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Continuous-wave X-band electron paramagnetic resonance (EPR) of fullerene C;¢ molecules excited
to a triplet state by continuous light illumination was studied in molecular glasses of o-terphenyl
and cis/trans-decaline and in the glassy polymers polymethylmethacrylate (PMMA) and polystyrene
(PS). Above ~100 K, a distinct narrowing of EPR lineshape of the triplet was observed, which was
very similar for all systems studied. EPR lineshape was simulated reasonably well within a frame-
work of a simple model of random jumps, which implies that the C7¢ molecule performs isotropic
orientational motion by sudden jumps of arbitrary angles. In simulations, a single correlation time
T. was used, varying in the range of 10~7—107% s. Near and below 100 K electron spin echo (ESE)
signals were also obtained which were found to decay exponentially. Correlation times 7, obtained
from simulation of the EPR spectra in the slow-motion limit (t. close to 1077 s) turned out to be in
good agreement with the phase memory times Ty of the ESE decay, which additionally supports the
employed simple model. The observed motional effects provide evidence that the nanostructure of
the solid glassy media of different origins is soft enough to allow a large asymmetric C7y molecule
to reorient rapidly. Except for the EPR spectra of the triplet, in the center of the spectra, a small ad-
mixture of a narrow line was also observed; its possible nature is briefly discussed. © 2011 American
Institute of Physics. [doi:10.1063/1.3618738]

. INTRODUCTION

Orientational motion of molecular probes in glassy ma-
trices may reflect important properties of molecular dynam-
ics in these materials. It has been studied using different
experimental approaches, such as optical depolarization,'™
photobleaching,*> dielectric relaxation,’ nuclear magnetic
resonance (NMR),”# single-molecule spectroscopy,” !> and
others. The dynamics of molecular probes is known to be
characterized by a broad distribution of correlation times.
Near the glass transition temperature, 7,, the characteristic
correlation time, 7., of the molecular motions attains values
of seconds and minutes that matches macroscopic relaxation
determined by viscosity.!~!? It is known that the larger the
probe molecule, the closer the temperature dependence of 7,
and viscosity.!2>7

It was also found a long time ago that highly-symmetric
probe molecules experience rapid reorientations in glassy
matrices, with 7, < 107% s, at temperatures well be-
low T,. NMR data for axially-symmetric benzene'® and
hexamethylbenzene'*!> molecules show uniaxial fast rota-
tion, while fast motion was found to be isotropic for highly
symmetric adamantane'® and tetramethylsilane.'®

In this paper, we report fast reorientations in glassy me-
dia of a fullerene Cyy probe molecule. This probe is remark-
ably larger than those used in the above studies. Although
the C79p molecule is nearly spherical, it shows a noticeable
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axial anisotropy. Unexpectedly, we found that in glasses the
C70 molecule manifests isotropic reorientations on the sub-
microsecond timescale well below 7.

We studied electron paramagnetic resonance (EPR) spec-
tra of the photoexcited triplet state, 3Cq0, using contin-
uous light illumination and conventional continuous-wave
(CW) X-band EPR (light-induced EPR, or LEPR). Relax-
ation times were obtained with the electron spin echo (ESE)
technique. We used four host glassy matrices: o-terphenyl
(Tg =243 K), cis/trans-decalin (T, = 137 K), polymethyl-
methacrylate (PMMA, T, = 378 K), and polystyrene (PS,
T, =368K).

EPR spectra obtained under continuous light illumination
of photoexcited 3C7y were also presented in an earlier work,'”
in which a glassy methylcyclohexane matrix was used as a
host. That study found a narrowing of the EPR lineshape with
temperature increase, which was ascribed to fast reorienta-
tions of C7. However, this effect was discussed only qualita-
tively in that work. Because, the temperature range explored
in that work was remarkably higher than T, the found mo-
tions were ascribed to a trivial effect of matrix softening.

