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The structure and electronic state of photoexcited fullerene linked
with a nitroxide radical based on an analysis of a two-dimensional
electron paramagnetic resonance nutation spectrum
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An electron paramagnetic resonancéEPR study of 3,4-fulleropyrrolidine-2-spiro‘4
[2',2',6',6'-tetramethy]piperidine-1-oxyl (1) was performed on the photoexcited quartet state in
toluene glass. The spectrum of th® Ms)=|3/2,=3/2)<|3/2,+1/2) transitions was observed
selectively by using a two-dimension@2D) nutation method and analyzed with a spectral
simulation in a randomly oriented system. A position of the nitroxide moiety was determined with
respect to the zero-field splittingfs) axes of excited triplet fulleren€Cqg) by taking into account

of the dipolar—dipolar interaction between the radical &@, the hyperfine coupling, the
anisotropicg-value of the nitroxide radical, and the zfs of th@;, moiety. It was found that none
of the zfs axes of théCy, moiety coincide with the local Caxis of the molecule which is defined
by the position of addition. A symmetry of the electronic structuréCg, is discussed on the basis
of the result. ©1999 American Institute of Physids$S0021-960609)01532-9

I. INTRODUCTION cate that more detailed experimental studies are needed to
determine the electronic structure in the excited triplet state
Fullerene (G) is a highly symmetric novel molecule of monoadduct of &,
having an icosahedrd}, symmetry in the ground staté. It In this report we present a method to determine a relative
is shown, however, by an electron paramagnetic resonangmsition of addition of fullerene derivatives by using a radi-
(EPR technique that g distorts from thel,, symmetry in  cal probe. An analysis of magnetic interactions between the
the photoexcited triplet state via an observation of zero-fieldspins of photogeneratetCy, and the radical gives rise to
splittings (zfs).>* Although the molecular structure and the information about the triplet spin distribution and the relative
electronic state of the excited triplet states of, §©°C4,)  orientation of the nitroxide moiety with respect to the zfs
have been extensively studied theoreticalfy and — axes of theCg, moiety. In a previous stud,we reported a
experimentally>*8-16a description of the structure and even 2D EPR nutation study on radical linked tg4Cl and con-
the symmetry ofCg, are still under the debate. On the basisfirmed that a photoexcited quartet sta@,] is generated in
of calculated energies and zfs of possible Jahn-Teller statdge radical—triplet R-T) pair via the magnetic
having Dsy, Dag, and D, Symmetries, Sufjaet al. pre-  interaction?***Recently, Ishiiet al. have reported an analy-
dicted that the state dbs, symmetry is a little more stable Sis Of the quartet spectrum by spectral simulafiomhere
(2 meV) than that ofD,, symmetry>~’ From an ODMR the principal axes of thg-matrix and the dipolar—dipolar
experiment? the smallE-value is observed=—343.5, tensor Dry) between the triplet and the radical are coaxial
|E|=14.5 MHz), which is not consistent with 54 but rather {0 that Or) of the triplet moiety. Here we report on the
consistent with thed,,, symmetry. simulation of an EPR spe_ctrL_Jm of the quartet state in a more
The zfs parameters diCq, are considered to be very general system Where_pr|nC|paI axesgpthyperfine matrl_x,
sensitive to modification of a molecular structure such afnd Drr are not coaxial to those of the zfs of the triplet
addition. From the x-ray structural analy&fst is shown for ~ Moiety. The analysis is much more complicated than that in
monoadduct of g that the G, moiety has a local Caxis the coaxial system due to increased freedom of S|mglat|on
which is parallel to a vector connecting a center of linkedParameters. In order to analyze a spectrum more straightfor-
two carbons and a center of In several studies®%the ~ Wardly and accurately, we use the 2D nutation methéy’
structuré® and reactivity® are discussed assuming that the 2nd obtain the pure quartet spectrum which is separated from
molecule has the Laxis at that position even in the excited those of the other states. _ o
state. If the symmetry of the excited state is determined like ~ TO our best knowledge, this is the first report in which
those, the electronic structure i, is expected to resemble the relative orientation between the zfs axes@f and the
closely that ofCg, underD,,, . However, the observed zfs of POSsition of addition is determined.
monoadduct fullerenes|@|=270-300,|E|=42-51 MHz)
(Refs. 20, 21 are much smaller than the calculated ones for
the D, symmetry O =4.2x 1(?, |E|=1.2X 10? MHz) (Ref. Il EXPERIMENT
7) and very similar to those for theDgy symmetry Compoundl was synthesized by following the method
(D=-3.0x10?, E=0MHz).” These considerations indi- of Corvajaet al?* and checked by fast atom bombardment
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FIG. 2. A pulse sequence for the 2D nutation experimeg(t= 20 ns) and
7(=260 ns) are delay times between the laser pulse and the first microwave
pulse and between the first and second microwave pulses, respectively. The
spin packets are reforcused aroundafter the second microwave pulse.

