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High-Field/High-Frequency ESR Study of Gd@ G|
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The spin state of the major isomer of GA@CEd@ G, -1) was determined by the combined use of a high-

field electron spin resonance (ESR) spectrometer (W-band) and a conventional spectrometer (X-band). The
ground spin state of Gd@€EI is characterized by an integer spin quantum numbe3 of3. The spin §=

1/2) on ther orbital of the fullerene cage is coupled with the octet sBirr(7/2) of the encapsulated gadolinium

in an antiferromagnetic manner with the exchange coupling constaht=of-1.8 cnt. In a condensed
solution and solid powder, the Gd@%& molecules easily formed dimers. The radical spins on the cage are
canceled upon dimerization, and the resultant spin state of the dimer is described by two independent octet
(S= 7/2) spins of the gadolinium. The X- and W-band ESR spectra for Gg@ale completely reproduced

by an eigenfield method simulation, and ESR parameters fog teasor, zero-field splitting tensor, and the
intramolecular exchange coupling constahthave been determined. From the temperature dependence of
the W-band ESR spectrum, the sign of the zero-field splitting conBtdrats been determined to be positive.

Introduction on the spin state of Gd@g&has never been reported. Sanakis
et al. have investigated the related molecules Egg@@nd I

by dual-mode X-band ESR spectroscopy, in which the micro-
wave field was perpendicularly and parallel polarized toward
the static magnetic fielé? They analyzed the ESR spectra under
the effective spin quantum number approximation, and suggested
that there are different exchange interactions between the
Er@G:| and -Il. The analogous study of Gd@has not been
reported, because it is difficult to analyze the ESR spectrum
for reasons mentioned below.

The radical electron on theggcage exerts an influence on
the dimer formation of metallofullerenes. Hasegawa et al.
reported the preferential dimer formation of Y@@long the
step of the Cu(lll) Ix 1 surface under vacuum using a scanning

The electronic configuration of a Gd atom is [Xe}8€5dt, and tunneling microscopé They concluded that the Y@&

L molecule is one of the first cases of the so-called “super-atom”,
it is proposed that the three electrons on the outer 6s and 5Olwhich was originally proposed for semiconductor heterostruc-
orbitals are transferred to the* orbital of the G cage in the ginatly prop

: ; .. _tures. It can be generally considered that the dimer is a unit of
process of the encapsulation. As a result, a radical spin is

produced on the £ cage. This radical spin on thegCcage clulstfhr_g_rowtht_m ;_he case of tr_netallofutl!erenfetsh. L
plays an important role in the spin structure with respect to the f gdg’gvﬁég@ggn{ néagne :C prgpr(:r:ezo ine rréech)zr |somfer
magnetic interaction with the Gd spin. Funasaka et al. have ° 2 ( zl (Cz)) are examined using spec

reported the temperature dependence of the magnetic susce jroscopy. The zero-field splitting of the &dions is generally

- 25.26 ; as large as the X-band (9.5 GHz) microwave energy. In this
g?;l;]tg gfd%d(g ,C;Béh ara;;rtk:a?i); : g r;():/h:ﬁ: égﬁ: ;ZZ:E& iﬂg?ﬁéﬂf case, the spectrum analysis is not straightforward, since the ESR

= 7/2 due to seven electrons on the 3Gdon. Huang et al spectra for these systems become very asymmetric. In the

obtained the temperature dependence of the magnetic susce WW-band (95 GHz) ESR measurement, the Zeeman term domi-

tibility for GA@Cs»,2"-28 which was consistent with the report nates the zero-field splitting in the spin Hamiltonian, and the

: ._spectrum exhibits a pattern that can be easily assigned. The
by Funasaka et al. They proposed that the effective magnetic .
moment at room temperature corresponds toShe 3 state combined use of a W-band (95 GHz) and X-band (9.5 GHz)

arising from the antiparallel arrangement between the Gd and spectrometers makes the analysis simple and reliable.
the radical spin on & cage; however, the detailed measurement