Il. EXPERIMENT

Fullerene Cy¢ of 99% purity was obtained from Aldrich.
To prepare samples of fullerene in decalin (1:1 mixture of cis-
and trans-decalin, Sigma-Aldrich) and in o-terphenyl (Tokyo,
Kasei), fullerene was dissolved in these solvents at concentra-
tions near 3 x 10™* M (5 x 102 wt. %). Then samples were
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put in quartz tubes of 4.6 mm outer diameter and frozen in
liquid nitrogen to obtain transparent glasses.

Four types of polymer matrices were used as host
matrices for C;p: PMMA of average molecular weight
M,, ~996 000, PMMA of average M,, ~ 15000, PS of aver-
age M,, ~ 350000, and PS of average M,, ~ 35000 (all from
Aldrich). Fullerene and polymer were taken at the proportion
in which Cyo content was near 5 x 10~2 wt.% and were ini-
tially dissolved in toluene. Then, the solution was smeared
onto a glass substrate, and the toluene was evaporated ini-
tially at atmospheric pressure and then at ~10~2 Torr for sev-
eral hours. The resulting blend looked like a transparent film
of about 100 pm thickness.

EPR measurements were carried out with an X-band
ELEXSYS ESP-580E EPR spectrometer (Bruker), which was
operated either in CW or pulsed mode. In CW measurements,
we used either an ELEXSYS super high sensitivity probehead
cavity equipped with an ER 4131VT temperature setting de-
vice or a critically coupled ER 4118 X-MD-5 dielectric cav-
ity inside an Oxford Instruments CF 935 cryostat. Microwave
power in CW EPR was adjusted to a value low enough to
avoid saturation effects; its value was less than 6.3 mW. The
magnetic field modulation frequency was 100 kHz, and its
amplitude was set to 1 G.

In pulsed mode, we used an overcoupled ER 4118 X-
MD-5 dielectric cavity inside an Oxford Instruments CF 935
cryostat. An ESE signal was obtained using sequential mi-
crowave 7/2 and m pulses, which were of 16 ns and 32 ns
length, respectively. The shortest delay T between pulses was
120 ns.

To suppress slight dark signals in CW EPR experiments,
EPR spectra obtained in the dark were subtracted from light-
induced EPR spectra. No dark signal was detected in the pulse
EPR experiments.

Samples were continuously irradiated with light from a
Xe lamp equipped with a filter transmitting light in the range
between 350 nm and 700 nm. The estimated light power
reaching the sample was about 10 mW.

Temperature was maintained by cold nitrogen or helium
gas flow and monitored with a copper-constantan thermocou-
ple attached to the sample.

lll. RESULTS

Experimental EPR spectra of 3C, taken at different tem-
peratures are shown in Fig. 1 for the decalin matrix, in Fig. 2
for the o-terphenyl matrix, in Fig. 3 for the PMMA ma-
trix (average M,, ~ 996 000), and in Fig. 4 for the PS ma-
trix (average M,, ~350000). EPR spectra for the two other
samples — PMMA, average M,, ~ 15000, and PS, average
M,, ~35000, did not differ from the spectra of their high-
molecular-weight analogs. Below 50 K spectra were found to
show absorption/emissive character, due to spin polarization
effect.'® Spectra in Figs. 1—4 consist of a broad line, of about
100 G width, and of a central narrow one. The integral contri-
bution of the narrow line, estimated from double integration
of EPR spectra, varies in the range between 0.1% and 10%—
see Fig. 5.

J. Chem. Phys. 135, 054507 (2011)

L~ e
e
fw
W
W
w

77K

3420 3440 3460 3480

B, G

3360 3380 3400

FIG. 1. EPR spectra of 3Cy in the glassy decalin matrix at different tem-
peratures (noisy curves) and numerical simulations based on Eq. (9) (smooth
curves). Amplification is set to match the intensity of the broad line.