magnetization was refocused by the second MW pulse with
FIG. 1. Structures of 3,4—fu|Ieropyrrolidine—2—spiré—FE’,2",6_’,6'— 110 ns in length and two-step phase cyclif@$]-[0,7] that
;?{g?ﬁg%g'fgr’g)ﬂg{;ﬁg'hﬂ pi(pl;riding?g 34-fulleropyrrolidine-2- o iradiated at 260 ns after the first MW pulse. An entire

echo signal was integrated by an Evans gated integrator

module Model 4130 with a sampling gate of 370 ns aperture.
mass(FAB-MS), UV-visible absorption, steady-state EPR, The pulse scheme is summarized in Fig. 2. An ESE-detected
time-resolved (TR) EPR spectroscopy, and elementary EPR spectrum was observed at eaclby plotting an inten-
analyses. 3,4-fulleropyrrolidine-2-spird-f’,2',6',6'-  sity of accumulated ESE signals with respect to the magnetic
tetrametyl] piperidingcompound?, Fig. 1) was newly syn- field (Bp). Nutation signals, which were obtained as col-
thesized in this study from 4-amino-4-carboxy-2,2,6,6,-lected 2D ESE-detected EPR signals, were extrapolated to
tetrametylpiperidine(3, Scheme 1 and G, by almost the 100 points int; dimension by the fast linear prediction
same procedure as that b{Scheme 1 procedure3 apodized with a cosine window and zero-
filled to 1024 data points. 2D EPR nutation spectra were
obtained from the Fourier-transformation of 2D ESE-
detected EPR spectra tp dimension.

Ce + CH,O + >Q< =

HN COOH

Ill. SIMULATION OF THE EPR SPECTRUM
A. Effective Hamiltonian and resonance field

3 2 The effective Hamiltonian of the quarteQ(S=3/2)
state in an interacting radicaR({(S=1/2)-triplet (T;S=1)
and checked by FAB-MS and UV-visible spectfaCom-  pair is given by®
pound3 was synthesized by following the literatuieCqy

and3 were removed from the reaction mixture by silica gel 4 = BB-g-S+hl-A-S+hS.Dg-S (1)
. . Q Q>

column chromatography and a middle fraction was used

without furthgr pur|f|c_a£|on. For EPR measurements, the 9=0r/3+ 207/3, )

toluene solution (X 10 * M) was deaerated by the freeze—

pump—thaw method. Dg=D1/3+ Dgy/3, 3

CW steady state EPR was measured on a Varian E-112
spectrometer using an Oxford ESR-9 helium gas flow sys- A=(1/3A @
tem. The magnetic field was calibrated by using the perylene R
cation in conc. HSQ, [g=2.002 56%-0.000 006(Ref. 30] Here ~ denotes the transpose of a vector or a mabix; a
at room temperature. dipolar—dipolar interaction tensor betwe@and T, Ag a

CW-TREPR measurements were carried out at 10—80 Kiyperfine coupling matrix of a nitrogen nucleus of the nitrox-
on a JEOL-FE2XG EPR spectrometer using an Oxford ESRde radical, and other symbols have usual meanibgs.gr,

900 helium gas flow system. The samples were irradiated bz, and g; stand for those of a noncoupled radical or a

the second harmonit532 nm of a Quanta-Ray GCR-230 triplet state. We neglected hyperfine couplings due’®

Nd:YAG laser with a repetition rate of 10 Hz. Details of the atoms on®Cg,, because the magnitude was estimated to be

TREPR measurement have been reported previdtsly. less than 1 MHZRef. 15 in the excited quartet states. Equa-
2D nutation and electron-spin-eciESE) experiments  tions (2)—(4) are valid for the casdJ|>|D|,*’ which was

were carried outtsb K on apulsed EPR spectrometer of our ascertained by the 2D nutation method in this systém.an

own desigrt?23In the 2D nutation experiment the first mi- analysis of the quartet spectrum, we use EPR parameters of

crowave(MW) pulse of duratiort; was applied aty aftera  the ground state df and the excited triplet state &ffor the

laser pulse of the second harmofi82 nn) of a Continuum  radical and the triplet moieties df respectively.

