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New EPR signals of endohedral metallofuilerenes 
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The EPR spectra of endohedra! mctallofullerenes (EMF), I_a-EMF and Y-EMF, which 
'.',ere free of admixtures of ('~, and of other empty fullerenes, were examined. Endohedral 
memllofullerenes were prepared by extraction of fullerene-containing soots with DMF. New 
s~gnals with ,g factors close to those of fullerene radical anions were observed in the EPR 
spectra of solutions of E MF in DM F and DMSO. At -20 -"C, these sigr-als are observed as a 
din,bier (AH, v , = 0.04 mT) and singlet (Attmp = 0.01 roT) m solutions of La-EMF and Y-EMF, 
respectively. These EPR signals belong to sol,,ated ga@Cs2 and Y@C:~ 2 molecules and are 
characterized by small hyperfme interaction constants a~, 1 due to a substantial decrease in the 
spin density of the unpaired electron at the metal atom. 
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Endohedral metal loful lerenes  ( E M F )  belong to a 
new class o1" c o m p o u n d s  conta in ing one metal a t o m  
(sometimes.  two or three meta l  a toms)  inside the  
fullerene ('2,: cage. 7iae Cs2 -con t a in ing  c o m p o u n d s  are 
the most s tab le  e n d o h e d r a l  m e t a l l o f u l l e r e n e s .  1 - 3  
Endohedral monometa l lo fu l l e r enes  (metal  is lanthanide. 

. _ _ (  
yttrium, scandium,  elL'.) are paramagnet tc .  I 9 Previ-  
ously, il has been  suggested that E M F  be used for  the 
constructioll o f  new materials I - 5  and  oxygen sensors  6 as 
well as in N M R  tomography.  I0 Unti l  recently, E M F  
have been difficultly accessible because  standard p r o c e -  
dures for their ext rac t ion from f l , l l e rene-conta in ing  soots  
afforded extracts conta in ing  no more  than 2% o f  these  
cotnpounda, b-6 Hence, the physical  and chemical  p r o p -  
erties of EM f .  including r ad iospec t roscoDc  proper t ies ,  
rentain poorly s tudied.  We deve loped  a new p r o c e d u r e  
for the stepwise extract ion and concen t r a t ion  o f  E M F ,  
which makes it possible to ob ta in  virtually pure c o m -  
pounds (free o1 admixtures  of  e m p t y  fullerenes) even  at 
the stage of ext rac t ion wi thout  applicat ion of  l iquid 
chromatography.  7 Owing to this procedure .  E M F  be-  
came readily accessible in preparat ive  amounts  and  can  
be studied comprehens i ' , e ly  by phys icochemica l  m e t h -  
ods. In the present  work, we descr ibe  new paramagne t ic  
states of EMF,  whmh have not been  observed previously.  

Experimental 

The solvents used, viz., o-x.,,lene, o-dichlorobenzene (DCB), 
DMF, and DMSO, were purified by distillation, dried, add kept 
under an .,Xr atmosphere. Endometallofullerene soots were syn- 
thesized m an electric-arc reactor equipped with composite 
graphite electrodes containing metallic lanthanum or yttrium 5 
Endohedral metallofullerenes were extracted according to a 
two-:,tep scheme by o-xylene (3 cycles) and D M F i l  cycle). ./ In 
each cycle, the soot (10 g) was shaken wiEh a boiling solvent 
(250 ml)  for 3 h. The resulting solution was filtered off. dried m 

vacuo, and weighed. :~fter the first step of extraction, a portion 
(It) g) of the soot ga,,e 0.13 g of the extract containing fullerenes 
C60 (-79%) and C;0 (-20%) and EMF (-04%L After the 
second step of extraction, the same port)on of soot yielded 
0.10 g of the extract, which consisted virtually ot EMF and did 
not contain empty {ulicrenes All operations were perlbtmed 
under an ar  atmosphere. 

