo’CeHscN (5); Cr(CeHe)z'C7o’CeH4C|2 (6); and CF(QHe)z‘Ceo (7)

bands appear in the NIR spectrum7oét 906, 1060, and 1240
nm (Figure 9b). These bands have not been found in the NIR
spectra ot and5 containing the same ions and can be attributed
to theo-bonded structure fromdg.

The magnetic moment afis equal to 1.844g at 300 K and
remains unchanged down to 70 K (Figure IPjndicating the
contribution of oneS = 1/2 spin. The EPR signal fror is
asymmetric at RT and has two Lorentzian lines wgith= 1.9979
andg, = 1.9902 (Figure 117) similarly to the data of Broderick
et al? These lines can be attributed to the parallel and
perpendicular components of the asymmetric signal from
Cr'(CgHg)2"* (Table 4). The splitting of the EPR signal tis
similar to that in4 below 150 K. The EPR signal ofg has

(38) Kuzmany, H.; Winkler, R.; Pichler, T.. Phys. Condens. Matté995 7,
6601-6624.
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not been found and, hence, the spins are localized mainly on
Cr(CeHg)2t. That is evidence of the formation of thegfC).
dimers. However, the dimer inis stable up to 300 K in contrast
to dimers in other complexes studied. Therefore, another
o-bonded nondimeric structure composed ofp Cis also
possibly formed. X-ray diffraction data are necessary for the
precise determination of this structure.

The magnetic moments of the complexes decrease below 10
K for 4—6 and 70 K for7 (Figure 10). The EPR signals from
4—7 noticeably broaden below these temperatures (Figure 11)
indicating an antiferromagnetic interaction of the(CgHg)2""
spins. The spin ordering is not observed down to 1.9 K.

Ceo and C7o Complexes with Cobaltocene (CgCo). lonic
Cso complexes: CLo CepCS,* CpCorCaor CeHsCN®, and Gy
complex: CpCo~C70*® with cobaltocene were characterized,
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Figure 12. Temperature dependencies of (a) the magnetic morpet (
of CpCoCesrCsH4Cl> (8) in the 1.9-380 K range; and (b) the intensity of
the EPR signal from g~ in 8 in the 4-285 K range.

and it is shown that they contain monomerigyC (at 123 K
and Gg¢~ (at 4-300 K)3° We prepared new 4 and Go
complexes with cobaltocene &po-CgorCsH4Cl, (8), and
CpCoCror(CeH4Cl2)o 5 (9), whose electronic states are different
from those of the above-mentioned complexes.

The ionic ground state d with monomeric Gy~ at RT is
justified by the characteristic bands in IR- and vis-NIR spectra
(Table 1). However, the complex is a diamagnetic one in the
1.9-250 K range according to SQUID measurements and
contains the diamagnetic @po™ cations and the (§)2 dimers.

The Curie tail in this temperature range corresponds to the

contribution of only 3.3% o5 = 1/2 spins. On heating in the

250-350 K range, the reversible increase in the magnetic

moment up to 1.52z (at 350 K) is observed (Figure 1) as

a result of the dissociation of the &), dimers to Gg~. Above

350 K, Gso~ exists mainly in a monomeric form. The estimated

intercage G-C bond dissociation energy is 52 3 kJ mol™.
Two low-temperature signals were observed in the EPR

spectrum oB. The main signal witlg = 1.9979 andAH = 0.5

(4 K) mT can be ascribed tog¢ ™. The signal has weak intensity

(calc. only 2-3% from the total amount of §g) and the major

clearly distinguished from single band at 1373 nm in the solid-
state spectrum of related @po~C7¢*° with monomeric Gg .
9is EPR silent and shows only a weak EPR sigre0.(L% of
total Gyo) in the 4-285 K range attributable to impuritié8.
Thus,9 is formulated as (Gf£0")2[(C707)2]* (CsH4Cly) below
285 K.

C70 Complex with Cs. The complex crystallizes from DMF
as CsCyo(DMF)s (10). The IR and NIR (Table 1) spectra of
10 indicate the formation of the (@), dimers. SQUID
measurements show diamagnetisr@in the 1.9-350 K range
with the contribution of the Curie impurities 0.7%. Above
350 K the magnetic moment of the complex increases due to
dissociation of dimerslOis EPR silent in the 4285 K range
and only <1% of spins from total & contribute to spin
susceptibility (Table 4).

