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Orientational dynamics of C70 molecules in chlorobenzene 
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Dynamics of anisotropy relaxation of C70 singlet excited molecules in chlorobenzene was 
measured at room temperature by the picosecond transient grating technique. The time- 
dependent diffraction efficiency exhibits a two-stage decay: a fast component (xl = 12:1:5 ps), 
which is comparable with the corresponding signal of C60 in chlorobenzene (~ = 8+2 ps), 
and a slow one (x2 = 30+5 ps). It is supposed that relaxation of anisotropy is related 
to the orientational mobility of excited C70 molecules relative to two axes of the molecular 
framework. The results obtained cannot be described by the Einstein--Stokes--Debye 
theory. The Hynes--Kapral--Weinberg theory, which takes into account microscopic inter- 
actions between molecules upon collisions, agrees satisfactorily with the experiment. The 
influence of dielectric friction on the orientational mobility of C70 in chlorobenzene was 
estimated. 
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Considerable at tent ion has been given to fullerenes, 
which is related to the unique  properties of these mole- 
cules, e.g., the unusually high mobility of C60 and C70 
molecules in the solid and liquid phases. I - s  Orienta-  
tional relaxation of C60 in solutions was studied by 
t3C N M R ,  t - s  ESR, 6 and fluorescence polarization 7 
spectroscopies. The orientat ional  relaxation time of C60 
in tetrachloroethane ! measured by t3C N M R  spectros- 
copy at 283 K was 15.5 ps, 16 ps in carbon disulfide z at 
298 K, and 16.9 ps in deuterated toluene 3 at 303 K. As 
far as we know, no studies on the orientat ional  dynamics 
of C70 in solutions have been performed so far. 

We have previously studied s the orientational dynam- 
ics of a C60 molecule in several organic solvents by the 
picosecond transient grating technique.  The observed 
signals of anisotropy relaxation of singlet excited C60 
molecules were assigned to the orientational dynamics 
of the molecular  framework. The times of orientational 
relaxation obtained turned out to be considerably lower 
than those predicted by the Eins te in- -Stokes- -Debye 
(ESD) equation. Good agreement  with experiment was 
obtained within the framework of the microscopic 
Hynes - -Kapra l - -Weinberg  (HKW) theory. 9 Unusually 
short times of orientational relaxation of a C6o molecule 
were observed in decalin and toluene solutions, in which 
the orientat ional  motion is likely inertial and is not 
determined by diffusion. 

In this work, the orientat ional  mobility of C70 in 
chlorobenzene was studied by the picosecond transient 
phase grating technique.  

Experimental 

Details of the picosecond setup were described previously, s 
Unlike C60, the extinction coefficient of the triplet excited 
state of a C70 molecule (crl_rz) is approximately twice that of 
the singlet excited state Est s~ g 2" 103 tool -I  L cm -I (see 
Refs. 10--12). Therefore, the ptcosecond transient phase grat- 
ing technique with crossed polarization of exciting beams was 
used to prevent the effect of long-lived triplet and heat grat- 
ings. A neodymium-glass laser with passive mode synchroniza- 
tion was used as a source of picosecond pulses. The generation 
wavelength was 1055 nm, and the pulse duration after an 
optical modulator and an amplifying system was 6.2 ps. Light 
of the second harmonic light with wavelength 528 nm was 
used for excitation of the C70 molecule. 

To create the transient phase grating, two light excitation 
pulses simultaneously converged on the sample. When the 
polarizations of excitation pulses are perpendicular, their 
interference results only in the distribution of directions of the 
polarization vector, 13 due to which only the phase grating of 
moment directions of the singlet excited C70 molecule transi- 
tion is induced in the sample. Excited C70 molecules were 
probed by light of the first harmonic at 1055 nm. The probe 
pulse was polarized at an angle of 45* to the polarization of 
excitation pulses and diffracted on the phase grating formed. 

Each point in the kinetic dependence was recorded during 
one laser pulse in an automatic mode, and the time delay of 
the probe pulse was established relative to excitation pulses. 
The diffraction signal was recorded and recovered, taking into 
account intensities of excitation and probe pulses.. 

The excitation pulse energy was I to 5 p.I. The probe pulse 
energy was approximately tenfold lower. Sizes of the grating 
and probe areas were 250 to 300 tam and 200 tam, respectively. 
The diffraction signal was registered by a photodiode, ampli- 
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fled, digitized, and processed on a computer. Experiments 
were carried out in a cell 1.0 mm in width at 23+1 °C. 
Concentrations of C60 and C70 were 3" 10 -3 and 1.7- 10 -3 
mol L -I ,  respectively. 