The broad line may be unambiguously assigned to a pho-
toexcited triplet state, 3C59. The shoulders, well-resolved at
77 K at both sides of the spectrum, belong to the Z canon-
ical orientation, when the axis of axial symmetry of the
molecule is directed along the external magnetic field. The
broad line becomes narrower and the outer shoulders diminish
with increasing temperature. This behavior may be readily as-
signed to the reorientation of the molecule. Although the Cyq
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FIG. 2. The same as in Fig. 1, for glassy o-terphenyl matrix.
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FIG. 3. The same as in Fig. 1, for PMMA (average M,, ~ 996 000) matrix.

molecule possesses a preferred axis of rotation directed along
the Z molecular axis, the reorientations must be isotropic for
the sharp outer shoulders to disappear. The well-known pseu-
dorotation of the excited triplet state'°?*> cannot explain these
spectral changes, because pseudorotation occurs around the
Z molecular axis, which would not influence the outer shoul-
ders. So, these changes likely reflect a physical reorientation
of the molecule.

The narrow line in the center of the EPR spectrum was
observed previously for a similar system'’ and was inter-
preted as belonging to a portion of a triplet spectrum aver-
aged by fast molecular rotation. However, this interpretation
is questionable because it requires a very high rate of rota-
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FIG. 4. The same as in Fig. 1, for PS (average M,, ~350000) matrix.
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FIG. 5. The portion of EPR transitions contributing to the narrow line for
3Cy in glassy o-terphenyl (squares) and decalin (circles) matrices.

tion, around 10'' s~!. Such rates for Cy reorientation are
known only in low-viscosity aromatic solvents near the room
temperature.”? The other possible explanation is that the nar-
row line is associated with a Cy( anion radical.>* As both of
these explanations consider the broad and narrow lines sepa-
rately, at present, we focus only on the broad line. (For this
reason the vertical scales in Figs. 1-4 are enhanced.)

Transverse spin relaxation rates of 3C4 were extracted
from ESE decays with increasing delay t between two pulses,
at the field position at the left outer shoulder (see Figs. 1-4) of
the EPR spectra. Examples of experimental traces are shown
in Fig. 6 in semilogarithmic coordinates. One can see that de-
cays are fitted satisfactorily by an exponential function. The
fitting parameter was assigned to the phase memory time, Ty;.
(Note also slight oscillations on the ESE decay. They occur
with Larmor frequency of the '*C nuclei in the magnetic field
applied and on that ground may be unambiguously assigned
to ESE envelope modulation phenomenon.?®)
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FIG. 6. Typical 3C7y ESE decays in semilogarithmic coordinates. The
straight lines present linear approximations, their slopes are ascribed to the
reciprocal values of phase memory times 7.
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Temperature dependences of the Ty~ values found in
different matrices are presented in Fig. 7 as open symbols.
Previously, decays of 3Cyq in decalin and o-terphenyl were
obtained after excitation by a laser pulse;> these data are also
given in Fig. 7 (as triangles). One can see that both types of
experiment provide similar results.

IV. NUMERICAL SIMULATIONS OF EPR SPECTRA

If we suppose a Boltzmann distribution of spin popula-
tions for the spin sublevels, then the EPR absorption lineshape
is given by?’

g (w) = LRe/ exp (—iwt) G (t)dt, (1)
27 0

where w is the microwave field frequency, and
G () =V2Tr (S, 0 (1), @

is an autocorrelation function. Here, S, is the component of
the spin operator (spin value is assumed to be equal to 1), and

o(t)= % exp (—%Hz‘) S, exp (%Hr) , 3)
is the time-dependent density matrix (o (0) = (1/ V2)$,). In
Eq. (2), angular brackets mean averaging over stochastic vari-
ables of the spin Hamiltonian H.

In the first-order perturbation theory, the spin Hamilto-
nian for 3C at X-band EPR may be written in the laboratory
frame as®®

1/D )
H=gB BQSZ+§ ?(3005 6—1)

+E sin? 0 cos 2(,0) (SSZ? — Sz)), )

where By is the external magnetic field, § is the Bohr magne-
ton, g is the g-factor (assumed here to be isotropic and equal
to 2.0029), D and E are dipole-dipole interaction parameters
expressed in magnetic field units, and 6 and ¢ are the polar
and azimuthal angles, respectively, determining the orienta-
tion of the external magnetic field in the molecular frame. In
our case By > D, E, so spin is quantized along the external
magnetic field, and the three spin sublevels are eigenfunctions
of the Zeeman Hamiltonian, 7, Ty, and 7_.