Peculiarities of the Formation of the (Gsg )2 and (Czo7)2
Dimers in lonic Complexes.New complexes of fullerenesse
and Go (1—10) have an ionic ground state in accordance with
redox potentials of donor&(’;, < —0.55 V), which are more
negative than those of fullerenesy@nd Go (E%~1, = —0.40—
0.44 V)L Fullerene radical anions ih—10tend to dimerize to
form the single-bonded @), and (Go )2 dimers in contrast
to some previously studied ionic complexes {CpCeorCS,*
CpCo-Cgo'CsHsCN,> CppCo~Cr0,2% and Cp%Ni-CgorCS5). The
possible difference between the completed0and previously
studied ones is the use o§ld4Cl; as a solvent instead of GS
or other solvents. The latter molecules can be inserted between
the fullerene spherés*3thus preventing dimerization. As it is
shown in Figure 3, gH4Cl, tends to form columrig“**allowing
a close approach of the fullerene spheres to each other.

Dimerization of Gg'~ is reversible with a small hysteresis
and affects magnetic properties of the complexes. The single-
bonded (Go )2 and (Go )2 dimers are diamagnetic. It is possible
that electron on LUMO of fullerene radical anions participates
in the formation of the intercage-€C o-bond. The formation
of diamagnetic anions was observed previously owthending
between the COIPP and G(CN),*~ radical anions (in this case
electrons from LUMO of fullerene and.8lof Cd'TPP partici-
pate in theo-bonding)#> Dimerization results in the decrease
of the magnetic moments of the complexes and magnetic
dilution of the paramagnetic centers'{pby bulky diamagnetic
dimers. As a result, the complexes containing fullerene dimers
are either diamagnetic or show a paramagnetic behavior with
weak antiferromagnetic interactions of spins at low temperatures.

part of the complex is EPR silent. The paramagnetic contribution 14 other consequences of dimerization are a break of exchange

(the Curie tail) to magnetic and spin susceptibility&in the
1.9-250 K range is given by only-23% of spins localized on

coupling between cations and fullerene radical anions observed
in a high-temperature monomeric phase, and the appearance of

Ceo'~. These spins are preserved in the sample probably due e EpR signals from isolated cations in the low-temperature

incomplete Gy~ dimerization at high enough cooling rate.
Above 250 K, the intensity of the EPR signal of¢C increases
(Figure 12,b) in accordance with the magnetic measurements.
A narrow weak signal witlg = 1.9998 andAH of 0.3 mT (4
K) attributed to reduced impuritiéshas an almost temperature
independent g-factor antiH in the 4-285 K range.

The IR and solid-state NIR (Table 1) spectra of,Cpr
C70°(CsH4Cl2)o 5 (9) contain bands characteristic of the;{O)>
dimer. Two bands of the (57), dimer at 910 and 1240 nm are

(39) Mrzel, A.; Umek. P.; Cevk, P.; Omerzu, A.; Mihailovic, Barbon1998
36, 603-606.

(40) Paul, P.; Bolskar, R. D.; Clark, A. M.; Reed, C.8hem. Commur2000
1229-1230.

dimeric phase.

The complexes show a semiconductive behavior with RT
conductivity of~1075-1072 S:cm™! (Table 5). These values

(41) Dubois, D.; Kadish, K. M.; Flanagan, S.; Haufler, R. E.; Chibante, L. P.
F.; Wilson, L. J.J. Am. Chem. S0d.991 113 4364-4366.

(42) Konarev, D. V.; Valeev, E. F.; Slovokhotov, Yu. L.; Shul'ga, Yu. M.;
Roschupkina, O. S.; Lyubovskaya, R. Siynth. Met1997, 88, 285-287.

(43) Kveder, V. V.; Steinman, E. A.; Narimbetov, B. Zh.; Khasanov, S. S;
Rozenberg, L. P.; Shibaeva, R. P.; Bazhenov, A. V.; Gorbunov, A. V;
Maksimuk, M. Yu.; Konarev, D. V.; Lyubovskaya R. N.; Ossipyan, Yu.
A. Chem. Phys1997 216, 407—415.