Results  and Discuss ion 

The dependences  of  the diffraction efficiency on the 
t ime delay for ch lorobenzene  solut ions o f  C60 and C70 
are presented in Fig. I. It should be ment ioned  that the 
signal recorded conta ins  a nonresonance  componen t  of  
the pure solvent  a long with a resonance componen t  of  
the dissolved fullerene molecules.  The exper iment  with 
the pure solvent  shows that  the relative contr ibut ion of  
the solvent  to the total  signal does not exceed 20 %. In 
a d d i t i o n ,  the  c h a r a c t e r i s t i c  t ime  o f  the  signal  o f  
ch lo robenzene  caused by or ienta t ional  relaxation of  mol-  
ecules is sufficiently low: ~6 ps according to the litera- 
ture da ta  i4 and our  est imations.  15 The low contr ibut ion 
to the total signal and relatively short  character is t ic  t ime 
make it possible to neglect  the solvent effect at t imes 
greater  than 10 ps. In this region, the t ime dependence  
of  the signal is not  monoexponen t ia l ,  and two character-  
istic t imes o f  re laxat ion are dist inct ly seen, which is 
related,  in our  opin ion ,  to the anisotropy of  or ienta-  
t ional  mot ion  o f  a C70 molecule .  The form of  the C70 
molecule  is presented  with high accuracy by a rotat ional  
el l ipsoid.  The equat ion  for the anisotropy of  rotat ional  
diffusion of  the rotat ional  el l ipsoid was obtained by 
Pemn ui 

r ( t )  = ( 2 / 5 )  [ a l e x p ( - k i  t) + a 2 e x p ( - k 2 t )  + a3exp ( -k3 t ) ] ,  ( I )  

where a~, a 2, and a 3 are constants  depending on the 
angle between the t ransi t ion momen t  and rotat ional  axis 
of  the e l l i p so id ;  k i = 6DL, k 2 = 5D l + Dip and 
k 3 = 2D~. + 4DII; and Dii and D± are the coefficients of  
rotat ional  diffusion around and across the rotational axis 
of  the el l ipsoid,  respectively.  When  the transit ion mo-  
ment  is pe rpend icu la r  to the rotat ional  axis of  the el l ip-  
soid, a i = 1/4, a 2 = 0, a 3 = 3/4, and the t i m e d e p e n -  
dence of  the aniso t ropy is expressed as the sum of  two 
exponent ia ls .  

The diffract ion efficiency for the configurat ion of  
pulse exci ta t ion with crossed polar izat ion can be pre- 
sented in the fo rm 17 

q ( t )  ~ e x p ( - 2 t / ~  0 • r ( t )  2 

exp(-2t/x 0 . [A exp(-t /x I) + B exp(-t/x2)] 2, (2) 

where 

q = (2D L + 4DII)-I, (3) 

~2 = (6D± t)-I, (4) 

A and B are constants  and Ts is the lifetime of the excited 
s t a l e .  

For the C70 molecule ,  x s -550 ps. I°,lt Processing of 
the exper imenta l  data using Eq. (2) allowed one to 
obtain the following values: x I = 12_+5 ps and x2 = 
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Fig. !. a. Dependences of the diffraction efficiency (I o) on 
the time delay (~) for C60 (I) and C70 (2) in chlorobenzene. 
b. Logarithm of the diffraction efficiency. 

30+5 ps. Writ ing the t imes o f  or ienta t ional  relaxation 
around and across the rotat ional  axis of  the el l ipsoid o f  
the C70 molecule  in the form 

~tl,l = 1/6DII,±, (5) 

and using Eqs. (3), (4), and (5), we obtain 

l ±  = 'c2, 

"ill = ( 2 / 3 ) [ 1 / ' ~  I - -  1 / ( 3 x 2 ) ]  - I ,  ( 6 )  

Substi tut ing the xl and T 2 values into Eq. (6), we de ter -  
mine the t ime of  or ientat ional  relaxation around the 
rotat ional  axis of  the ell ipsoid of  the C70 molecule:  
Xll = 9+5 ps. The exper imenta l ly  obtained ratio of  the A 
and B coefficients in Eq. (2) (A/B = 3+0.5) conf i rms 
the perpendicu lar  or ientat ion of  the transi t ion m o m e n t  
to the rotat ional  axis of  the el l ipsoid of  C70. 