The non-zero matrix elements of S, are

(Tol $x 1T4) = (T¢| Sx |To) = (T-| S« |To)

1
= (Tol $x |T-) = —=. &)
0 NG
Because linewidth (in frequency units) is much smaller than
the Zeeman frequency y By, we obtain from Egs. (1) and (2)

] o0
g (w) = ;Re/ exp (—iwt) {og, 1, (t) + or_7, (2))dt.
0
(6)

The density matrix elements o7, 7, and o7_7, correspond
to the Ty <> T4 and Ty <> T_ transitions between the adjacent
triplet spin sublevels, respectively. Equation (6) implies that
the time evolution of o7, 7, and o7_ 7, may be considered sepa-
rately. The initial conditions are o7, 7, (0) = o7_7, (0) = 1/2.
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The two resonance magnetic field values for the tran-
sitions, Tp <> T4 and Ty <> T, are derived from the
Hamiltonian (4) as

D 3E
Bt = By + 3(300829 -+ > sin’ 6 cos 2¢,
_ D 5 3E .,
B =B0—3(3cos 9—1)—751n 0 cos2¢p. (7)

Recent precise analysis of the *C7y EPR lineshape®” has
showed that D and E values are distributed. D was taken to
be distributed by Gaussian probability, Wp(D) ~ exp(—2(D
— Dy)?/(AD)?), while the distribution of E was determined
by an empirical probability density function in the form
of Wg(E) ~ E -exp(—E?/ Eg). These distribution functions
were also used in our simulations (see Ref. 29 for values of
the parameters Dy, AD, and E in each matrix). For compari-
son with experimental EPR spectra, we consider below that w
is fixed and the magnetic field By is scanned.

We assumed EPR spectra to be immobilized at 77 K and
performed numerical simulation by averaging the two subsys-
tems with the resonance field positions (7) over the angles 6
and ¢. We assumed a Gaussian form for the individual line
broadening f (B) with peak-to-peak linewidth of 3 G:

1
g+(By) = 4—/ WD(D)dD/WE (E)dE
T

x //f <$ - Bi> sin0dodg.  (8)

(See Ref. 29 for further details.) The final spectra were calcu-
lated as a sum G(By) = 1/2(g+(Bo) + g-(By)). Figures 14
present results of the simulations as smooth lines.

Simulations at temperatures higher than 77 K were per-
formed using a simple model of exchange by uncorrelated
jumps between all spectral positions. Since spin evolution
proceeds separately in two two-level subsystems (see Eq. (6)),
we consider these jumps to occur independently in two spec-
tral subsets (transitions Ty <> T and Ty <> T_). In our model,
we dissected the immobilized EPR spectrum (8) on an infi-
nite number of portions characterized by a scanning magnetic
field B, where subscript s denotes the sequential number of
the portion. The probability of a resonance frequency jump
from a given resonance field position was taken as 7.~!, and
we assumed the probability of acquiring a new position to
be proportional to the spectral intensity at this position. So,
the total probability had the form gi(BF)r;!. This model
implies that exchange occurs due to orientational motion of
the molecule by uncorrelated isotropic angular jumps, which
modulates angles 6 and ¢ in Eq. (7).

In this simple model, one can readily get the line-
shape by applying modified Bloch equations (or a stochastic
Liouville equation for the density matrix) for uncorrelated
spectral diffusion within two independent two-level subsets:*

l Z gi(B;t)

T~ 14T, +iy(By — Bt

Gu(Bo=TRe B= 1+iy(By— BT,
Zs:gi( ’ )1 + 7.1, +iy(By — B)z,

9
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FIG. 7. Temperature dependences of reciprocal values of phase memory times 7y obtained from ESE decays (open symbols) and correlation times 7. obtained
from numerical simulation of EPR spectra (filled symbols), for 3C7q in different glassy matrices. For decalin and o-terphenyl, ESE data given by triangles are
taken from Ref. 25. For PMMA, circles refer to average M,, ~ 996 000, and rhombs to average M,, ~ 15 000. For PS, circles refer to average M,, ~ 350 000, and
rhombs refer to average M,, ~ 35 000. For decalin and o-terphenyl, glass transition temperature T is indicated. The lines are drawn to guide the eye.