SL 1-20 Nd:YAG laser with 20 Hz, wher¢; was incre- Resonance fields are calculated by using the first order

mented in 32 steps of 10 ns. A delay timgwas set to 20 ns  perturbation treatmetftwith the effective Hamiltonian given

to minimize effects of electron spin relaxation. A nutatedby Eg. (1). The Zeeman interaction is taken as the zeroth
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FIG. 3. The coordinate axis systen, Y, andZ denotes the zfs axes of the
3Cqo moiety. Angless, ¢, andy are the Euler angles of rotatidh (Ref. 37.

'y'z" den h f the nitroxide moiety. . .
X'y'z’ denote the axes of the nitroxide moiety FIG. 4. Calculated angles obtained from the x-ray structural analysis

(Ref. 19.

order term and the zfs and hyperfine interactions as the first
order term. The resonance condition of {ivg,M,)<|Mg
—1,M,) transition is expressed as For a fraction of spins on a small surface elemé8t with
_ ~ _ densityp, a dipolar—dipolar interactiod Dy is expressed in
v=0gBB/h+(3/2{TU-Do u}(2Ms=1)+KMsM;,  (5) thex'y’z’ coordinate system as

g°=hg.gh, 6) dDfii=(1/2) (po/dmh) (geB)2p((r'2=3i2)/r'%)dS,
u=(g-h)/g, 7 (i=x"y"z"), 9
K2=T-A-A-u, (8) dDgri;=(1/2) (pol4h)(geB)’p(—3ij/r'®)dS,

whereh is a unit vector and parallel to the static magnetic (i=j=x"y"z'i#]). (10
field B. It is found from Eq.(5) that a zfs term is not in-  Here 4, is the vacuum permeability and (x, .y, ,z,) is a
volved for the|S,Ms)=(3/2,1/2<[3/2,~ 1/2) transition in  yector connectinglS and the center of the N—O bond as
the first order (Ms-1=0) but the zfs term including an shown in Fig. 4. We neglected tlganisotropy and used the
interaction Ogry) between the radical and the triplet is in- free electrong-valueg, in the calculation oDj+. It should
cluded in the|3/2,+ 3/2)«[3/2,+ 1/2) transitions. be noted that the dipolar—dipolar interaction between a trip-
The relative orientation of the nitroxide with respect to |et spin and a doublet spin is smaller by a factor of 2 as
the zfs axes is defined by a set of the Euler angles, and  compared to that between a doublet spDig; is obtained by
¢ (Ref. 39 as shown in Fig. 3 and described in Appendix A. integratingd D in Egs.(9) and(10) over the surface of g

The X, Y, andZ axes represent the zfs principal axes of theyith the appropriate spin density distribution of the triplet. It
3Cgomoiety and thex’, y’, andz’ axes define the orientation s noted that there are two spins 8@,
of the nitroxide moiety where' is directing from the center

of Cgo to the center of the N—O bong, axis is perpendicu-
lar to the pyrrolidine plane, and’ is orthogonal toz’ f pdS =2. (13)
andx’. Cgo surface

The model of the spin distribution will be discussed in the
B. Dipolar interaction between radical and triplet C 4 later sectionDg+ is transformed into that in thEYZsystem

