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Abstract 

The molecular dynamics after the photoexcitation of I ',Y,Yotrimethyispiroo8-aitro(211-1 °benzopyran-2',2'-indoline) (8.nitroBIPS) were 
investigated by the transient grating ('1"(3) method. When the excitation laser power is low, the TG signal consists of three components which 
reflect the themml diffusivity in the solution and the translational dif|usion of the colourless and coloured forms of 8°nitroBIPS. The diffusion 
constant of the colourless tbrm is found to be approximately 1.5 times larger than that of the coloured form, and this result is explained in 
terms of the photoinduced electric dipole moment of the coloured form. With stronger excitation light, another new TG signal is observed in 
the longer tim~ region in non-polar solvents. This signal is attributed to the intensity grating produced by probe light scattering due to the 
microcrystah of 8-nitroBIPS. From the temporal profile of this new TG signal (aggregate grating signal), the dynamics of the aggregate 
formation process can be investigated. 
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1. Introduction 

Spiropyrans are prototypes of photochromic molecules, 
which have attracted the interest of scientists for a long time 
from various points of vie~v [ l ]. On UV photoexcitation of 
a spiropyran in its colourless form (A), it is converted to a 
coloured merocyanine form (B). The merocyanine form is 
usually converted back to the original form thermally. How- 
ever, if the spiropyran contains a nitro group and the photo- 
chromism occurs in non-polar solvents, another process, 
photoinduced aggregation, is sometimes observed. Com- 
pared with the extensive research carried out on the photo- 
chromic process, studies on aggregation, in particular the 
kinetic aspects of aggregate formation, have been very lim- 
ited. In this study, we use the transient grating (TG) method 
to reveal the molecular dynamics after photoexcitation of 
1',3',Y-trimethylspiro-8-nitro(2H-l-benzopyran-2',2'- 
indoline) (8-nitroBIPS) in polar and non-polar solvents: 
translational diffusion and aggregation. 

Krongauz and coworkers [2-8] investigated the quasi- 
crystal formation on UV irradiation of 6-nitroB!PS in non- 
polar solvents. They found that dimers AB and complexes 
A,,B (n = 2, 3) are combined to form mierocrystals. These 
microcrystals wear amorphous envelopes which have smaller 
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dipole moments than the microcrystals producing globules. 
The globules have very large permanent electric dipole 
moments. If a static electric field is applied to the solution, 
the globules form a string of bead structures (quasi-crystals) 
on a macroscopic scale due to the electric interaction between 
the field and the dipoles. Sate and coworkers [9=11] pro- 
duced much larger aggregates by prolonged irradiation and 
discussed their molecular structures in terms of resonance 
Raman spectra. They also measured the temporal profiles of 
the absorption spectra at the merocyanine monomeric bar, d 
and observed anomalous non-exponential decay behaviour, 
which was interpreted in terms of the deaggregation process 
of small aggregates. Kalisky and Williams [ 12,13 ] studied 
the transient absorption spectra of substituted 6-nitroBIPS. 
They observed a slow progressive red shift in the 640--670 
nm region on photoirradiation and attributed the shift to the 
formation of J-aggregate-like stacks consisting of AB or A,B 
(n=2,  3). 

In this paper, we aim to clarify the formation proces~ of 
small aggregates (microcrystals) by the time-resolved TG 
method. First, we investigate the translational diffusion of 
the A and B forms in ethanol and cyclohexane (Scheme I ). 
When the excitation light is sufficiently weak, the observed 
TG signal consists of three exponential decays. One is attrib- 
uted to the thermal grating signal produced by the heat releas- 
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this equation were calibrated using the D value of water 
( D f 2 . 5 4 X  10 -9 m 2 s -~ at 30 °C) under the same experi- 
mental conditions. 

8-nitroBIPS (Easmmn Kodak) was used as received. Eth- 
anol and cyclohexane (spectrograde from Naealai Tesque) 
were used without further purification. The concentration of 
the sample was 0.5 mM for the observation of the monomer 
diffusion process. 

ing process and the other two to the diffusion processes of 
the A and B forms in the solution (the species grating signal). 
From the former and latter components, the thermal diffusiv- 
it), and the translational diffusion constants (D) of the A and 
B forms respectively are determined. D of the A form is found 
to be about l.S times larger than that of the B form, and the 
cause of this difference is di~ussed. Interestingly, when the 
power of the excitation laser is increased, another type of TG 
signal is observed over a much longer time range, This TG 
signal is due to aggregate formation; the signal is attributed 
to the intensity grating produced by probe light scattering due 
to the aggregates. The kinetics of formation are examined on 
the basis of a diffusion-controlled reaction model. 

