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Dynamics of photoexcited donor-acceptor complexes 
between C60 and N,N-diethylaniline. 

Polarization picosecond spectroscopy study 
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The kinetics of  the formation and decay of photoexcited radical ion pairs of donor- 
acceptor charge-transfer complexes between C6~ and N.N-diethytaniline (DEA) in chlo- 
robenzene was studied by picosecond laser-induced diffraction gratings. It was established 
that the amsotropy of polarization of  the diffraction signal decreases as the concentration of 
DEA increases. The radical ion states of the photoexcited C60-...DEA + complex have zero 
aniso:ropy. This effect is likely due to the isotropic intracomplex transfer of an electron from 
the local excited state to the radical ion sta:e. The rate constant of quenching of the sin~et 
excited C60 by N,N-diethylanilJne (1.4-101° L tool -1 s - j )  and the lifetimes of  the solvent- 
separated C60-...DEA + and tight [C60-...DEA +] (95+7 and 31+4 ps, respectively) radical ion 
pairs were measured. 

Key words: fullerenes, charge-transfer complexes; electron transfer; picosecond laser 
photolysis, polarization picosecond laser-induced gratings. 

In previous experiments  with picosecond induced dif- 
fraction gratings, it has been shown that optical anisotropy 
of  the diffraction sagnal is observed for solutions o f  
fullerenes C60 and C70 in organic solvents. I - 8  The kinetics 
of  the decay of  the anisotropic response is caused mainly by 
the orientational rotational mot ion  of  the fiallerene moI-  
ecules. For several typical organic solvents such as toluene, 
dichtorobenzene, xytene, ni trobenzene,  decalin, and oth- 
ers, the times o f  the orientat ional  rotational relaxation of  
fullerenes C60 and C70 are anomalously low compared  to 
those predicted by the Debye--Stokes- -Eins te in  theory. 
This was explained in terms o f  the theory of  rough spheres, 
which adequate ly  descr ibes  or ienta t ional  m o t i o n  for 
boundary conditions close to free slipping conditions, i.e., 
the absence o f  a chemica l  bond between the fiallerene and 
solvent molecules. 1-8 In this work, N,N-diethylanitine 
(DEA) or  its mixture with dichlorobenzene were chosen as 
solvents. Similarly to o ther  tertiary aromatic amines, D E A  
forms a donor-acceptor  complex  with C60. The kinetics of  
relaxation o f  radical  ion  pairs (RIP) fo rmed  during 
photoexcitation o f  the complex  has been studied previ- 
ously. 9 - H  The purpose o f  this work is to establish the 
character of  the optical anisotropy during excitation o f  the 
charge-transfer complex  (CTC)  between C60 and D E A  by a 
polarized light pulse. 

Experimental  

The picosecond induced diffraction gratings method was 
used. A schematic diagram is presented in Fig. I. The setup 

and method have been described previously. 1--8 The method of 
ordinary gratings was used: two exciting pulses with intensities 
of Iexc.l and /exe,2 have parallel polarization. Eexe, 1 tl Eexc.2. 
According to the interference light field, a periodic pattern of 
optical density and refraction index appears in the medium. A 
third pulse delayed in time is diffracted by the periodic 
structure in the medium. The detected intensity of  the diffrac- 
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Fig. 1. Schematic optical diagram of the experiment (a): 
1, Glan polarizers; 2. photodiodes; 3, analog-to-digital con- 
verter combined with a computer; Iexc, exciting pulse: 
]p, probing pulse; I d, diffraction pulse. The mutual orientation 
of polarization of exciting (b), probing (c), and diffraction 
pulses (d) is shown. 
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Fig. 2. Scheme of levels and resonance transitions determin- 
ing the diffraction signal. 

tion signal is ld - lexe.l'Iexc.2"Ip (lp is the intensity of the 
probing pulse). In the general case. the efficiency of  the 
diffraction signal (rl) is determined by the amplitude (AJg) 2 and 
phase (&n) 2 components: 