The most important part of the simulation is an evalua-by the transformation matrik in Appendix A

tion of the spin—spin interactioby 1 between the radical and
the triplet Go. The smallest value ofDg+| in this system
was calculated as=30 MHz under the simple point dipole
approximation for the longest distan¢g2 A) between the It is well known that the nitrogen hyperfine coupling and
radical and two spins ofCg,, Where the triplet spins are the g matrix of the nitroxides are almost coaxial and one of
localized at the opposite side of the,Gurface with respect the principal axes lies along the N—O boffdHere we de-
to the radical. This calculation indicates that the contributionscribe these principal axes ®§ y”, andz” as shown in Fig.
of Dy is not negligible in comparison witfD| of the triplet 4. From the x-ray structural analyses of the nitroxide
(2; 263 MH2). radicaf! and ground state ¢’ the distance between the
We calculated the spin—spin interactions as a sum of theenters of G, and the N—O bond is calculated as 8.24 A, the
point dipolar—dipolar interactions between the single spin aangle» between the’ axis and the local £axis (S') of 1is
the center of the N—O bond and a fraction of the triplet spin22.0° (Fig. 4). The angle between the N—O bond and the
on a surface element G4, having a sphere of radius 3.5 A. axis is calculated as 43.8A% and gy in the x"y"z" axes

C. Hyperfine coupling and g matrix of the radical
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system are transformed to those of tK¥Z system by the N 20
matrix R of rotation (Appendix A as follows: §
Ar=R Ry ARRuR, (12 : ol |
gr=R ™ 'RyzdrRasR. (13) E
g
=
Z

The transformation from thg"y”z" system into thex'y’z’
system is made by rotatioR,3 g with the Euler anglesd
=43.8°, ¢=0°, andy=0°. Magnetic field / mT

<

(98]
—
W

330

FIG. 5. A 2D nutation spectrum observed in toluene at 5 K. The microwave
frequency is 9.030 GHz. The first microwave pulse was irradiated at 20 ns

D. Spin polarization after the laser pulse.

We evaluate the spin polarization of the quartet state in
terms of initial spin polarizations 0iCq4, and the radical by p-12=(U3)p.pr-1+(23)pgpro, (199
using a density matrix formalism. The triplet density matrix
pt in the zero-field and the doublet density matpix in an
infinite field are set to be both diagonal due to rapid relax-

ations of off-diagonal elements;*4 IV. RESULTS AND DISCUSSION
A. 2D EPR nutation spectrum

P—32=PpPT-1- (199

Px TX
ph= Py Ty, (14) A two-dimensional(2D) EPR nutation spectrum of the
Tz photoexcited states df was observedteb K as shown in
Pz Fig. 5. In the 2D spectrum, EPR signals are separated into
two groups,D and Q, having different nutation frequencies,
:(pa )01 (15) wp=4.4MHz andwg=7.9MHz. In a previous repoft D
PR P B’ andQ are assigned to the transition of the doublet state and

The elements op; are determined by the rates of intersys- the |S.Ms)=[3/2,+ 3/2>©|3(2’i 112 tr§n5|t|ons of the ex
cited quartet state, respectively by using the equation,

tem crossing from the excited singlet to the triplet sublevels

in Cgo. Any other spin polarizations are ignored and the spin _

polarizations of the quartet and doublet states are described “n— VS(S+1)-Ms(Ms—1)w;. (20)

by projections ofp1 and pg onto the coupled states. Here o, and w, are nutation frequencies of a transition
pr in Eq. (14) is transformed into the finite field basis |S,Ms—1)<|S,Ms) and of a system ofS=1/2, respec-

|Tj> (j=1,0-1) by a transformation matrii ,*® which is tively. This relation is valid wheigis a good quantum num-

described in Appendix B, ber and a transition is excited selectively by a microw&ve.
This method is very powerful to assign and separate spectra
pr=U;psU;. (16)  of a multiplet staté? In this case, the spectrum of tha/2,

+3/2)<|3/2,£1/2) transitions was obtained by taking a

The total density matrix of the triplet-radical pair is rep- —.
y P P P~ slice of the 2D spectrum ab,=7.9 MHz.

resented by a direct product p§ andpg,

p10=pP® PR (17) Et.atEeF;R parameters of uncoupled triplet and doublet
Hereprp is expressed by a product baklsmg)|1/2mg) and

transformed into the coupled basis as A TREPR spectrum of compoun® in the triplet state

was observed at 10 K and Ous after the laser excitation as
U=t Us (18) shown in Fig. 6. The spectrum is simulated with zfs param-
p=%2 PTD¥2 eters and a populating ratio summarized in Table I, which are
U, is a transformation from the product basis to the coupledised in the simulation of the quartet spectrum. Obtaibed
basis and the matrix elements are described in Appendix Band E-values,|D|= 263 and|E|=39 MHz, resemble closely
Only the diagonal elements gf are considered in a not only those reported for other fullerene derivativis)
spectral simulation under an assumption of rapid relaxations= 270—300 andE|=42-51 MHz2>?' but also those 01Cq,
of off-diagonal elements and the same validity holds as irin toluene (D|=343.5, |E|=14.5MHz)!* From these re-
Eq. (14).%%* Then the quartet spin polarizatiop,, (m  sults, it is considered that the spin distribution is almost the
=3/2,1/2-1/2,-3/2) is calculated from the spin polariza- same among these fullerenes. Then, for the simulation of the
tions of the doubletp, (k=«,8) and the tripletpr; (1 guartet spectrum, we used the negative sigiDefalue just