2. Experimental details 

The TG experimental set-up was similar to that reported 
elsewhere [14-22]. Briefly, the third harmonics of an 
Nd:YAG laser (Spectra Physics DC-ll ;  A=355 nm) was 
used as excitation light. An HeiNe laser (A ffi 633 nm) or Ar 
ion laser (Uniphas¢ 2213) was used as the probe b~am. The 
TG signal was detected by a photomultiplier (Hamamatsu 
R928) and the temporal profile was averaged by a digital 
oscilloscope (Tektronix 2430A). These data we~ transferred 
to a microcomputer for further analysis. The repetition rate 
of the excitation beam was about 2 Hz, When the dynamics 
of the ~ g a t i o n  process were monitored, a flowing sample 
was used to i~v~nt large ~gregat~s from remaining in the 
illumkmtcd region, The fringe spacing (A) was determined 
from the decay rote of the thermal grating signs| in a methyl 
rcd~eaizen~ solution [ 16], The TG experiment was per- 
formed at room teml~,rature and the power of the pump beam 
was ~ x i m a t e l y  2 0 J  per pulse for the observation of the 
diffusion process, 

The spin echo method was used for the measurement of 
the self-diffusion constant of 8-nitmBlPS by an NMR (JEOL 
JNM-BX270, widc~hote type) spectrometer, Tho sample was 
contained in a 5 nun sample robe, A homospoil coil of the 
spectrometer was used to generate the magnetic field gradient 
(G) p u l ~ .  The spin echo signal was analysed by the relation 
[23] 

l~ ot exp[ - .~G~B~D(d - B/3) ] 

~:'he~ y is the magnetogyric ratio of the proton, 6 is the 
gradient duration and d is the interval between the r.f. and 
gradient pulses. The parameters employed to determine D in 

3. Results and discussion 

3.1. Diffusion processes of spiropyran monomers 

After UV irradiation of the spiropyran A form, it is con- 
vened to the coloured B form (Scheme I ) [ I ]. At the same 
time, the excess energy from various relaxation processes is 
released to the matrix as heat. Therefore if the solution is 
irradiated by spatially sinusoidally modulated light, the same 
modulations of temperature and concentration of the created 
B form, as well as the antiphase modulation of the A form by 
del~letion, are created in the solution. Since the refractive. 
index and absorbance are functions of the temperature and 
concentration of these species, these modulations act as the 
(trm'sient) grating which can be monitored by another probe 
beam (the TG signal). The time profile of the TG signal from 
such a photoinduced reversible chemical reaction system has 
been analysed previously. The intensity of the TG signal 
(/l'o(t)) is given by [ 24 l 

l~(r) ~al~(t) l" + ~[ 8k(t) I ~ (I) 

where 8n and 8k are the peak to null differences of the refrac- 
tive index and absorbance respectively. The temporal profiles 
of the &z(t) and 8k(t) terms can be obtained by solving the 
diffusion equations and are given by [ 16] 

8n(t) ~ 8n~ e~p( - D~q~t) + 8n~ ¢xp( - D^q2t) 

+ ~n ° exp[ - (Daq 2 + ka^)t] 

8k( t) = gk ° exp(-D^q~t)  + ~o exp[ - ( Daq 2 + kn^)t] 

and 

Daq - D ^  ~n,=-lAblSn. uaq--u^q" 
- ~,Daq~_ D^q ~ + kaA 

~2=[Abl(gna_gnADnq 2 ks^ __~ - D^q 2 + kB~l 

2 2 xt, __ Dnq ~ - D^q Z 
~k, ~ - [ Abl,,,,^Daq 2_ DAq2 + kaA 

kB. 
6k2ffi l Ab](gk.-gkADaq2 D^q2 +k J 

where ks^ is the rate constant of the back chemical reaction 
process from the B form m the A form. The subscripts th, B 
and A denote thermal and the b and A forms respectively. 
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Fig. i. Typical tin~ profile of the TG signal after photoexcitation of 8- 
nitroBIP$ in ethanol probed at 633 nm (a) and 458 nm (b) (broken lines). 
The signals in the fast time region originate from the thermal grating at both 
wavelengths, The slower part is due to the species grating. The full lines are 
the best-fit curves to F_,q. 2 in (a) and F,q. 3 in (b). 