= ta/Ip = a(t~9) ~- + b(~n) 2, (1) 

where AD and zxn are changes m the absorption coefficients 
and the refraction index along the grating, respectively, i.e., 
the difference between these values in the maxima and minima 
of the interference pattern. Experiments 3 - s  with C6o have 
shown that the contribution of the phase component is negli- 
gible in excitation with light at Xex c = 528 am and probing at 
1055 nm, because the signal is determined by resonance opti- 
cal transitions. The generaI scheme of the resonance optical 
dipole transitions participating in the formation of the diffrac- 
t/on signal is presented in Fig. 2. The intensifies of the two 
components of the diffraction signal with parallel (Idl l) and 
perpendicular (Id -L) polarization relative to the polarization of 
the exciting light are determined by the population o f  the 
states and the mutual orientation of the dipoles of  optical 
transitions la0b rq3, and 1a24. The optical anisotropy, R(t), 
depends on the mutual orientation of  the dipoles of the 
molecular optical transitions: I2 

R(t) = (2/5)<P2[gab(t = O)-v=~(t)l>, (2) 

where P2 is the Legendre polynomial. The R(0 value can be 
experimentally determined from the intensities of the IdH and 
ld I components of the diffraction signal: 

Thus, this method allows one, in principle, to measure the 
kinetics of  relaxation of  excited states and the correlation times 
of dephasing of  optically polarized states. 

The pulse duration was 6 ps, and the wavelengths of  the 
exciting and probing pulses were 528 and 1055 nm, respec- 
tively. Polarization of  exciting pulses was vertical, and the 
angle of  beam convergence was 0.02 tad, which corresponds to 
a pattern with a period of 50 ~tm. The size of  the grating area 
was 250--300 ~sm. The energy of the exciting pulse was 5 gJ, 
and that of  the probing pulse was ten times lower. The 
polarization of  the probing pulse was directed at an angle of 
45 ° to the polarization of  the exciting putse. The Idll and Ie- 
components were separated from the diffraction signal by a 
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Fig, 3. Dependence of the intensity of  the diffraction signal 
(fd) on the delay time at different concentrations of DEA in 
the Cr0--DEA--PhC1 system: [DEA] (vol.%) = 0 (1), 2 (2), 
8 (3), i5 (4), 30 (5), and 100 (6). 

Glan polarizer. Both signals were sirnuRaneously detected by 
photodiodes. Signals were detected and the delay path length 
was established automatically using a computer. 

Solutions of  C60 with a concentration of  5 - I0 -3 tool L -1 
were used. Experiments were carried out in a quartz cell 
0.4 mm thick at 23+1 °C. 

Results  and D i scus s ion  

The kinetics of  the diffraction signal I d at different 
concentrat ions o f  D E A  is presented  in Fig. 3. When  delay 
t imes are short (0--20 ps), the Ida(t) and IdOl(t)compo- 
nents o f  the diffraction signal differ,  which  indicates that  
an amsotropy signal exists in this t i m e  interval.  

The  kinetics o f  the decay o f  a n i s o t r o p y  R(t) at differ-  
ent  concent ra t ions  of  DEA is s h o w n  in Fig. 4. An  
increase in the  concen t ra t ion  o f  D E A  m a i n l y  results in a 
decrease in the  initial value o f  t h e  an iso t ropy  signal 
Rr=0. The  characteris t ic  decay t i m e  o f  R ( 0  (within ex-  
per imenta l  error) is independen t  o f  t he  concen t r a t ion  o f  
D E A  and almost  coincides  with t h e  charac ter i s t ic  t ime  
of  the anisotropy decay of  C60 in n e a t  ch lo robenzene .  
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Fig. 4. Dependence of the anisotropy signal (R(I)) on the 
delay time at different concenrxat ions of  DE& in the 
Cr0--DEA--PhCI system: [DEA] ( r o t . % ) =  0 (/), 8 (2), 
15 (~ ,  and 30 (4). 
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The concentrations of  free C6o and the [C60... DEA] 
complex are determined by the equilibrium: 

Cso + DEA _ If - CSo...DEA, (4) 

K = 0.29 L mol -I  (see Ref. 10). 

The action of  the laser pulse results in the formation 
of excited C60 molecules (for fullerene molecules un- 
bound in a complex) and photoexcited CTC. A previous 
study of  the spectra of the excited complexes 10 showed 
that the photoexcited complex is a tight RIP. The 
formation of  the laser-induced gratings occurs due to 
the excitation o f  both unbound C60 molecules and CTC. 