t he  mass spectra were measured on a time-of-flight laser- 
ionization r TOF-I spectrometer tGermany) and on 
an Eiektron spectrometer (Ukraine) using ionization with 252Cf 
decay t'ragmcnts. The IR spectra were recorded on a Specord 
M82 spectrophotometer (Karl Zr Germany) according ~o a 
standard procedure {in KBr pellets). Elemental microanalysis 
was carried out by a standard technique. The EPR spectra were 
recorded on E- 104A (U SAt and Radiopan (Poland) spectrom- 
eters in the X r'mge under conditions precluding distomon of 
the line shape. The saturated solutions of EMF in DCB, DMF, 
and DMSO were thoroughly filtered from the precipitate. The 
degree of dissolution of ENI F ',',as monitored by measuring the 
intensity of the EPR signal of the solution. Either prolonged 
~,torage (several weeks) at ~20 ~ or heating (at 150 ~C for 
~10 mint of the solutions was required to attain equilibrium 
because the EM F powders dissolved rather slowly. In all experi- 
ments. "ripening" of solutions was carried out folMwing thor- 
Push degassing by double freezing--evacuation m v a c u o  

(~10 -'3 "rorr) m sealed tubes. Tire EPR spectra of the solutions 
in DCB were recorded in standard quartz ampules with an outer 
diameter of 3 ram, v, hich were placed into a Dewar quartz tube 
of a Varian temperature-controlled unit. The EPR spectra of 
the solutions in DMF and DMSO were measured in standard 
glass capillaries with an inner diameter of 1 ram. v, hich were 
placed mid a 3-ram quartz ampule filled with silicone oil as the 
temperature-controlling liquid. 

Results and Discussion 

The mass spectrum (Fig. I) demonstrates that the 
D M F  extract does not contain empty fullerenes. Thus, 
lines of C6( t, C70. and higher fullerenes are virtually 
absent .  The most in tense  line belongs to l,a@Cs2 
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(m,,'~. = 1123). However .  lines belonging to molecu la r  
ions fronl La@C74 to L'I@CI0 6 (at m/c lrom 1027 to 
1411) are also o b s e ~ e d .  In the mass spectra of  Y - E M F ,  
C,,,0 and C70 were also nol detected,  but the lines of  
Y@Cs~? and Y@Cs0 were observed (at m/z 1073 and 
1{)49). the most  intense line belonging to 5"@C~2. 

Electron pa ramagne t i c  resonance is employed as the 
major method for the identi f icat ion of paramagnetic 
EMF. I-s~ Paramagne t i sm of  L a - E M F  results from the 
fact that the La a tom donates  two 6s valence electrons 
and partially one  5d electron to the aromatic l idlerene 
cage. t,z The  spec t rum of  L a - E M F  dissolved in DCB 
(Fig. 2, spectrt ,  m 1) is, in principle, similar to the 
spectra o f  so lu t ions  o f  La@Cs2 in standard solvents (in 
ch lorobenzenes ,  to luene,  o-xylene, or CS 2) reported 
previously I - 8  This  spect rum is characterized by a su- 
perposit ion o f  two octet  signals, which partially o; 'erlap 
with each o t h e r  (for example,  the llfth and seventh 
componen t s  o f  the iirst signal overlap with the ti)urth 
and seventh c o m p o n e n t s  o f  the second signal, respec- 
tively). The  oc te t  s tructure of  the spectrum appears due 
to hyperl ine in te rac t ion  between the unpaired electron 
and the m a g n e t i c  m o m e n t  of" t3'~La, whose nuclear  spin 
([) is 7/2. t,z T h e  most intense octet  in spectrum 1 (see 
Fig. 2) is cha rac te r i zed  by a hypertlne interaction con-  
stant aLa = 0 .115(+0.002)  r o t .  and the second octet  has 
aLa = 0 .081(+0 .004)  r o t .  Since the width of  the indi- 
vidual lines Atlpp = 0.01361~0.0002) m'[, i.e., tMs value 
is substantially smal ler  than aLa. the octet hyperfine 
structure is well resolved. The octet  signals in spect rum 1 
(see Fig. 2) are comple te ly  identical both in shape and 
the hyperfine in te rac t ion  constant  to the signals of  two 
isomers o f  La@Cs? reported previously, which differ in 
the symmetry  o f  the t idlerene cage (C~ and C3~). 1'2 In 
these c o m p o u n d s ,  the hyperl ine interactions are isotro- 
p ic -contac t  in cha rac te r  and the small aLa value indi-  
cates that the unpaired electron of the La a tom is 
delocal ized ove r  the C a toms of  the futlerene cage. Lz 