=1,0,-1) as follows: same as that 0fCq,, which was determined from a pulsed
ENDOR measurement offC-enriched species by Groenen
P312= PaPT1 (1989 et al’®and also predicted from the theoretical studiégor
the spin density distribution, we adopted the mogel
p12=(213)pop1o+ (1I3)pgpr1, (19b) «sir? ¢’ used in the ESEEM study. Here ¢” denotes an
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FIG. 7. An observed CW EPR spectrum bin the ground state at 45 K

FIG. 6. A time-resolved EPR spectrum of the triplet stat@ af toluene at d : ) - .
- . . (doty and the simulated spectrurtline). The microwave frequency is

10 K and 0.5us after the laser excitation. The microwave frequency is . - L

9.09176 GHz. Solid and dotted lines are simulated and observed spectrur?f,wa4 GHz and an amplitude of 100 kHz field modulation is 1.25 G.

respectively.

tainties are included in the values, these affect least the simu-
angle between th&@-axis of the zfs tensor ofCg, and a lated spectrum of the quartet state. The contributions of the

radius vector’ of the particular point on the surface ofL g-value and the hypgrfine interaction of the radical are re-
(Fig. 4). This model is very simple but is appropriate enoughduced to a one-third in the quartet state as seen from(E)q_s.
to calculate the dipolar interaction in this system. The de@nd (4) and much smaller than that @ as discussed in
tailed dependence of the spin density distribution will beS€c- IV C.
described in Sec. IV D.

It is well known that the rotational motion ofggis not ~ C. Zero field splittings and orientation of the
frozen even in a solid stdté"*and an exchange of the zfs Nitroxide moiety
axes induces pseudorotational motions, resulting in averaged The Euler angles, 6, and (Fig. 3 are used instead of
zero field interaction* In contrast, monoadduct of spin Hamiltonian parametdd in order to reduce degrees of
fullerenes do not show such dynamical effeéétShis is also  freedom in a spectral fitting procedure. We describe how a
a case of compoung, where the triplet spectrum does not simulated spectrum depends on these parameters. It is impor-
show a temperature dependencenfrd K to 80 K. Therefore  tant to note that spectral features are mostly determined by
no dynamical effects are included in our calculation. the zfs tensoDq, whereDg is dominated by and 6 and

The g-values and the nitrogen hyperfine coupling con-does not depend o#. D is a sum of two tensor)/3 and
stants are determined from those of the ground state &f  D,./3 as described in Ed3). The former is assumed to be
conventional CW EPR spectrum of compouhdbserved at  constant and the latter varies only witdue to the cylindri-
45 K is shown in Fig. 7, which shows typical features of acal symmetry of the spin distributioé sir? ¢”). The calcu-
nitroxide radical. From the simulatioffFig. 7), theg-values |ated principal values oDgr are summarized in Tables II
and the hyperfine coupling constants were obtained by asnd Il for various 6 values, whereDg; is almost axially
suming that those matrices were coaxial. The obtained paymmetric and the magnitude is comparable Vith As Dt
rameters are summarized in Table |, where the values arig also almost axially symmetric, the resultant ten8ly
fairly typical for nitroxide radicals. Although small uncer- mainly depends on an angle between the principal axes as-

sociated with the principle values B andDg+ having the

TABLE |. The EPR parameters df in the ground state and in the pho- largest magnitude, which is approximately equabtm our