(44) Konarev, D. V.; Khasanov, S. S.; Saito, G.; Vorontsov, I. I.; Otsuka, A.;
Lyubovskaya, R. N.; Antipin, Yu. Minorg. Chen2003 42, 3706-3708.

(45) Konarev, D. V.; Khasanov, S. S.; Otsuka, A.; Yoshida, Y.; Saito]).G.
Am. Chem. SoQ002 124, 7648-7649.
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Table 5. RT Conductivity of the Complexes (250-360 K vs 166-250 K, respectively (Table 6)). Dimer
N conductivity, S-cm* stability is defined mainly by the on-site Coulomb repulsive
1 6 x 10-5 energy between fullerene anions. Because of this, the extended
4 8x 104 m-system of Gy~ stabilizes the &~ dimeric state relative to
6 2 x 102 that of Go~. The presence of two negative charges on the
; g : igz (Ce07)2 dimer also substantially destabilized this dimer relative

to isoelectronic neutral single-bonded;§S), dimer formed by
azofullerene. According to the data of Prassides et®athe
(CsgN), dimer begins to dissociate above 500 K and even at
740 K only 1 of every~6000 dimers is cleaved into monomeric

Table 6. Temperatures of the Existence of Monomeric and
Dimeric Phases in 1—10

(D.+)2'[(C60(70) - C60(70))27]'(SO|)ZX (T=<T)= fragments.
2[(D")(Cgoproy (SO (T > T)) Both (Geo )2 angl (Go )2 dimers have chgractgristig IR aqd
dimeric phase monomeric phase NIR spectra, which allow .them to be identified in ionic
complexes. Numerous additional bands observed in the IR
N D Cooo sol. X T, K T, K spectra (see the Supporting Informatiqn) were attributed to the
1 CprCr Coo CHCL 2 200 230 lowering of the symmetry of fullerenes in a dimer. qu or even
2 Cp*:Cr Cso CeHs 2 160 190 three bands appear in the NIR spectra as a result of dimerization
3 Cs Cro CTV 1 360 390 of fullerene radical anions (Figures 8b and 9b). The additional
DMF 7 band can be associated with interfullerene electronic transitions
CeHs 0.75 I i - o .
4 CrCHe)2  Ceo CHCL, 07 160 240 within one dimer. Similarly, additional bands were observed in
5 Cr(CeHe)2  Ceo CeHsCN 1 240  >300 the spectrum of the-bonded (CHBTPPCgso(CN), ™) anion, one
Ga Cr(CGeHe)2  Cro CeHaClz 1 >250 >300 of which was ascribed to the transition betweerd T@P and
: gg%ﬁ('j@z %g cHch 1 S, Cso(CN)z~ in the o-bonded unit?
9 Cp.Co G CeH.Cl 0.5 >300 .
0 Ce e DMF 5 350  >380 Conclusion

In summary, we have shown the formation of diamagnetic
single bonded (657)2 and (Go )2 dimers in ionic complexes
are typical for ionic complexes and salts containing fullerene ©f fullerenes Goand Go. Dimerization is realized as reversible
radical aniongs phase transitions and results in the changes in structural and

Temperature ranges of the existence of monomeric and Magnetic properties of the complexes. Peculiarities of tag &
dimeric phases inl—10 are summarized in Table 6. The and (Go )2 dlmerllc phases have been studied. It has been shown
dissociation temperatures for the(C), dimers vary in the ~ that the (Go"), dimers are more stable than the{Q ones
160-250 K range, whereas those for the,Q, dimers are in ~ @nd dimer stability depends on donor and solvent molecules
the 250-360 K range. The stability of the (6, dimers in  Involved in the complex. The IR and UMis—NIR spectra of
the solid state depends on donor and solvent molecules involved€ dimers are useful tools for their identification.
in the. complex. Probably the size of thesg molgcules affects Experimental Section
the distances between the fullerene anions in the crystal
structure. Indeed, the increase in the distance between the centers Materials. Cp*,Cr, CpCo, and CpCr were purchased from
of the Gso~ spheres from 9.986 A in CrgEisMe),Ceo (RT)16:17 Aldrich. Cr%(Cg¢Hg), was purchased from Strem Chemicalgy C
up to 10.10 A inl (RT)!8 decreases the dissociation temperature and Go of 99.98 and 99.0% purity, respectively were purchased
for the (G )2 dimer from 250 down to 206220 K. Even small from MTR Ltd.. Solvents were purified in argon atmosphere.
variation of the size of solvent moleculesstGCl, and GHeg o-Dichlorobenzene (§H4Cl,) was distilled over Call Toluene
in 1 and 2, CgH4Cl, and GHsCN in 4 and 5) with the same (CgHsMe), benzene (gHs) and hexane were distilled over Na/
donor molecule (CpICr and Cr(GHg)2) shifts the dissociation ~ benzophenone. Benzonitrile {8sCN) was distilled over Na/