Recently, much attention has been paid to endohedral
metallofullerene, which encapsulates metal atoms in fullerene
cages. The metallofullerenes containing a variety of transition
and lanthanide metals have been repottéd.Gd@G:; is of
particular interest because of the relationship with fullerenol
Gd@G(OH)1617 and Gd@G, peapod®1® which have po-
tential for medical and nanotechnological applications. Gd&C
molecules have been isolated by many scientfs®&. The
molecular structure of Gd@g! was identified as having,,
symmetry from the observation of the similarity of the absorp-
tion spectrum with that for La@4z1.22 It has been reported
that this system is described as ‘G@Cg,° ", which results
from the charge transfer from the Gd atom to thg €age?*

Experimental Section

* Corresponding author. Telephone:81-564-55-7330. Fax:+81-564- A highly purified sample of the major isomer of Gd@C
55-4639. E-malil. kato@ims.acjp. (Gd@G| (Cy,)) was obtained by employing the high perfor-
Institute for Molecular Science. T . .
* Nagoya University. mance liquid chromatogrgphlc (HPLC)_ method_ following the
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zene (TCB) were degassed with a number of fregaemp—
thaw cycles. The powder sample of the Gd@W®as obtained
by drying the C% or TCB solution in the vacuum line. Both
samples were sealed in thin-walled quartz tube.

The X- and W-band ESR measurements were performed
using a Bruker E500 and a E680 spectrometer, respectively.
The temperature was controlled by a helium flow cryostat
(Oxford Instruments model ESR910: X-band and CF935:
W-band) and a cryostat controller (Oxford Instruments model
ITC500). The X-band ESR spectra were measured at 4.0 K,

and W-band ESR spectra were measured at 20 and 4.0 K. The

temperature for the X-band experiment was calibrated using a
silicon diode sensor with a digital thermometer (Lake Shore
model DT-470-SD-131.4L and model 201).

The spectral simulations were performed by means of hybrid
eigenfield methods, in which the resonance fields are obtained
directly by the solving the eigenfield equatiéi3®

[WE®E —H,®E +E®HV =
[H,® E —E®HSV (1)

whereHez Hp, E, andV denote the magnetic field dependent
and independent terms of the spin Hamiltonian operator, the
unit matrix, and the eigenfunction for the eigenfield equation,
respectively. The termis andv are the Plank constant and the
frequency of the microwave radiation. The signal intendity,
was defined as follow&

| OXPEeT) — expEyksT)
Z

X [ugmiHy M ¥ (2)

where H; stands for the magnetic field of the microwave
radiation, i.e., the term responsible for the magnetic dipole
allowed transition. The first and second terms show the
Boltzmann population and the transition probability fromi]

to |[m'[state, whose energies are definedcasandEyy, on the
resonance fieldz, kg, T, andug denote the partition function,
the Boltzmann constant, the temperature, and the Bohr mag-
neton. After obtaining the resonance field by the eigenfield
method, the eigen energies of the spin Hamiltonian were
calculated to obtain the partition function. The random orienta-
tion ESR spectra were defined as the summation of the 32400
orientations of ESR spectra for tigetensor. We assumed that
the principal axes of thg tensor and those of the zero-field
splitting tensor were collinear. The simulation program was
coded by FORTRAN90 and executed on a SGI2800 (8 CPUs)
computer.

Results and Discussion

1. Concentration Dependence of Gd@CFigure 1 shows
the X-band ESR spectra of Gd@& in CS; solution as a
function of concentration and measured at 4.0 K. The uppermost
spectrum corresponds to an extremely diluted &fution. Also
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Figure 1. X-band ESR spectra of Gd@£ Shown in the uppermost
spectrum: extremely diluted GSolution; in the bottom spectrum:
powder sample. The middle three spectra are €8utions with

different concentrations: 0.2, 0.4, and 0.8 mMJ/L.
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Figure 2. Observed X-band ESR spectrum and W-band ESR spectra
at (a) 4.0 K and (b) 20 K for Gd@#& powder, respectively. The
microwave frequencies at 20 @ K are (a) 9.63973 GHz and (b)
94.1127 GHz.

15 2.0

component corresponding to the powder sample increased with
increase of concentration. The result strongly suggests the
dimerization of Gd@gx| in CS; solution.