[,~b] is the concentration change of the B form by photoex- 
citation and q is the magnitude of the wavevector of the 
grating. 

The observed TG signal after photoexcitation of 8- 
nitroBIPS in an e~hanol solution probed by an He-Ne laser 
is shown in Fig. 1 (a). The initial spike-like TG signal is due 
to the thermal grating, which decays with a tiwe constant of 
thermal conduction between the fringes (Dd, q2). After the 
signal reaches the baseline, it rises to another peak and then 
decays again. This decay curve is well expressed by a single- 
exponential function as shown in Fig. l(a).  The time con- 
slant of the decay is about 2-3 orders of magnitude slower 
than the thermal diffusion time, which indicates that the decay 
represents the species diffusion between the grating fringes 
(the species grating). 

The chemical species giving rise to this species grating can 
be easily identified from the absorption spectra of the A and 
B species. All of the absorption bands of the A species ate 
located at wavelengths shorter than 400 nm, whereas a strong 
absorption band is observed at approximately 550 nm for the 
B species. The stronger absorption band near the probe wave- 
length may ~ the origin of the strong gratin~j signal. Since 
there is a dip between the thermal grating signal and the 
species grating signal, the species grating should consist of a 
phase grating with a positive sign. Therefore/To of Eq. ( 1 ) 
can be reduced to 

, / 2  = o~, /eSnO l~-o (t) exp[ - (Dsq 2 + ke^)t] (2) 

In Fig. 2(a), the decay rate constant of the species grating 
signal (k) is plotted against q2. The plot gives a straight line 
with a small intercept, which indicates that the lifetime of the 
B species in ethanol is sufficiently longer than the diffusion 
time between the fringes. Indeed, the lifetime of the B form 
is very long compared with the time scale of this TG meas- 
urement in ethanol (Dq2:~kBA ~ 10 -4 s - t )  [25]. The dif- 
fusion constant of the B species determined from the slope 
of Fig. 2(a) is given in Table I. 

The negligible contribution of the A form to the species 
grating signal is due to the fact that the absorption band of 
the A form is far from the He-Ne laser wavelength. We may 
be able to use a probe light with a shorter wavelength to 
investigate D of the A form. Fig. l(b) shows the TG signal 
probed at 458 nm. At this wavelength, the absorption by the 
A and B forms is vet7 weak, but the wavelength is still close 
enough to the absorption bands to give rise to a strong phase 
grating signal. Under this condition, the temporal profile of 
the species grating signal is expected to be expressed by 

1, I/2' t) = cxl/2[ - 6n~ ~ ¢xp( - D^q2t) +Pm ° exp( - D,q20 ] 

(3) 

where 8n ° and 8n~ should be positive and negative respec- 
tively. Indeed, the observed signal can be fitted well using a 
bi-exponentiai function. During the least-squares fitting of 
the curve, we fixed one decay rate constant Dnq 2, which was 
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Fig. 2. Plot of the decay rate constanfs (k) of the TG signal against the 
square of the wavevector of the greying (q2) in eth~ol (a) and cyclohexmle 
(b). Squares denote the decay rate~ of the TO signal due Io the A form 
probed at 458 nm and circles denote the decay rates oflhe TG ~ignal due to 
the B form probed at 633 nm. 
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Tablet 
Diffusion coefficients (D) of the colourless ( A ) and coloured ( B ) forms of 8-nitrofiPS, and calculated values by the Stokes-Einstein (SE) relation 

Solvent DA ( 10-" m ~ s -  ')  De ( 10 -9 m 2 s -  ' ) ZPs,~ ( 10 - e  m: s -  ')  D~e ( 10 -9  m: s -  ') 

Ethanol 0.69 0.49 0.747 0.498 
Cyclohexane I. ! 0.71 0.900 0.600 

~3'liplping ~ n d a r y  coe~tion. 
~Sticking b o ¢ ~  condition. 

determined previously using the He-Ne laser, because the 
difference between the two decay rate constants is too small 
to be de,trained simultaneously by the fitting. 

Slightly different features are observed in the TG signal of 
8.ni~BlPS in cyclohexane. The TO signal probed with the 
HeiNe I ~ r  is shown in Fig. 3(a). The signal seems to lack 
a the~al grating. Thi~ is n~t due to the weak thermal grating 
signal, but to the very stron~ species grating, The strong 
species grating c ~  be explained by the strong absorption of 
the B form at the He-Ne laser wavelength. (The absorption 
band of the B f o ~  shifts to the red region in non-polar 
solvents: the wavelength of the peak is approximately 600 
nm compared with approximately 550 nm in ethanol.) The 
dominant contribution of the 8k term can be verified by a 
very weak interference dip between the thermal grating and 
the species grating. 