In add i t ion  to 16 lines o f  two major octet signals, 
spectrum / (see Fig. 2) has also several weak lines 
resulting f rom small  admixtures  of  other La@C2, , and 
from the hyper f ine  structure at the 13C nuclei ~see, for 
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Fig. 1. The MALDI-TOF mass speclrum of a DMF extract 
containing La- F_M F. 
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Fig. 2. EPR spectra of La-EMF (1) and Y-EMF (2) in DCB. 
The spectra were recorded in the absence of O~ at 29(I K. 
H,, = 0.0025 rot. P= 0 5 roW. 

example, Ret~. 1, 2, and 4) The mass spectrum of  the 
specimen shown in Fig. I has major lines of  ka@Cs2 
along with weak lines corresponding to other La@CL.,,~. 

No l\mdamental differences are observed between 
our spectrum ot Y -EMF in DCB (see Fig. 2. spectrum 
2) and those of  this compound in DCB described previ- 
ously. 3,9 Paramagnetism of  Y@C2, occurs due to the fact 
that tile Y atom completely donates two 5s electrons and 
partially one 4d electron to the fullerene cage. 1.3 The 
major characteristic feature of  spectrum 2 (see Fig. 2) is 
the presence of t,a,o well-resolved doublet signals with 
the hyperfine interaction constants a = 0.048(_.*0.002) mT 
(the more intense doublet) and 0.032(+0.002) mT (the 
lower intensity doublet). The characteristics of  these 
signals correspond to those of  the known signals of  two 
different isomers of Ya@Cs2 with hyperfine structure at 
'~'~Y (1 = I/2). L3 Yet another weak doublet signal at low 
field (ay = 0.05 rot)  is, apparently, attr ibutable to the 
isomer of Y@Cgl) whose line is also present in the mass 
spectra of  our specimens along with the major line 
of Y@Cs2. 

There%re,  the data o f  EPR spect roscopy combined 
with the resuhs of mass spectrometD'  prove that the 
method for extraction developed by us 7 enables  one to 
prepare E M F  analogous to those obta ined  previously 
according Io traditional extract ion schemes  with the use 
of liquid chromatography, and yet in substantial ly larger 
amounts. 

The EPR signal of / . a - E M F  in D M F  at ~20 ~ 
(Fig. 3, spectrum I) occurs as a symmetr ic  doublet  with 
g = 2.001(2) and 2~H;,p = 0.039+0.002 r o t .  An analogous 
doublet signal is observed for a solution o f  this E M F  in 
DMSO Ig = 2.001(3). ~Hpp = 0.043+_0.002 roT). There- 
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fore, the shapes of the signals of La-EMF in the above- 
ment ioned solvents differ substantially from the standard 
octet signals of La-EMF in DCB. 

Apparently. the peculiarities of the EPR signals of 
La@Cs2 in DMF and DMSO arc associated with the 
specificity of soivation of EMF in these solvents. The 
EMI-  molecule possesses a dipole moment of 3--4 D 
because a position shifted toward the C~2 carbon cage is 
energetically more lhvorable for the metal atom Hmn 
that in the center of the fullerene cage. t Hence, Cou- 
lomb interactions of EMF with DMF and DMSO should 
be stronger than those with DCB (the dipole moments 
of these solvent molecules :ire 3.86. 3.96, and 2.5 D, 
respectively). According to the elemental analysis data. 
the D M F  extracts contained N (2.5%), belonging, ap- 
parently, to DMF molecules, along with La (11.8%) and 
C (82.3%). Our results suggest that, on the average, two 
DM F molecules per l_a@Cs2 molecule are present in the 
initial DMF extract. In addition, the IR spectra of the 
DM F extracts of La-EM F have absorption bands typical 
of stretching (2925 and 2854 cm -I)  and deformation 
(1387 cm - l )  vibrations of the Me groups of DMF along 
with the stretching vibration band (1652 cm- I )  of the 
carbonyl group. The latter band is shifted by 20 cm -I 
compared to that of pure DMF (1672 cm-I ) ,  which is 
indicative of rather strong interaction.,, between EMF 
and DMF.  