The hydrodynamic  ESD theory and H K W  theory 
were used for analysis of  the data obtained.  Diffusion 
coefficients were calculated by the Einstein equat ion:  

Dil,± = kBTl~,il,±, (7) 

where ~lh± is the coefficients of  rotational friction rela- 
tive to the long and short  axes of  the el l ipsoid of  the C70 
molecule .  

In the hydrodynamic  ESD approximat ion  

':ll,± hd = ~ll,±hdl6kb T + TO, ( 8 )  

~11.± h d =  8 n q R 3 / l , ~  . ,  (9) 

where R is the mean d iameter  of  the molecule  under  
study; q is the dynamic  viscosity of  the solvent; fI,-L is a 
coefficient equal to the Perrin factors in the case of  
boundary condi t ions 16 and can be de te rmined  by the 
tabulated dependence ,  Is "r o = (2rt/9)" (I/kaT) il2 (% is 
the t ime of  free rotat ion of  the molecule  s tudied and I is 
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its inertia moment)  under slip conditions. Taking into 
account  van der Waals radii, the framework of  the C70 
molecule is described by an ellipsoid with lengths of  
semiaxes 5.85 and 5.15 A. The mean radius of  the C70 
molecule was taken to be equal to the radius of  a ball of  
equivalent volume (R = 5.37 A). The dynamic viscosity 
of  chlorobenzene (q) is equal to 0.8 cP. The times of  
orientational relaxation (~11 h d =  120 ps and T± ~a = 131 ps) 
calculated from Eqs. (8) and (9) under stick conditions 
~1 st = 0.952 and f j f  = 1.036) are considerably higher 
than the corresponding experimental values. The calcu- 
lation under slip conditions (~11 st = 0 and f±st = 0.01) 
give understated results: Xll st = 4 ps and x±st = 5 ps. 

It is likely that the difficulties of  description of  
orientational relaxation of  C60 and C70 molecules within 
the framework of  the hydrodynamic model are associ- 
ated with the fact that stick and slip conditions are not 
fulfilled at the boundaries of  these molecules upon their 
motion in solvent. The arrangement of  the nearest- 
neighbor molecules is almost uninfringed upon orienta- 
tional motion of  the spherelike C60 and C70 molecules, 
which weakens friction and can result in the slip effect. 
A similar result was observed for the translational move- 
ment of  C6o in benzene. 19 At the same time, no com- 
plete slip is observed, which testifies to the interaction 
between the molecule studied and solvent molecules. It 
seems impossible to estimate this interaction in terms of 
the ESD equation. 

In several works, the microscopic HKW theory 9 was 
successfully used for description of  rotational and trans- 
lational movements  of  spherelike molecules. This theory 
considers the influence of microscopic (collisions) and 
collective (hydrodynamic) effects, in this model, linear 
and angular moments  of  the molecule studied are 
transmitted to the layer of  adjacent surrounding mole- 
cules upon collisions. This transfer is described on the 
basis of  the rough sphere fluid theory. According to this 
model, the coefficient of  rotational friction equals 

~II,jH KW = ~£~lt,j_hdl(~E + ~ll,±hd), (10)  

e,E = (8/3) • ~R 3, (l 1) 

w h e r e  ~11.± hd is taken under slip conditions and 13 is the 
slip coefficient, which characterizes the extent of  micro- 
scopic interaction between the molecule studied and 
solvent molecules upon collisions. When 13 ~ 0, the 
slip boundary conditions are fulfilled a n d  ~L± HKW --~ 0;  
in the case 13 ~ oo, the slip conditions corresponding to 
the hydrodynamic regime and according to Eqs. (10) 
and (11) are the following: ~U,± HKW ~ ~L± hd. 

The slip coefficient can be calculated from the micro- 
scopic parameters of  the molecule under study and the 
solvent molecule 

O = [K,ff(l + Kat,)l(2"rkBT/rt) t/~ OgobR(| + r/R) 2, (12) 

where g = momb/(m a + m b) is the adduced mass; m a 
and m 0 are masses of  the solvent molecule and the 
molecule under study, respectively; r and R are the radii 

of  the solvent molecule and the molecule under  study, 
respectively; 0 is the number  o f  solvent molecules per 
unit volume; gQ~ is the function o f  the radial distribution 
o f  moleculesZ°; K a = la/ma. "~, K b = l ~ m b R  2, and 
/<an -I = ,t[(maKQ) -I  + (mbKn) -I  ] are the adjusted iner- 
tia moments;  and la and I b are the inertia moments  o f  
the solvent molecule and the molecule studied, respec- 
tively. 