2. Gd@G;, Powder. Figure 2 shows the X-band ESR
spectrum of the powder sample recorded at 4.0 K and the
W-band ESR spectrum of powder sample recorded at 20 K.
The asymmetrical spectral feature recorded using the X-band
spectrometer shown in Figure 2a could not be readily simulated.
On the other hand, we obtained the symmetrical ESR spectrum
with the large signal ag = 2.00 in the W-band, as seen in
Figure 2b. This result shows that the zero-field splitting is
smaller than the W-band microwave energy. To model the spin
structure for Gd@g-1 powder, we performed spectral simula-
tion using the following spin Hamiltonian operator,

H = usS'0'By + SD-S 3)

whereug, S, g, Bo, andD were described as the Bohr magneton,

shown at the bottom of Figure 1 is the spectrum from a powder the spin angular momentum operator, the magngtiensor,
sample of Gd@¢g;-|. The middle spectra are obtained inCS the magnetic field, and the dipetelipole interaction tensor
solutions with different concentrations. In all of the X-band ESR responsible for the zero-field splitting, respectively. The prin-
spectra, an asymmetric spectral pattern, i.e., the signals withcipal values of thé® tensor are expressed asl§'/3 + E', —D'/3

the large intensity at the lower field side and with the small — E', 2D'/3), whereD' is the so-called-term of the zero-field
intensity at the higher field side (which corresponds to lower splitting tensor which describes the deviation from the spherical
thang = 2.00), was observed. This spectral pattern is typical symmetry ancE' is the E-term which describes the deviation
for systems having a zero-field splitting as large as the from the axial symmetry. The higher-order term of the zero-
microwave energy. The zero-field splitting term is not a field splitting is neglected. The simulated W-band spectra are
perturbation since the zero-field splitting is comparable to the shown in Figure 3b. The simulated spectrum is in good
Zeeman energy. As shown in Figure 1, the intensity of the agreement with the observed W-band spectrum. The adjustable
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Figure 3. Simulated X-band ESR spectra and W-band ESR spectra at

(a) 4.0 K, (b) 20 K, and (c) 4 K for Gd@f powder, respectively.

The solid and broken lines denote the simulated spectra with the positive

and negativeD value. The dotted line indicates the observed ESR
spectrum for GAd@§; powder at 4 K.

parameters used in the simulation w&e= 7/2, the principal
values of theg tensor (1.99, 1.99, 2.00)D'| = 0.210 cnT1l,
and E' +0.018 cml. We measured the W-band ESR
spectrum at 4 K, to determine the sign@f Figure 3c shows

the observed W-band ESR spectrum with the simulated spectra

for positive and negativ®' at 4 K. The calculated spectrum

for positive D' is consistent with the observed one at 4 K.
The validity of the ESR parameters derived from modeling

the W-band spectrum was confirmed by their ability to simulate

the X-band ESR spectrum. Figure 3a shows the simulated

spectra for the X-band ESR of Gd@% powder. The simulated
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20K

4K

0 2 3
Magnetic Field / T

Figure 4. Observed W-band ESR spectra for Gd@i@ TCB solution
at 20 and 4 K. The microwave frequency at 2@ @K is 94.2382 and
94.0964 GHz, respectively.
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Figure 5. Simulated W-band ESR spectra for @& 3 and (b)S=

spectrum not only reproduced the observed main peaks but alsg* by the total angular momentum method. The broken line shows the

the extra lines. In the powder form, the X- and W-band ESR
spectra are characterized By= 7/2, which originates from
seven spins on the 4f orbital of &dion. The spin quantum
numberS = 7/2 is consistent with the dimer formation of
Gd@G| in solution observed in Figure 1. The radical spins
on the cage could be antiparallel coupled in the formation of

magnetic dimer, and the resultant spin state of the dimer would

be described by two independent oct®t{ 7/2) spins of Gé&*.

The magnetic dimer can be related to the preferential dimer E's-s/cm™

formation of metallofullerenes reported by Hasegawa &P al.
as mentioned in the Introduction. The intermolecular magnetic
interaction between two Gd spins in the dimer is smaller than
the line width of the ESR spectra in the Gd@CT powder.