We believe that the doublet EPR signal is actually a 
poorly resolved octet signal from La@Cs2 molecules 
solvated by the solvent molecules. Analogous quaai- 
doublet patterns of the EPR spectra appear, for example, 
in the case of the occurrence of a mechanism of broad~ 
ening of individual lines to the value comparable with 
the hyperfine interaction constant. Then, the hypeMine 
structure can be distorted in such a way that only two 
extreme lines of the "antiphase doublet" remain in the 
spectrum (see, for example, Ref. I I). 

Fig. 3. EPR spectra of I_a-EMF in D!VlF after heating of the 
solution (10 -3 Torr) a~ 150 ~C for .30 rain. The spectra were 
recorded in the absence ofO~ at 295 K (1) and 215 K (2): H:,, = 
0.002 roT, Y = 0.5 ITI~'. 

An analogous doublet EPR signal was observed in 
solutions Of Lu@Cs2 in toluene and some other low- 
polarity solvents in which standard omet spectra were 
obtained for La@Cx2.12 In the case of Lu@Cs2 (like 
~3~La. the major l'~51.u isotope has the nuclear spin of  
7/2), the poor resolution of the octet hyperfine structure 
is attributable to substantial broadening of the spectral 
lines. [he authors believed 12 that the lines are broad-- 
cned because the l'St_u nucleus possesses a large quadru-  
pole moment whose interaction with the gradient of the 
intramolecular electric field substantially accelerates 
nuclear spin relaxation. However, the quadrupole mo- 
ment of the 13"}La nucleus is 25 times smaller than that 
of t75Lu, tz It is hardly probable that the gradients of the 
intramolecular electric field in La@Cs2 solvated by DM F 
or DMSO are higher than that in La@Cs2 sob, ated by 
DCB. Broadening of the spectral lines can, in principle, 
resull from deceleration of rotational diffusion of the 
paramagnetic molecule, but this thctor has a substantial 
effect only in highly viscous media, t3 

In the case under consideration, a decrease in the 
hyperfine interaction constant rather than the broadening 
of lines with hype~ne structure is the most probable 
reason for the poor resolution of the spectrum. A com- 
parison of tl~e distances between the extreme lines in the 
octet spectrum of La@Cs2 in DCB (Fig. 2, spectrum 1) 
and in the "doublet" spectrum of the solution in D MF 
(Fig. 3. spectrum 1) demonstrates that the aka value in 
the second case is an order of magnitude smaller. The 
general theory.' of EPR spectra assumes It that the constant 
ot" the contact hyperfine interaction is proportional to the 
spin density of the unpaired electron on the nucleus. 
Theretbre, a decrease in the aca value signifies a decrease 
in the spin density on the La nucleus in solutions of 
ka@C<r m DMF or DMSO compared to those in its 
solutions in DCB. toluene, or other standard solvents. 

[his  interpretation of the "doublet" signal is also 
confirmed by a comparative analysis of the saturation 
curves of the signals of La-EM F, Since the major mecha- 
nism of spin-lattice relaxation involves modulation of 
hyperfine interactions upon collisions of EMF mol- 
ecules, j a a  decrease in the spin density on the La 
nucleus should lead to saturation of the EPR signal even 
at a relatively low microwave power (P/roW). Actually, 
the "doublet" signal is characterized by the lower Pt/2 
value (0.13 mW at 290 K) compared to that of the octet 
signal of La@Cs~ " in DCB at the same temperature 
(0.8 mW). 