The decay curve can be expressed by a single-exponential 
function, and the rate constant should represent the diffusion 
time of the B species. The decay rate constant (k) is propor. 
tionai to qZ as shown in Fig. 2(b). Again the intercept is very 

o o,s 1 1 ,s 
t Im~ 

, (b) 

o o,s 1 1 ,$ 
tiros 

F~. 3. T i ~  ~ of ~ TG ~ of S - ~ I P S  in ,:yclohexaae probed 
a633 am (a) and 458 ndrn (b) (broken lines). The full lines ate the best- 
8t era'yes to Eq. 2in (a) m,J Eq. 3 in (b). 

small, which is consistent with the rather slow back reaction 
from the B species to the A species (approximately 200 ms 
in cyclohexane). D of the A species in cyclohexane can be 
determined by the same method as in ethanol by using a 
shorter wavelength for the probe. Fig. 3(b) shows the TG 
signal observed at a probe wavelength of 458 nm. This signal 
is similar to that in ethanol, and the temporal profile can be 
represented by a bi-exponential function. One of the time 
constants is Deq 2 and the other should be D^q 2. The rate 
constant plotted against q~ shows a linear relationship and D^ 
can be obtained from the slope (Table I). To support the 
accuracy of this experiment, D^ in cyclohexane-di2 was 
measured by the NMR spin echo method. The value is 
D^ = 0.96 x ! 0-  9 m 2 s-  a which is close to D^ from the TG 
experiment in cyclohexahe solution. The diffusion constant 
of the B species is found to be about !.4 times smaller than 
that ofthe A species. Since all the rate constants in this section 
show no pump laser power dependence, there is no influence 
of aggregate formation. 

Next, we examine the origin of the difference between D^ 
and Dn. Frequendy, the diffusion constant in solution is cal- 
culated using the Stokes-Einstein (SE) equation 

D ~ kaTla'trrv I (4) 

where k, is the Boltzmann constant, r is the radius of the 
diffusing molecule, vl is the viscosity of the solution and a = 4 
in the slipping boundary condition and a ~ 6 in the stick:,ag 
boundary condition. If we calculate the van der ~aais '  vol. 
ume of the molecule by the group increment method [26] 
and r is defined by the radius of a sphere which has the same 
volume as the van der Waals' volume, the radius o~" the A 
form is not very different from that nf the B form (the radii 
ofthe A form (r^) and B form (rn) are 0.407 nm and 0.410 
nm respectively). This difference cannot explain the 
observed ratio of D^IDn  as long as the boundary condition 
remains unchanged between these two species. 

Another factor which should be taken into consideration is 
the change in molecular structure from the A form to the B 
form. While the A form is close to a spherical shape, various 
planar lengthened shapes are suggested for the B form. The 
friction of diffusion, which is defined by f =  kTID, of an 
ellipsoidal molecule can be roughly estimated by the equation 
127l 

f_.._ 2( ! - b21a 2) ila 
fo (bla)2'31n{[ l  + ( I  b21a2)~2 ] / [ | - ( | -b2 /a2)~2J}  

(5) 
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where fo is the friction of a sphere, f is the friction of an 
ellipsoid, a is the radius of the major axis and b is the radius 
of the minor axis. In this case, we assume that the A form is 
spherical and that the B form is a prelate having an axial ratio 
b/a = 0.434, which is estimated from the molecular structure 
and the vat der Waals' radii. With this assumption, the ratio 
of the friction of the B form to that of the A form is calculated 
asfnlfA = 1.07. Therefore the change in molecular structure 
from the A form to the B form cannot explain the large 
reduction in D, We believe that the large electric dipole 
moment of the B form is the origin of the reduction. When 
the diffiasing molecule has an electric dipole, the dipole will 
interact with the surrounding solvent molecules increasing 
the friction during diffusion. 