3. Gd@G; in TCB SolutionAs described in the preceding
section, the spectrum of Gd@4#& in diluted solution was
attributed to the monomer of Gd@4&. To investigate the
intrinsic spin state of the molecule of GAd@4, the spectrum
in dilute solution without any disturbance from intermolecular
interaction, i.e., magnetic dimerization, should be observed.
Figure 4 shows the observed W-band ESR spectra for G@C
in dilute TCB solution at 4 and 20 K. The symmetrical spectral
pattern with center ag = 2.00 was observed. Unlike the
Gd@Gs, powder, it exhibits the spectrum without the largest
intensity atg = 2.00. This spectral pattern is that for the non-

observed W-band ESR spectrum for Gd@1@ TCB solution at 20

TABLE 1: Spin Hamiltonian Parameters for Gd@Cg; in
TCB Solution Using Total Angular Momentum Method

s=3 S=4

(1.99701.9991 1.9676)  (2.0210 2.0209 1.9874)
D'sem®  +0.4125 +0.1025
+0.0120 +0.0020

S= 7/2 spin on the GY ion and the radical spir§(= 1/2) on

Cso, and the total angular momentum &f; = 3 andSq = 4

are produced by the antiferromagnetic and ferromagnetic
couplings, respectively. Some trials of the simulation by using
Sot = 3 gave a satisfactory spectrum which fitted the observed
W-band spectrum, except for the central lines arogred?2, as
shown in Figure 5a. After an effort to reproduce the central
lines aroundy = 2, one set of reasonable parameters could be
obtained with the simulation by = 4, as shown in Figure 5

b. The parameters obtained by both simulation§ky= 3 and

Sot = 4 are summarized in Table 1. As mentioned above, the
signal intensity aroundy = 2 decreases with decreasing
temperature. Therefore, the spin state th—= 4 is considered

to be the excited state. As a result, it is concluded that the

Kramers system, which has an integer spin quantum number.observed W-band spectrum is a mixture arising from the ground

The signal intensity around = 2 decreases with decreasing

state ofSot = 3 and a thermally excited state &k = 4.

temperature. This feature suggests that the components around |n the model of the spin structure using the Hamiltonian in

g = 2 are contributed from the excited spin state.

The spin state of the Gd@¢g&l monomer should be described
by the total angular momentum &y = 3 or Sot = 4. The

eq 3, the intramolecular exchange coupliidhetween two spin
sites on the orbital of the fullerene cagé (= 1/2) and the
octet spin &4 = 7/2) of the encapsulated gadolinium ion, is

total angular momentum results from the coupling between the neglected. This model is valid under the approximation with
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TABLE 2: Spin Hamiltonian Parameters for Gd@Csg;
Powder and Gd@G;, in TCB Solution

powder TCB solution
S 712 712
* NA 1/2
Jad (1.9900 1.9900 2.0000)  (2.0090 2.0100 1.9775)
Or NA (2.1050 2.0970 2.0570)
D'cdcm?t +0.2100 +0.2575
E'cdcm? +0.0180 +0.0070
D'gg-rlcm? NA —0.7250
E'ce-rlcm™t NA —0.0260

an infinite value of). However, for the explicit estimation Jf

it is required to convert the basis set of the total angular
momentum,Se, to that of the spin angular momenay and

Sk on both radical sites. Instead of the Hamiltonian in eq 3 for
the basis sg8q,Mgoll the following Hamiltonian is appropriate
for forming the eigenfunction in the basis $&tq,M<sSY ; g, M)

H = ug(Seq964'Bo + Sr*Ir*Bo) *+ Sed'Dod*Sea +
Sed'Dad-r"Sr — 2S4Sk (4)

whereJ denotes the intramolecular exchange coupling parameter
between the Gt and radical spinsSsq andggq stand for the
spin operator and thg tensor for G&" ion, andSg andgk for

the radical spin on thedzcage, respectivelyB, is the magnetic
field, Dgqis the zero-field splitting tensors for &dion, Dgg-r

is the magnetic dipotedipole interaction tensor between the
Gd*™ and the radical spins, respectively. The principal values
of the Dgg-r and Dgq tensors are expressed asOg, /3 +
Egsr —Deer3 — Elcar Diar/3), and D3 + Egy
—Dgd3 — Egy 2Dgd3), respectively. The ESR parameters for
the basis set of|So,Msoil ] can be converted to that for
|SeaMsBY; Sk, M by Clebsch-Gordan coefficients. Specifi-
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cally, The ESR parameters for two basis sets are related eactFigure 6. Simulated ESR spectra fdr= —5.5 cn?, —1.8 cn7?, and

other as follows$
)]
(6)

wheregs—,, denotes thg tensor forS=n (n = 3 or 4),gsq and

gr are for the G&" ion and the radical on &3 cage, respectively.
The Ds—p, is the fine-structure tensor f@ = n (n = 3 or 4),