aThe formation of anothes-bonded structure is possible.

temperatures by 4070 K. benzophenon,N-dimethylformamide (DMF) of HPLC grade
The intercage €C o-bond dissociation energies fall into the ~ (Aldrich) was distilled under reduced pressure. The solvents
range of 25-63 kkmol~1 for the (Go™). dimer in1, 2, 4, 5, were degassed and stored in a glove box. All manipulations
and8. These energies indicate the weakness of these bonds irwith 1—10 were carried out in a MBraun 15685 glove box
comparison with the single-€C bond, for example, in Ci- with controlled atmosphere and the content gOHand Q less

CHs (the dissociation energy is 368-kdol~1).4¢ The intercage than 1 ppm. The samples were stored in a glove box and were
C—C bonds in the ()2 and (Go)2 dimers of 1.597(7f and sealed in 2 mm quartz tubes for EPR and SQUID measurements
1.584(9) A° are also noticeably longer than the single € under 10° Torr. KBr pellets for IR and UWvis—NIR
bond between Spcarbons (1.541(3) Ay measurements were prepared in the glove box.

The (Go )2 dimer is more stable than the ), one. This General. UV—vis—NIR spectra were measured on a Shi-
is manifested in the shorter intercage-C bond according to madzu UV-3100 spectrometer in the 248600 nm range. FT-
the X-ray diffraction data (1.584(9) A i81° »s 1.597(7) A in IR spectra were measured in KBr pellets with a Perkin-Elmer
118 and higher temperature of the beginning of dissociation Paragon 1000 FTIR spectrometer (4007800 cntl). A
Quantum Design MPMS-XL SQUID magnetometer was used

(46) Benson, S. WJ. Chem. Ed1965 42, 502-508.

(47) Kennard, O. IGRC Handbook of Chemistry and Physidéeast, R. C to measure static susceptibilities down to 1.9 K. A sample holder
Ed.; CRC Press: Boca Raton, Florida, 1987; p F106. contribution and core temperature independent diamagnetic
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susceptibility fo) were subtracted from the experimental values. The crystals of two different shapes were formed and were
The values ofy, for 6, 7, 8 (in the 2-250 K range), and.0 separated under microscope givibgas well shaped black
were calculated from the high-temperature range with the parallelepipeds (40% yield) together with black elongated plates
appropriate formulayy = C/(T — ©) + yo. Theyo values for (20% yield).

1, 2, 4, and5 were calculated using the Pascal constart2:3, The crystals ot and6 were prepared by diffusion of hexane

— 1.41, —0.83, —0.54 x 10* emu mof? for Cp*,Cr*8 (20 mL) in GsH4Cl, (20 mL) containing Go (20 mg, 0.028
Cr9%(CgHe)2,%° CsH4Clo, and GHe, respectively. The contribution — mmol) @) or Cz (20 mg, 0.024 mmol)&) and Cr(GHe)2 (12

of fullerenes to total susceptibility were ignored because of mg, 0.056 mmol). After 1 month polycrystallifeand6 (50—
diamagnetic and paramagnetic components canceléd BRR 70% vyield) were obtained.