The intrinsic relaxation time 7,, which is not associated
with molecular motion, is assumed here to be independent of
index s. T, was taken as 5 us for all cases in simulations.
The final simulated temperature-dependent EPR spectra were
taken as a sum, G(By) = 1/2(G+(By) + G_(By)) and were
averaged in the same way as in Eq. (8). The . value was the
only fitting parameter in comparison with experimental spec-
tra at elevated temperatures. Figures 14 show the simulation
results with smooth lines as first derivatives dG(By)/dBj. One
can see quite a good agreement between experiment and sim-
ulation at all temperatures for all systems studied. The filled
symbols in the Arrhenius plot of Fig. 7 show temperature de-
pendences of the best-fitted t.~! values.

V. DISCUSSION

Our EPR spectra of photoexcited fullerene Cyq triplet
molecules in solid glassy matrices show a noticeable narrow-
ing with increase of temperature. This narrowing is described
fairly well by a simple model of random walks within the EPR
lineshape, which implies that molecules undergo isotropic re-
orientations by uncorrelated angular jumps (Figs. 1-4). Sur-
prisingly, we found a single correlation time 7, to be enough
to describe the experimental spectra fairly well (a broad dis-
tribution of correlation times is often required to describe dy-
namical properties of glassy media).

Values of t. extracted from EPR spectral simulations
agree well with ESE data on the T\; phase memory time at
temperatures where both techniques may be applied. This
additionally supports the model of uncorrelated jumps, be-
cause Ty = 7. for this model in the case of slow mo-
tions (when the total narrowing does not yet appear, i.e.,
when yDt. > 1). Note that ESE is more sensitive to slower

motions than CW EPR, because in the former case inhomoge-
neous line broadening is eliminated.

Also note that the observed exponential ESE decays
(Fig. 6) support the above conclusion that correlation time 7,
is not distributed in our case.

Reorientations of a large fullerene C;y molecule oc-
cur many orders of magnitude faster than is known for
other probe molecules in molecular glasses.'™'> An ex-
ception is the case of highly-symmetric probe molecules—
benzene,'? hexamethylbenzene,'* !> tetramethylsilane,'® and
adamantane,'® for which NMR data also indicate fast ro-
tations, with 7. < 107% s. (In some cases, it was also re-
ported that EPR of nitroxide spin labels in molecular glasses
and polymeric systems showed fast reorientations, but this
interpretation seems to be incorrect®). The other important
common feature between fullerene C7y and these symmetric
molecules is that rotations in all cases appear approximately
in the same temperature range, close to ~100 K.

High symmetry is important for fast motion, because for
tetramethylsilane'® and adamantane'? (tetrahedral symmetry
group, T,) the motion is isotropic while for axially symmet-
ric benzene'® and hexamethylbenzene'*~!> (Dg, symmetry)
it is uniaxial. In that respect, it must be noted that although
the C79 molecule is nearly spherical, it has noticeable axial
anisotropy (the Ds, symmetry group). The longest dimension
of the C;g carbon skeleton is equal to 0.79 nm, and the equa-
torial dimension is equal to 0.72 nm.?! Upon photoexcitation
into the triplet state, the symmetry becomes even lower due
to Jahn-Teller distortions. However, these distortions are rela-
tively small.*?

Except for the broad triplet line, we also detected a nar-
row line in the center of the spectrum in all cases (Figs. 1-4).
Its nature is still unclear. As stated above, it may be attributed
to a radical anion C5, or to a small fraction of *C7y molecules
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experiencing fast rotation (7. in a picoseconds time region)
characteristic of liquid solutions of low viscosity. Also, first-
order perturbation theory may not describe the system prop-
erly. Anyway, the nature of the narrow line deserves further
experimental and theoretical exploration. The important em-
pirical fact that must be explained in these studies is the ap-
parent Arrhenius temperature dependence seen in Fig. 5.