It is interesting to note that D^ is close to DsF. with the 
slipping boundary condition, whereas Dn is close to Ds~ with 
the sticking boundary condition. The effect of the charge on 
D has been investigated for many systems, For example, 
Evans et al. 128,29] have investigated the D values of dec. 
trically neutral and charged molecules with spherical shapes 
and have found that D is strongly dependent on whether or 
not the molecules are charged. Moreover, it is well known 
that the rotational diffusion constants of charged dye mole- 
cules are close to those calculated on the basis of the Debye- 
Stokes-Einstein relation with the sticking boundary 
condition, while those of neutral molecules are close to those 
calculmed with the slipping boundary condition [30]. How- 
ever, these observations depend on the molecular size. The 
difference in D hetween charged and neutral molecules is 
very large for small molecules, but decreases with increasing 
size. The results of Evans et al. [28,29] show that, for a size 
comparable with 8-nitroBIPS, the D values of uncharged and 
charged molecules are close to DsE with the slipping and 
sticking boundary conditions respectively . Our results 
(D^ " Ds~ (slip) and Da " Dsl~ (stick)) are consistent with 
the results of Evans et al. [28,291. 

In cyclohexane, the ratio D^/Da is 1.5, and D^ is close to 
Dsn with the slipping boundary condition and Do is close to 
Dst~ with the sticking boundary condition. This is similar to 
the observations in ethanol solution. Theretbre the effect of 
the electric dipole of the B form also exists in non-polar 
solvents in this system. 

3.2. Formation process of the aggregates 

When the pump laser power is increased to approximately 
20/zJ per pulse for 8-nitroBIPS-=cyclohcxane (2.5 mM), 
another new signal appears over a much longer time scale 
than the species grating signal (Fig. 4(a)). This new signal 
disappears when the probe beam or the pump beams are 
blocked before the sample. Furthermore, the signal disap- 
pears when the pinhole for detection is moved from the phase 
matching direction. On this basis, we attribute this feature to 
another TG signal and not to luminescence or light scattering. 
The temporal profile and intensity of this signal are sensitive 
to the excitation laser power and the concentration of the 

sample. This type of TG signal is not observed in ethanol 
solution. 

The temporal profile of the signal can be approximately 
expressed by a bi-exponential function 

l~r~( t) = a~ exp( - k j )  + of exp( - kft) (6) 

where asar < 0 and kf > k,. The q2 dependence of k+ and kr was 
measured and is shown in Fig. 5. k~ and kf are almost propor- 
tional to q2. This proportional relation indicates that both the 
rise and decay rates are governed by the diffusion process in 
the solution. From the slope of the q2 vs. k plot, diffusion 
constants for the rise (Dr) and decay (D~) can be determined: 
Dr= 3.6× 10- ~° m 2 s -~ and D,= 3.2 X l0 -~  m2s -~. If we 
calculate the size of the diffusing species from D, and Df 
based on the Stokes-Einstein equation with the sticking 
boundary condition, the r values for the rise (rf) and decay 
(r,) are 0.81 nm and 9,1 mn respectively. These radii corre- 
spond |o about 7 molecules and about I I 000 molecules of 
the B form. 

In non-polar solvents, microcrystals of nitroBlPS are pro° 
duced by UV irradiation [ 4,53 ]. The microcrystals are com- 
posed of many AB and A,B (n -'--- 2, 3) moieties; the sizes of 
the microcrystals are 10-40 nm, i.e. close to the radii esti- 
mated above. Indeed, under the condition in which the new 
TG signal is observed, light scattering of the probe beam is 
also observed from the TG region by the naked eye, which 
indicates that aggregates are induced by the excitation light. 
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Fig. 4. Observed TG 8tgnal at strong pw~p laser power. The initial parl of 
the signal is mainly due to the specie~ grating of the B form. The ~lower part 
is called the aggregate grating signal. The concentration of the ~ample t~ 2,5 
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Considering the reported aggregate formation in non-polar 
solvents and the calculated size of the diffusing species, we 
attribute the new TG signal on the slow time scale to the 
microcrystals. It is interesting to note that the TG signal of 
the aggregates rises after the species grating signal of the 
monomers has disappeared by diffusion. It is curious that the 
aggregates form a grating after the spatial distribution of the 
monomers becomes uniform in the solution. 

There are two necessary conditions for observing this phe- 
nomenon: the probe diffraction efficiency of the aggregate 
must be larger than that of the monomer and the aggregate 
should form a spatial grating in the solution. First, let us 
consider the first condition. Generally, the TG signal appears 
by spatial modulation of the refractive index or absorption of 
the ~ p l e s  ~ shown in Eq. ( I ). The higher e¢ficiency of 
diffraction of the aggregates may indicate that the refractive 
index and absorption of the nggregates are much larger than 
those of the monomer. If the aggregates are microcrystals, 
which are reported as J-aggregates [ $,7], the optical prop. 
exties of the aggregates can be described by exciton theory 
[31], A~co~ding to exciton theory, the transition dipole 
moment of the aggregates will be a vector sum of that of the 
monomers in the unit cell. Therefore, although the absorption 
t o e , l e n t  of each microcrystal will increase as the crystal 
81rows, the total absorption coefficient in the total system 
~ l d  remain nearly constant. Moreover, the peak of the 
absorption band of the microerystal shifts to the red of the 
wavelength of the He--Ne laser with increasing aggregation 
number [ 12,13]. Therefore it is rather unrealistic to believe 
that the absoq~on and refractive index of the aggregates are 
much larger than those of the monomer. 