The fact that the g factors of EMF arc similar to 
those of fullerene radical anions indicates that the un-  
paired electron is delocalized over the fullerene c a g e . l - !  

tt can be seen in Fig. 3 that the distance between the 
extreme lines of the "doublet" increases as the tempera- 
rare decreases. l-he temperature dependence of the hy- 
perfine structure is reversible. This result agrees with our 
explanation taking into account that the electron trans- 
fer from the M atom to the futlerene cage requires an 
activation energy. The lower the temperature, the less 
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Y 

Fig. 4. EPR spectrum ol 'Y-EMF in DMF (10 --~ Torrl after 
heating of the solution (1O-; l'orr) at !50 "C lbr l0 rain. The 
spectrum was recorded in the absence of 02 at 290 K, 
H,, = 0002 mT, P = 0.5 mW 

probable this transfer and the higher the spin density on 
the M atom.  Correspondingly.  the at. a value and the 
distance bet,,veen the extreme lines of  the doublet in- 
crease. Moreover ,  due to an increase in the ~JLa value.  
the octe t  hyperfine structure (see Fig. 3, spectrum 2, 
a --- 0.006(31 ml-) becomes observable in the spectra 
recorded at low temperature. 

The  low-intensi ty satellite lines, which are observed 
Io the right attd left of  the major "doublet" (see Fig. 3), 
belong, most likely, to other  L~,@C.,,~ species, which are 
present as admixtures (La@C~4, etc.; see the mass spec-  
trum shown in Fig. 1). and also, probably, to o ther  
isomers o f  La@Cs2. The low intensities of  the signals o f  
tire latter along with the small al. a value lead to d i s t o f  
tion o f  the hyperfine structure giving rise to a sin- 
glet line. 

Ana logous  results were obtained in experiments with 
?.t trium-containmg EMF. Unlike the spectra o f so lu t ions  
of  Y@Cs2 m DCB. which have st,tnd'krd doublet signals, 
the spec t rum o[" a solution in D M F  has a narrow singlet 
signal with g = 2.(t01(3) and &tt,,p = 0.012• m T  
(Fig. 4). The  saturation cur,..e of this signal is character -  
ized by PI/2 = 0.07 roW. whereas the doublet signal 
o f  Y@)Cs2 in DCB at the same t empera tu r e  has 
PI/2 ~ 0.8 roW. As in the case of  the lanthant, m-  
con ta in ing  EMF,  the new signal can be assigned to 
sol,,ated molecules  of  the yt t r ium-containing EMF.  and 
the singlet  form of this signal (instead o f  the "doublet"  
form observed in the case of La.gC::;2) is attributable to 
the substantial ly smaller a, r. value compared to "-/I.a, In 
the case o f  higher amplitudes oi:" moduhuion of  the 
magnet ic  field, a singlet signal at low field (&ftpp 
0.3 roT) is also observed. Apparently, this signal belongs 
to molecu la r  clusters of  E M F  (see Fig. 4). 

Accord ing  to the data of  EPR spectroscopy and 
quan tum-chern ica l  calculations, E M F  have the formal  
M-3-"@Cs2 3- electronic structure (a "superatom" with a 
positively charged metal nucleus and a negatively charged 
electron shell). 1,2 The unusually small a~! constants  in 
solutions o f  E M F  in D M F  and D M S O  suggest that tl'te 
e lec t ron spin density is partially shifted tkom the C2n 
core to the molecule o f  the solvation shell. However ,  
addi t ional  experiments are reqmred to confirm this sug- 
gestion. 

To summar ize ,  the procedure developed by us for the 
extraction of  EM F from ful lerene-containing soots 7 made 
it possible /br  the first t ime to prepare concent ra ted  
solutions of  these compounds  free of  C60 and CTa. 
Soh.ates of  e m p t y  fullerenes are known and are ex ten-  
sively studied, but no solvates have been obsen, ed previ- 
ously in E M F  solutions.  Is 
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