toexcited triplet state. case. Figure 8 shows the simulated spectra for various values
Ok, =2.0022 Or, ,=2.0068 Or,,=2.010P
Ary =92 MHZ  Ag =14 MHZ Ag.. =14 MHZ’ TABLE II. Principal values and direction cosines Bk and the zfs of the
X vy 7z quartet state@y) with ¢=15°, §=65°, x=100°.
Orxx=2.000 Oryy=2.000 Or77=2.00T
Drxx=126 MHZ  Dyyy=49 MHZ Dryy=— 175 MHZ Principal value X° % 2
|D1] =263 MHZ [Eq|=39 MHZ! Dyl 3 26.9 MHz 0.895 —0.259 ~0.364
o C02):(Du— D) = 0.45: Drryrynl3 29.1 MHz 0.238 0.996 -0.104
Polarization ra%?gm (Px ,,pz?p(@o,é’ﬁ?off’ ! DRTZ,,:,,,/@”‘ —56.0 MHz 0.379 6.810°3 0.925
o 7F gxx 12.0 MHz 0.789  —0.407 0.461
#The estimated error i£0.0005. D3 46.0 MHz 0.380 0.912 0.154
bThe estimated error i£0.5 MHz.x", y", andz" are the principal axes of D%Z —58.0 MHz  —0.483 0.0543 0.874
the nitroxide radical.
‘The estimated error i£0.001. aThe axex”, y”, andz” andx, y, andz denote the principal axes @fzt
The estimated error is2 MHz. X, Y, andZ are the zfs principal axes of the  and Dy, respectively.
3Cqo Moiety. bThe direction cosines are referred to the zfs axe¥Cg§.
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TABLE lll. Principal values ofDgt andDq for typical orientations.

© 0 Dyl 3 Dryrynl3® Dyl 3 D oxd3? Dgyy/3? D, /3
15° 65° 26.9 29.1 ~56.0 12.0 46.0 —58.0
0° 0° 21.4 21.4 -42.8 37.8 634  —101.2
0° 45° 248 26.4 -51.2 385 411 -79.6
0° 90° 28.0 30.6 ~58.6 -165 -27.9 44.4
0° 65° 26.9 29.1 -56.0 14.3 432 -575
30° 65° 26.9 29.1 ~56.0 7.3 52.0 -59.3
45° 65° 26.9 29.1 ~56.0 2.7 58.4 -61.1

@A MHz unit. The same axis systems are used as those of Tables | and II.

of 6. The separation of the lowest and the highest resonancare following: the distance between radical and the center
fields, which corresponds to D4, (Do=—3/2Dq,), of Cgois 8.7 A, which is consistent with the calculated value
strongly depends oA. (8.24 A) from the x-ray structural analysis of the nitroxide
Effects ofp on D are rather complicated in comparison part. The linewidth is 0.9 mT as compatible with those of the
with those of # and are shown in Fig. 9 around a region ground state ol (1.1 mT) and the triplet state df (1.4 mT).
where the observed spectrum fits to the simulated one. In thihe doublet polarization were obtained @s=0.54 andp
region, ¢ mainly affects the ronmbicity ob, as also sum- =0.47.
marized in Table IlI. As for the spin distribution, several models were exam-
The angley provides relatively a small effect on the ined in addition to the modgl=sir? . For a model of the
spectrum as shown in Fig. 10 around a region of the best fiuniform distribution, the best fit angles wekg=15°, 6
parameters. The matrices g§ and Ag were rotated around =67°, and ¢=100° and for the modelpo(sir? ¢’

thez' axis. +sir* @), where spins are concentrated more on the equator
than that of the modep=sir? ¢, the angles wereo=15°,
D. Spectral simulation #=63°, andy=100°. The observed spectra are reproduced

o _ _ well with these models and the obtained angles are not dif-
The best fit simulation for the sliced spectrum of theferent so much in our system.
IS Ms)=3/2+3/2)&|3/2+1/2) transitions is shown in Small deviations between the observed and simulated
Fig. 11. A set of the angleg;=15°+3°, §=65°*1°, and  gpectra at the central part in Fig. 11 are considered to be due
¢=100°+10° were obtained. The principal values B  to the signal of the excited quartéd/2,1/3«|3/2,—1/2)

and Dgr in the zfs axis system ofCe, are summarized in  ransition on the basis of thgvalue and the spectral width.
Table Il. The other parameters obtained from the simulation

(a)
= E
5 &
2 g
2 E
2 1 Absorption
’ | Emission
L .‘\;"' :
—————— T 315 320 325 330
310 320 330 Magnetic field /mT