it follows from Eqs. (10), (11), and (12) that the 
hydrodynamic regime for spherical molecules takes place 
under the condition w h e r e  ~li,j_hd/~E = 31"1/[3 << 1. For 
fullerene C70 dissolved in chlorobenzene,  311/8 ~- 7, and, 
according to this model, the hydrodynamic  regime is not 
fulfilled. Using Eqs. (5), (7), (10), ( !1) ,  and (12), we 
obtained the times of  orientational r e l a x a t i o n  xlIHKW = 
12 ps and xj_ HKw = 15 ps. The times obtained are closer 
to the real ones, but the relaxation time "tj. HKW is 

considerably lower than the experimental  one. 
The dielectric friction considerably affects the rota- 

tional mobility of  polar molecules. Unlike C60, the 
charge distribution in the C70 molecule is nonuni-  
form. 21.22 This should result in the polarization of  sur- 
rounding molecules and appearance of  the dielectric 
friction. Since the charge distribution in the C70 mol- 
ecule is symmetric,  the dipole momen t  for the whole 
molecule is equal to zero. The absence of  the constant 
dipolar momen t  does not allow one to use the Nee- -  
Zwanzig correlation z3 for estimation of  the dielectric 
friction coefficient. To solve this problem, we used an 
approach suggested by Alavi and Waldeck. z4 These au- 
thors obtained the equation for the dielectric friction 
coefficient that makes it possible to take into account  
the charge distribution in the molecule 

8 (Es-l)  ~ . ~ .  ~ L 
- ~"~A" M 3 B (13) 

~,DE = a (2E s + I) 2 ~;O" " , j=l i=t L=I M=I 

( 2 L + I ~ ( L - M ) !  
where A = k ~ j ( L + M ) ! ,  

( r ~L(r ~L 

where PLM(x) are Legendre polynomials, a is the radius of  
the area in which the molecule under study is present, N 
is the number of  the charge, and qi is the charge on the tth 
atom. The position of the /th atom is specified in. the 
spherical system of coordinates (ri ,  Oi, tpi) , q~ji = ~ j  --ffJi,  "C D 
is the time of  dielectric relaxation of  solvent molecules, 
and ~s is the static dielectric constant of  the solvent. Two 
variants of  charge distribution on atoms in the C70 mol- 
ecule taken from Refs. 21 and 22 were used for calcula- 
tion by Eq. (13). The value of  a was taken equal to the 
mean radius of  the C70 molecule, taking into account van 
der Waals radii; static dielectric constant of  chloroben- 
zene ~5 = 5.7; and dielectric relaxation time of  chloroben- 
zene XD = 12.5 ps. zs Since the axis of  symmetry of  the 
charge distribution in the C70 molecule coincides with the 
axis of  rotation of this molecule, the dielectric friction 
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coefficient ~o~" enters only into the equation for D L: 
D± = kaT/(~. L + ~OE), and 

tOE = ~DE/6kaT (14) 

should be added  to the t ime of  or ienta t ional  relaxation 
around the shor t  axis o f  the ell ipsoid.  

Using Eqs. (13) and (14), we obtained the values of  
xoE equal  to 5 and 7 ps for two different variants of  
charge dis t r ibut ion taken from Refs. 21 and 22, respec-  
tively. 

Taking into account  the dielectr ic  friction, the total 
t ime of  or ien ta t iona l  relaxation around the short axis of  
the el l ipsoid in the H K W  model  is 20 to 22 ps and close 
to the exper imenta l  value. 

Thus,  the dynamics  of  anisot ropy relaxation of  ex- 
cited C70 molecu les  in ch lorobenzene  was measured by 
the picosecond transient grating technique.  The possibility 
of  expla ining t ime parameters  o f  the exper imenta l  signal 
using concepts  of  the or ienta t ional  mot ion  of  the mo-  
lecular  f ramework was shown. The hydrodynamic  ESD 
approach  canno t  explain the short  t imes of  or ienta t ional  
relaxat ion observed in exper iments .  The H K W  model ,  
which takes into account  microscopic  aspects o f  col l i -  
sion in terac t ions  between the molecule  under  study and 
solvent molecules ,  is the most appropr ia te  for descript ion 
of  the or ien ta t iona l  mot ion  of  such spherel ike molecules  
as C60 and C70. The dielectr ic  friction coefficient o f  the 
C70 molecule  in ch lorobenzene  was de te rmined  and the 
addi t ion  to the  or ienta t ional  relaxation t ime was esti-  
mated  from the charge dis t r ibut ion on a toms in the C70 
molecule .  
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