spectra were recorded dowm 4 K with a JEOL JES-TE 200 Polycrystalline7 was obtained by mixing filtered ¢Els (30
X-band ESR spectrometer equipped with JEOL ES-CT470 mL) or GsHsMe (25 mL) solution containing & (20 mg, 0.028
cryostat. Conductivity was measured by the two-probe technique mmol) with that (5 mL) containing Cr(§Hs)> (12 mg, 0.056

in a glovebox. The intercage-€C o bond dissociation energy ~ mmol). After 24 h, the colorless solution was filtered and the
was calculated from the slope of the dependencl Iis 1/T. precipitate was washed with benzene and dried. The IR spectra
The equilibrium constantk(= [Cec]%[(Ceo—Cs0)%"] of the and the elemental analyses of the products obtained frghtig C
reaction: [(Cso)2}27] == 2[Csc"] were estimated using data of and GHsMe were identical and showed the absence of solvent
magnetic measurements. molecules in the complex.

Synthesis.Diffusion was carried out in a glass tube of 1.5 Polycrystalline 8 was obtained by mixing hot filtered
cm in diameter and 40 mL volume with a ground glass plug CsH4Cl, solutions containing € (20 mg, 0.028 mmol) in 20
during 1 month. The solvent was decanted and the crystals weremL and CpCo (6.3 mg, 0.033 mmol) in 5 mL. 20 mL of hexane
washed with hexane and dried. The composition of the was layered over the obtained solution in a 50 mL flask. After
compounds was determined from the X-ray diffraction on a 4 d, the solution was decolorized and black small crystals were
single crystal forl and3, and by the elemental analysis f&r crystallized (80% yield).

4—10 (Table 2). In2, and4—10 the difference (100-%(C, H, Polycrystalline9 was obtained by diffusion of hexane in
Cl, N)) exceeds the calculated content of metals (Co and Cr) CsHsCN/CsH4Cl, solution (1/4) (20 mL) containing £g (20 mg,
indicating the addition of oxygen to the complexes during the 0.024 mmol) and CgCo (6.3 mg, 0.033 mmol) (70% vyield).
elemental analysis. Indeed, all complexes are air sensitive. The (Cs)+(C7¢"") salt was generated in solution on dissolving
Oxidation may be realized, for example, through the addition C7o (20 mg, 0.024 mmol) and cesium (3.5 mg, 0.0264 mmol)
of oxygen to the fullerene radical anion: (fullereney O, — in 2 mL of DMF. 10 was crystallized during diffusion of hexane
(fullereneO,7). The addition of approximately one;@olecule (20 mL) in the solution of (C%)+(C7¢"~) in CsHe/DMF (9/1)
per one formula unit of the complex is observed. Thus, the the (50% vyield).

calculated C, H, N, and CI (%) content was corrected for the  Abbreviation in the Text. TDAE: tetrakis(dimethylamino-
following composition (Formula unit:§). We assume that ethylene); CpCo: bis(cyclopentadienyl)cobalt (I1); G@r:
oxygenation occurring during elemental analysis is extrinsic and bis(cyclopentadienyl)chromium; Crg8s),: bis(benzene)chro-
omit oxygen through the manuscript. Previously, the addition mium (0); Cr(GHsMe),; bis(toluene)chromium (0); CpNi:

of O, to Csp ionic complexes during elemental analysis was bis(pentamethylcyclopentadienyl)nickel (11); G&r: bis(pen-
also reported:5! The shape and color of the crystals of the tamethylcyclopentadienyl)chromium;'€FPP: 5, 10, 15, 20-
compounds are given in Table 2. tetraphenylporphyrin chromium (I11); PPN bis(triphenylphos-

The crystals oR were obtained by diffusion of hexane (20 phoranylidene)ammonium; &®PP: 5, 10, 15, 20- tetraphe-
mL) in the GHsCN/CsHg solution (1/4) (20 mL) containing nylporphyrinate cobalt (I); PPt tetraphenylphosphonium;
Cs0 (20 mg, 0.028 mmol) and Cp€r (9 mg, 0.028 mmol) (70%  CTV: cyclotriveratrylene; THF: tetrahydrofuran; DMR,N-
yield). dimethylformamide; Hs: benzene; gH4Cl,: o-dichloroben-

The crystals ob were obtained by diffusion of hexane (20 zene; GHsMe: toluene; GHsCN:benzonitrile; CHCN: ace-
mL) in the GHsCN/CsHg solution (1/4) (20 mL) containing  tonitrile.
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