Magnetic field /mT
FIG. 9. An observed spectrufdoty and simulated spectkéine) for various
FIG. 8. An observed spectrufdots and simulated spectkéine) for various orientations of the nitroxide moiety with respect to the zfs axes of@hg
orientations of the nitroxide moiety with respect to the zfs axes ofhg moiety, (@) ¢=0°, (b) ¢=15°, (c) ¢=30°, and(d) ¢=45°. §and are set
moiety, (&) 6=0°, (b) 6=30°, (c) §=60°, and(d) 6=90°. ¢ andy are set to 65° and 100°, respectively. Other parameters used for the simulations are
to zero. Other parameters used for the simulations are described in the textescribed in the text.
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Z

Arbitrary unit

1 Absorption L ;
FIG. 12. Definition of the angleg and\. x is an angle betweed and S’

e axes.\ is a rotation angle aroun’. The G—C, bond lies in theZS' plane
; | Emission for A=0°.
: : \ . In solution the radical triplet pair mechanigRTPM) is pro-
315 320 325 330 posed to be operative in this systéft! However, it is not
Magnetic field /mT considered that this mechanism is involved in solid, because

_ , the RTPM does not provide any temperature dependent po-
FIG. 10. An observed spectrufdots and simulated spectrdine) for the larizations for a rigid molecule. where zB and the ex-
various orientation of the nitroxide moiety with respect to the zfs axes of !

3C,, moiety, (8) $=0°, (b) ¥=30°, (c) ¥=60°, and(d) y=90°. g andg  Change interactiofJ) between the excited doublet and quar-

are set to 15° and 65°, respectively. Other parameters used for the simuléet States are constants. It is also indicated from our nutation

tions are described in the text. experiment that the spin quantum number is a good quantum
number of the quartet state, which means the mixing be-
tween the quartet and doublet states is very sMa@halyses

Although the nutation frequency of this transition is different of the detailed temperature dependence of the EPR Spectrum
from those of|3/2,=3/2)<|3/2,+ 1/2), the separation of the gre in progress.

spectra for these transitions was incomplete in the nutational
frequency dimension because of a relatively large linewidth. - - s
The observed spectrum shows a small asymmetry such: Position of addition and zfs axes of ~ “Ceg
that the abSOI’ptive Signal at the |0W€I’ f|e|d Side iS Weaker On the basis of the Simu|ati0n’ we discuss the position

than the emissive Signal at the hlgher field side. In our Statigvhere the nitroxide moiety is linked tosg: In order to rep-
model, as we could not explain the reason of this asymmetrytesent the location of the position of addition, we introduce
we just set parameteys, andpg and obtained the ratio as two angular parameterg,and\, as shown in Fig. 12, where
Palpp=1.2 at 5 K. By comparing the integrated intensities s’ is the local G axis (Fig. 4) andy is an angle between the
between the observed and simulated spectra, it is found th& andz axes. The angla denotes a rotation of thesEC,
~15% of the polarizations come from this asymmetric po-hond aroundS’ and the G—C, bond lies in theZS' plane
larization and this value increases with raising temperatureyhenx =0°.

From the geometrical calculatiog,and\ were obtained
as 63° and 89°, respectively. This result gives rise to a very
important conclusion that the zfs axes of fié, moiety are
far from the local G axis and indicates that the loca) @xis
does not dominate the electronic structure of¥ig moiety.
Absorption If we refer to the fact that the mono-adduct and nonadduct of
f triplet fullerenes have similar zfs, the origin of the distortion
. is found to be the same for these fullerenes and namely the
Emission Jahn-Teller interaction.

In the excited triplet state, the symmetry of,0ds ex-
pected to be lowered to eithé&sy, D,,, or D3y by the
Jahn-Teller effect-’ We examine the linked position by as-

4 suming that th& axis of the zfs coincides with the symmetry
315 320 325 330 axis of each distorted structure as shown in Fig. 13. For the
Magnetic field /mT three symmetries, the anglgsand A which are closest to
those of the simulation are calculated and summarized in
F_'tG- 11-b{-\r_1 ES’E SIDIQQth:f;] szgi*sy'\t/'?:|3/2¢t3/2>c>t|t3r<21;£ 1/2) tran- . 9'I'able IV together with the experimental result. The carbons
s oulneq by Siong e 20 labon spect al e eaeency of T4 the selected C~C bond are indicated by the biack-filed
lation are described in the text and Table I. The obtained anglessare Circles in Fig. 13. From the table it is found that the positions
=15°, §=65°, andy=100°, respectively. of the bounded carbons D5y realize the experimental re-

Arbitrary unit
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(b) C, TABLE IV. Possible distorted structufe.
Obs D5d DZh D3d
X 63° 58° 72° 55°
A 89° 90° 60° 150°

aSee Fig. 13 for the definition of andX\.