Dgg andDgg-r are for the Gé" ion and between the Gtion

and the radical spin on the cage. The factorspt,, di, and

di2 are introduced by the substitution 84 and S for Ss—n, (n

= 3 or 4) in the WignerEckart theorem. These factors depend
only on Set, Seg, aNdSk, and are expressed as follovs= 3:

CL = 9/8, C = _1/8, d1 = 5/4, anddlz = —1/8.S= 4: CL =
718,c, = 1/8,d; = 3/4, andd;» = 1/8. All ESR parameters for
the basis sefiSsq,Ms®?; Sg,MsROexcept thel were given from

the parametergs—, andDs—p, in Table 1. They are summarized

in Table 2 compared with that for the Gd@< powder. The
adjustable parametdmwas determined by the spectral simulation
as shown in Figure 6. In the case thlequals positive 5.5
cm1, i.e., the bottom trace in Figure 6a, the spectrum dominated
by theS= 4 state gives the center structure. As can be seen in
the above two figures, the structure on either side of the center
originates from th&s = 3 state and becomes more evident with
more negativel. Changing the value of from —1.8 cnT? to
—5.5 cnT?, the intensity of the structure on either side is not
drastically altered at 20 K for the W-band measurement, as can
be seen in Figure 6a. The simulation ofetd K W-band
measurement is not strongly sensitive to changing the value of
J, as shown in Figure 6b. However, the spectrum K for the

Us-n=C19cat C2 0k
Ds— = dy Dgg+ d1, Dgg-r

+5.5 cnt! by the exact spin Hamiltonian method at (a) 20 K in the
W-band, () 4 K in theW-band, and (¢4 K in the X-band, respectively.
The dotted line indicates the observed W-band ESR spectrum for
Gd@G: in TCB solution.

X-band measurement, which is shown in Figure 6c, exhibits a
keen sensitivity to the value af WhenJ is taken to be-1.8
cm™1, there is good agreement between the observed and
simulated spectra, see the top and second traces of Figure 6c¢.
Finally, all spectra observed at 4 and 20 K in the W-band and
at 4 K in theX-band experiments were well reproduced by the
simulation using eq 4 with the exchange couplihg= —1.8
cml. The negative sign ofl means that the Gd spin is
antiferromagnetically coupled with the radical spin an €age.

It can be concluded that the spin stateSof 3 is the ground
state and that the energy difference with the excited stag& of
= 4 is 14.4 cm! (the energy gap is described byJ® It is
noted that the principal values g4 and Dgg tensor do not
exactly coincide with those for Gd@¢gl powder, and the
principal value of thegr tensor on the radical site of the cage
deviates from the value @f = 2.00, which is usually expected
for an organic radical’ The total symmetry of the Gd@gl
molecule is thought to b€, based on comparison with the
La@ G| (Cy,) data?® as mentioned before. The principal axes
of the dipole-dipole interactiongcq, andgr tensors are parallel,
and the tensors hav€,, symmetry. The negative sign and
magnitude of theDgy-r parameter can be obtained by the
estimates of the dipotedipole interaction between the Gd ion
and the radical electron cloud on thg,€age, as will be reported
elsewhere.
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Conclusion
The magnetic properties for Gd@£ were examined in
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terms of X- and W-band ESR spectroscopy. We recorded the chem.1992 96, 3571-3573.

W-band ESR spectra of Gd@4& in powder form and in
solution of C$ and TCB. To reveal the spin structure for
Gd@G|, spectral simulations were performed by means of
the eigenfield method. In powder form, both X- and W-band
ESR spectra were reproduced by ensuring the spin st&e-of
712, which resulted from the magnetic dimer formation. On the
other hand, the observed W-band ESR spectrum for Gg@C
monomer in a TCB solution was well explained by the

antiferromagnetically intramolecular exchange coupling between

Ssq= 7/2 andSk = 1/2. The exchange coupling parameier
—1.8 cnT! was determined by the simulation. In other words,
the spectrum of the Gd@g&l monomer was assigned to the
mixed spin states of the grou®= 3 and the thermally excited
S= 4 states, whose energy gap was 14.4tnfhis is the first
report of the quantitative estimation of the magnetic interaction

between the metal ion and the radical spin on the cage in a

metallofullerene.
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