Cso + hv ~ Cso(S~), (5) 

CSo...DEA + hv -+ Cso-...DEA § (6) 

The absorpt ion spectra o f  s inglet-exci ted C6o($1) and 
C60-.. .DEA + RIP partially overlap, since the absorption 
band of  the singlet-excited C60(S1) has a maximum near 
940--980 nm, 13--Is and a maximum in the absorption 
spectrum of  the C60- radical anion lies at 1070 run. 16 
Therefore, the efficiency of diffraction at k = 1055 nm 
is determined by the sum of  the contributions of  absorp- 
tion from C60(Sl) (ADen0) and C60- (ADCT)- 

q - (zkDc.6o + Z~DCT) 2 (7) 

Relaxation of  the signal o f  the laser-induced grating 
are caused by both the relaxation of excited states: 

cso- ...OEA § ~ c~o + DEA (:c), (8) 

Cso(Sd -*  C6o (x'), (9) 

Cso(Sl) + DEA k q ,  C6o- .--DEA +, (10) 

(% is the relaxation time of  RIP; x" is the lifetime of 
C60(Sl); kq is the quenching rate constant of  excited 
C6o($1)) and processes related to the relaxation of opti- 
cally induced polarization in the system. The anisotropy 
of  the diffraction signal (R) reaches zero when time 
delays >20 ps. (Relaxation o f  polarization will be con- 
sidered in detail  below.) 

Let us consider the decay kinetics of the diffraction 
signal I d at delay times >20 ps when anisotropy of the 
diffraction signal is almost absent. The I d signal gives 
information on the concentration of excited states in the 
system and is determined by the relaxation kinetics of  
singlet-excited C60(S l) and RIP.  The experiments were 
carried out with the same thickness of  the cell and the 
same intensities of  the probing pulse; therefore, the total 
diffraction signal can be expressed through the concen- 
trations of the excited C60(S l) and [C60-.. .DEA +] CTC: 

l d -  (~z~, o" [C60(S1)] + ~CT" [C60----DEA+]) 2, (11) 

where z~z'c60 and ~CT are the  differences between the 
extinction coefficients in the gTound and excited states 

of the C60 molecule and complex  at ), = 1055 nm, 
respectively. 

Solving the system of  differential  equations for reac- 
tions (5), (6), (8)--(10) and inserting the determined 
expressions for concentrat ions into Eq. (11), we obtain 

Id( t) ~ [Aexp(-kct) - Bexp(--keff/)]2, (12) 

where k e = 1/%; kr = kq[DEA] + 1/z" (z c is the 
lifetime of  RIP); A and B a1"e coefficients depending on 
the initial concentrations [C60($1)]0 and [C60- . . .DEAl0 
after the exciting pulse and on the ze, z*, and kq values. 
The lifetime of C60($1) (z*) is known and is equal to 
1200'___ 100 ps.13--15 Equation ( t 2) predicts biexponential  
decay kinetics Id(t). In fact, the experimental t ime de-  
pendences of the diffraction signals can be described 
best of all by the difference between two exponents. This 
can be seen from Fig. 3, which presents the theoret ical  
curves obtained after the fitt ing procedure of  Eq. (12) to 
experimental points along with the experimental curves. 

The decay of  the diffraction signal becomes bi- 
exponential at the initial delay times when delayed 
decay of the diffraction signal is observed, which is 
probably related to an addi t ional  accumulation of  RIP 
due to quenching of  excited C60(S1) (see reaction (10)). 
The determined value of  the quenching rate constant  of 
excited C60(SI) , kq = (1.4+0.6)"  10 I~ L tool - l  s -1, is 
independent of  the concentra t ion of  DEA in the solu- 
tion. The kq value almost coincides  with the diffusion- 
controlled quenching constant  (1.6-  10 l~ L tool - I  s -1) 
calculated for solutions o f  C60 and DEA in chloroben-  
zene. 

The treatment of the exper imental  curves at different 
concentrations of  DEA in a solut ion using Eq. (12) gave 
the values of relaxation t imes  xe. The determined relax- 
ation times of  RIP differ not iceably at low and high 
concentrations of DEA in the  solution. When the con-  
centration of  DEA was high (from 8 to 100%), the 
relaxation time of  RIP was zcj  = 31+4 ps and de- 
pended slightly on the content  o f  DEA in the solution. 
When the concentration of  D E A  was low (0.5 and 2%), 
the relaxation time of  RIP was %,2 = 95+7 ps. This 
indicates that the RIP formed in the solution have 
different natures. When the concentrat ion of D E A  is 
low, C60 exists predominant ly  in the bound form. The 
quenching of singlet-excited C60 results in the appear-  
mace of RIP with a long lifetime. When the concentra-  
tion of  DEA is high, the signal from RIP formed in the 
excitation of  the complex predominates .  The l ifetime of  
these pairs is short. In the first case, RIP can be 
considered to be solvent-separated RIP, and in the 
second case, to be tight pairs. The stronger electron- 
electron interaction in tight pairs causes a higher rate 
constant of relaxation of  this state, x7 The processes of  
the formation and recombinat ion  of  solvate-separated 
and tight RIP can be presented as follows: 