Dsq Dan D3y the zfs axes of théCq, moiety and the nitroxide radical was
FIG. 13. Possible carbons for additions in fagDsy, (b) D5y, , and(c) Dy determlned' It |s-found that the zfs axis ogo(mor_loadd_uct-ln
symmetries as indicated by black filled circles. the triplet state is not parallel to the loca} @xis which is

originated from the position of addition. Therefore, the local
C, axis does not dominate the electronic structure of@g
moiety in 1. From the detailed examination of the linked

sult. Surja et al. showed that the triplet spin densities on the yqition, it is indicated that the electronic structure of the

Cz and G, carbons are very small iDsq,” which is consis- 3Cqo moiety is close to the Jahn-Teller distort®d, struc-
tent with the fact thaD-values of°Cgo and monoadduct of ;e The similarity of theD-values of G, monoadduct and
Cgp are almost the same. It is also considered that the nitro>c+C60 is explained by the fact thaéCy, also distorts to the
ide moiety at this position hinders the pseudo-rotation of ther cture ofDg, symmetry.
zfs axes in contrast to the case’,

Although many theoretical studies predict that the triplet
state havin@ sy symmetry is the most stable one among the
possible Jahn-Teller states, there are few experimental ACKNOWLEDGMENTS
studies on the symmetry dCq, As far as we know, only
Bennatiet al. reported theDsq symmetry of3Cg, from the
analysis of the temperature dependence of the EPR lin
shapet* On the basis of our result and the similarity of the
D-values of monoadduct of ggand>Cg,, it is indicated that
the electronic structure dCq, belongs to thd 54 symmetry.

This work was supported by JSPS Research Fellowships
for Young Scientists and a Grant-in-Aid for Scientific Re-
Search Nos. 07454145 and 08640630 from the Ministry of
Education, Science, and Culture, Japan.

APPENDIX A

V. CONCLUSIONS The relative orientation of the nitroxide with respect to

The 2D nutation spectrum of the quartet state of thethe zfs axes is defined by a set of the Euler angles, and
|S,Ms)=13/2,=3/2)<|3/2,+1/2) transitions was analyzed ¢ as shown in Fig. 3. MatriR of the Euler rotation is rep-
by the spectral simulation. The relative orientation betweernresented as follows:

COSy cOSp cosh—siny Sing CoSy sing cosh+sing cose  —cosy sind
R=| —singcose cosf—cosysing —sinygSing cosf+cosycose  singsing |, (A1)
Ccose siné sing sinfé cosf

It is important to note that th& axis crosses the center of the N—O bond wienp==0°.

APPENDIX B
U, is the transformation matrix between the zero field bgEis (i =x,y,z) and the finite field basikT;) (j=1,0,-1) as
the following:
Ty= 2 Ug;lTo), (BY)
i=x,y,z

(—cosf’ cos¢p’+ising’)[v2 sinf’ cos¢’ (cosh’ cosg’ +ising')vV2
U,=| (—cosé’sing’—icose’)IV2Z sind’ sing’ (cosh’ sing’—icose’)/v2
sing’/v2 cosf’ —sing’'/v2

: (B2)
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whered' and¢’ denote polar angles of an external magnetic'®A. Hirsch, I. Lamparth, and T. Geser, J. Am. Chem. Sod.16, 9385

field vector in the zfs principal
(sin @' cos¢’,sind’ sing’,cosd’).

axis systemBy

U, is the transformation matrix between the product ba-

sis and the coupled basis as the following:

Tia Toa T_ja T8 ToB T_1B
Qapo 1 0 0 0 0
Qi 0 V23 0 Vi3 0 0
U,=Q-1p 0 0 \/1_/3 0 \/2_/3 0
Qs |0 O 0 0 0o 1
D1y 0 —J1/3 0 213 0 0
Dy |0 0 23 0 -J1U3 0

(B3)
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