The cumulative EPR and ESE data show an apparent low-
ering of the activation energy with temperature decrease be-
low 100 K (Fig. 7). This may be explained by the influence
on ESE decay at low temperatures of an additional relaxation
process resulting from pseudorotations,'*~*23 appearing be-
cause of the dynamic Jahn-Teller effect.

As the size of the C;p molecule is close to 1 nm,
this molecule probes dynamics at nanoscale distances. We
may conclude that nanostructure of glassy media well be-
low glass transition temperature is soft enough to allow sub-
microsecond reorientations of C7y molecular probes.

It is interesting to note in that respect that ESE studies
of distance distribution between D' and Q™ cofactors in
photosynthetic reaction centers show that this distribution
(centered around 2.9 nm) becomes much narrower above
~100 K that is also well below glass transition temperature
for this system. This finding may also be interpreted as a re-
sult of a softness of the nanostructure.

All the systems studied here show very similar behavior
regarding the temperature dependence and temperature region
where motions are detected. This is irrespective of their T,
which is very different for different systems. The only excep-
tion is decalin above ~140 K, where apparent activation en-
ergy becomes noticeably larger than in the other cases. This
is attributable to the fact that the motion here is studied above
T,. So, the fast reorientation found for a nm-sized probe may
reflect some general property of the nanostructure of disor-
dered media.

The abnormally short correlation times and extremely
weak temperature dependences found may indicate that mo-
tion of Cy is related to S-relaxation in molecular glasses (i.e.,
secondary relaxation, Johari-Goldstein relaxation).?* This is
also characterized by short relaxation times and weak tem-
perature dependence compared with primary «-relaxation.
However, peaks ascribed to B-relaxation in o-terphenyl®* and
decaline®> glassy liquids correspond to frequencies several or-
ders of magnitude smaller than t.~' values presented in Fig. 7
for the same temperatures. Therefore, dielectric -relaxation
is a much slower process. Also, temperature dependences of
these frequencies normally are much stronger than tempera-
ture dependences of 7.~ values observed here for reorien-
tations of C79. From the other side, peaks of dielectric S-
relaxation are very broad,>*3> indicating a very complicated
hierarchical pattern of molecular motions in glassy media.
Meanwhile, reorientations of Cyq reflect molecular motion of
a selected size scale, so this may be evidence of only one se-
lected S-relaxation pathway.

VL. CONCLUSIONS

Our results show that nm-sized fullerene C79 molecules
reorient isotropically in solid glassy matrices. The EPR spec-
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tra indicates that motion of a photoexcited triplet molecule
occurs with characteristic times 7, of 1078-10~7 s. Motion
is observed above ~100 K in the same temperature range for
glassy media having essentially different glass transition tem-
peratures: in molecular glasses of o-terphenyl (7, = 243 K)
and cis/trans-decalin (137 K) and in glassy polymeric matri-
ces of PMMA (378 K) and PS (368 K). So, we may conclude
that the nanostructure of glassy media is soft enough to allow
fast isotropic reorientations of large C;y molecular probes and
that this property has a universal nature for disordered media
of different origin.

EPR spectra are simulated fairly well within a simple the-
oretical model based on modified Bloch equations indepen-
dently applied to two spin transitions in the triplet. EPR data
in the slow-motion limit (7, close to 1077 s) are in good agree-
ment with data on ESE decay, which additionally supports the
suggested simple model.

The interesting feature of the observed motion is that
spectral simulation does not require 7. to be distributed over a
broad range (as normally faced when studying motions below
T, — for example, by dielectric relaxation). Also, ESE decays
were found to be exponential, which is in agreement with the
conclusion that 7. is not distributed.

Also, temperature dependences of 7. were found to be
very weak, even much weaker than what is known for sec-
ondary Johari-Goldstein dielectric relaxation in glasses.
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