CsO...DEA + hv ~ Cso-/DEA +, (I3) 

Cso(S~) + DEA --, Cso-//DEA § (14) 
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C6o-/DEA + ~ C6o...DEA (-c:.l), (15) 

C60-//DEA + -.). C60...DEA (xc,2). (16) 

Anisotropy of  the diffraction signal. Analysis of  the 
observed anisotropy R(t) makes it possible to estimate 
the value of anisotropy of the polarized state of  tight 
RIP (rCT). As can be seen in Fig. 4, when the content of 
DEA increases, a monotonic decrease in the amplitude 
of  the R(t) signal is observed, but the characteristic 
decay time of  R(t) remains unchanged. This indicates 
that the anisotropy of  the diffraction signal is caused 
mainly by unbound C60, and the anisotropy of  the 
radical ion pair rCT is either insignificant or equal to 
zero. These qualitative observations are confirmed by 
the more detailed analysis of  the anisotropy signal at 
different concentrations of DE_A. For example, the fol- 
lowing equations can be written for the vertical (Iail)r~ 0 
and horizontal (Ida')r-_0 components: Is 

(Ia!!)r~0 = C" {(~e'r �9 [Cr0(SI)]0" GiCr0) + 
+ (~eCT" [C60- ---DEA+]0" GtCT)} 2, (17a) 

(Id~),-,,o = C" {(~'C(,o" [Cro(S0]o " OC.(,o) + 
+ (,~'.~-'T" [C6o- ---DEA+]o " G-Lc'r)} 2, (17b) 

where the factors Ol~0 = l + 2r%0, (71c.- r = l + 2ra t  
and GJ-cr0 = 1 - re60, CrUeT = 1 -- re-- r are determined 
by the values of  the initial anisotropies rc60 and rOT for 
C60($1) and the [Cr0-.. .DEA +1 complex in chloroben- 
zene, respectively; C is a coefficient that depends on the 
intensities of the exciting and probing pulses. 

The concentra t ions  o f  excited Cr0(S ~) and 
[Cr0-.. .DEA § are related to the intensity of the probing 
pulse by the correlations: 

c~C(,o],=x r + "t~.~, o 
(18) 

k[C60... DEA]ccr/~xr 
[ c ~ ~  DEAl~ = '~cr:~:,o' + ~ -  _ , (19) 

where k is a coefficient that depends on the duration of  
the exciting pulse; ~c60 and ~SCT are the absorption cross 
sections for C60 and the [Cr0...DEA] complex at 528 nm, 
respectively. Since the diffraction signal is proportional 
to the square of  Iexe, the conditions are far from satura- 
tion of  the optical transition, and the concentrations of  
excited states are proportional to the concentrations of 
free C60 and the complex: 

[C6o(S~)}0- [c~0]~c~ (20) 

[C60- .DEA+]0 ~ [Cr0...DEA]ccT (21) 

The last two equations make it possible to express 
the anisotropy R~0 through the ratio of concentrations 
of  free C60 and CTC and through the ratio of  extinction 

coefficients for different transitions in C60 and in the 
complex: 

o + Ic DEAJ) [C6o1 ) , (22a) 

I~" ~(G~6 o + EG~-r. [C~~ [C~ ] ' (22b) 

where E = (~c-r~CT)/(~C6o~'C~o). The concentrations 
of  C6o, the complex, and DEA are related by the corre- 
lation [Ceo...DEA] = K-[C6o] " [DEAl.  The E value can 
be estimated from the dependence o f  the intensity of 
diffraction Id on the amine concentrat ion at delay times 
when the diffraction anisotropy becomes zero, the con- 
dition /all = Id ~- is fulfilled, and the  increase in l d due to 
the decay of  excited states is still insignificant. In this 
case, the diffraction signal depends only on the E coeffi- 
cient and the concentration of  DEA:  

:d - (I + EK. [DEAl / "  i ~  ) " ( :3) 

The best fitting of  the experimental points and the 
curve corresponding to expression (23) is achieved at 
E = 5.54-0.5. Thus, the initial anisotropy rCT can be 
determined at different concentrations of DEA from the 
observed anisotropy Rr=0 using correlations (22). The 
re60 value o f  free C60 in chlorobenzene was used for the 
solution o f  the equations. The determined value r a t  = 
0• is independent of  the concentrat ion of  DEA in 
the solution. 

The fact that the anisotropy in  the RIP state is zero 
confirms the even distribution o f  RIP relative to the 
direction o f  the vector of  polarization of  the exciting 
light. In the general case, when molecules  are excited by 
polarized light, photoselection occurs  due to the pre- 
dominant excitation of those molecules whose transition 
momentum coincides with the vec tor  of  polarization of 
the exciting light. When these molecules are probed by 
the polarized light, the diffraction signals ldll and Id-' 
differ to give an anisotropy value no t  equal to zero. The 
nonzero vector o f  the transition momentum ~ must 
correspond to the excitation process (see reaction (6)); 
therefore, irradiation with polarized light will result in 
the predominant excitation of  those complexes whose 
maximum component  of  ~ is directed the same way as 
the vector of  polarization of  t he  exciting light Eex c- 
Thus, direct photoexcitation with polarized light to the 
RIP state (see reaction (6)) suggests the existence of 
photoselection for RIP and non~ero anisotropy. It is 
noteworthy that the times of  orientational rotational 
relaxation of  fullerenes in solutions are 7--12 ps, and the 
limiting time of  orientational rotational relaxation of 
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C60 under the conditions of free motion is about 3 ps. 
Therefore, the fast depolarization of the cha~e-transfer  
state is not related to the rotational dynamics of 
fullerenes. 

The zero value of rCT can be due to the existence of 
a local state, into which the complex is transformed 
immediately after excitation. Since the absorption spec- 
tra of Cs0(Sj) and Cs0-...DEA § overlap, it is easy to 
suggest that this local state is in the form of a 
C60(SI)...DEA complex at the first moment  the excita- 
tion is localized on the fuIlerene molecule. Then a 
charge-transfer state is formed due to nonradiative tran- 
sition related to electron transfer in the complex: 

Cs0(S1)...DF.~ ~t ,. Cs0-...DEA+. (24) 

Therefore,  the polar izat ion is equal to zero for 
C60-...DEA + if the electron-electron interaction (I0 of 
Cs0(SI)...DEA with Cs0-...DEA + has an isotropic char- 
acter. According to modem concepts, in the general 
case, the Vvalue is a tensor. 19 For this particular case, it 
can be expected that the high symmetry of the C60 
molecule causes the electron transfer in the complex to 
be isotropic and the loss of polarization in the charge- 
transfer state. Analysis of the time dependence of the 
diffraction signal using Eq. (12) assumes the existence of 
a nonzero concentration of RIP already at the initial 
delay times, immediately after the excitation pulse. 
Therefore, electron transfer via reaction (24) must be 
faster than the resolution time of the experiment, i.e., 
(ket) -1 < 1 ps. 

Thus, the results obtained allow us to draw the 
following conclusions. 

I. In experiments with picosecond laser-induced grat- 
ings, the kinetics of the diffraction signal I d during 
excitation with light at ~xc = 528 nm and probing at 
the wavelength of 1055 nm in the Cs0--DEA--PhCI 
system are determined by the singlet-excited states 
Cs0(St) and RIP C(,0-...DEA + and by the dynamics of 
quenching of the excited C60($1) by diethylaniline. 

2. The determined relaxation times of RIP differ for 
low and high concentrations of DEA in the solution. 
The dependence of the relaxation time of RIP on the 
content of DEA is explained by the fact that tight and 
solvent-separated RIP with different relaxation times 
exist in the solution. 

3. Anisotropy of the diffraction signal [d is caused by 
unbound C60. The anisotropy of the state of the tight 
RIP within the experimental error is equal to zero, 
which is related to the fast isotropic transfer of an 
electron from the local excited state in the complex to 
form the radical ion state. 

This work was financially supported by the Russian 
Founda t ion  for Basic Research (Project  Nos. 
95-03-08247a and 96-03-33755). 
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