Since the ordmary mechanism of the 1'{3 signal cannot 
explain the ob~rvod behaviour, we believe that light scatter. 
ing may introduce a modulation of the optical properties. 
AecocJing to the theory of light scat~eri:~ 8 by a small particle, 
the scattering efficiency is proportional to the square of the 
volume of the scattering obstacle [32|.  Therefore if the 
aggegate becomes larger, the efficiency of light scattering 

and a stronger TG signal is expected from the aggre- 
gate than from the monomer. 

The other necessary condition is related to how the aggre- 
gates form in solution. There are two possible mechanisms 
which can explain the formation of the aggregate grating after 
the species grating of the monomer has disappeared. First, 
the core of the microcrystal may be adhesively attached to 
the surface of the sample cell at a short initial time after 
photoexcitation and, gradually, AB and A,,B will be accu- 
mulated on the core to yield the microcrystal. This mechanism 
seems to be reasonable since microcrystals are easily accu- 
mulated on the cell surfa,'e. 

In order to examine this mechanism, we carried out a sim- 
ilar TG experiment but without the cell surface. For this 
purpose, the sample solution was contained in a bottle without 
a cover and with a fiat, clean and transparent bottom. The 
pump and probe beams for the TG experiment were passed 
to the sample via the air-sample surface: the crossing area 
for the three beams was limited to near the surface. The TG 
signal was detected from the bottom. Even under this win- 
dew. free condition, we observe the rise in the aggregate grat- 
ing signal after the decay of the species grating. Therefore 
we must conclude that the window of the cell is not essential 
for the slow rise of the aggregate grating. In order to explain 
the rise, we assume that small (larger than the monomer) 
cores are created in the solution by the sinusoidally modulated 
concentration of the B form. lftbe cores are sufficiently larger 
than the monomer, the diffusion of the cores is negligible 
during the diffusion process of the monomer between the 
fringes. After the modulation due to the monomer is smeared 
out, the monomers are gradually gathered on the cores to 
produce the aggregates. The combination of the slow growth 
of the aggregates to form a spatially modulated pattern and 
the large efficiency of light scattering will lead to a slow rise 
in the TG signal due to the aggregate grating. 

We also investigated the pump laser power dependence 
and the concentration dependence of the aggregate grating 
signal. When the laser power is increased, ks tn Eq. (6) 
decreases and kf increases (i.e. the aggregate grating signal 
r ibs rapidly and decays slowly). When the concentration of 
the solution is increased, k, decreases and kf increases. These 
observations can be explained consistently with the above 
proposed mechanism as follows. When the power is strong 
or the concentration is large, larger aggregates are produced 
rapidly and large aggregates diffuse slowly. 

We tried to reproduce the tt:mporal profile of the signal 
based on this mechanism as follows. We assumed that, I ms 
after excitation, there are only two sort, of aggregates: small 
and large. Small aggregates (Y) contain about seven mono- 
mers and are spread over all the fringe spacings uniformly. 
The size of Y is estimated from the size calculated by Dfo 

Large aggregates (X) (size ten times larger than Y) also 
exist in the bright region of the optical grating. The distri- 
bution of X gives a sinusoidal pattern; the initial concentra- 
tions of these aggregates axe given by 

[X] = [X]o( 1 - cos  qx) (7a) 

[Y]=[Y]o  (7b) 
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As time goes by, the following aggregation reaction occurs 

X+Y-*XY 

XY + Y - ,  XY: 

KY. _, + Y -~ XY. 

We assume that this aggregation process is terminated at 
KY. (n=400). i.e. XY.+,. XY.+2 .... are not produced. If 
lhe aggregation process does not stop, the intensity of the 
c~leulated aggregate grating signal increases monotonically 
and does not reach a maximum in a reasonable time range. 
This assumption is consistent with the fact that the previously 
observed microcrystal had a similar size to XY0, (n =400) 
[5 ]. This termination is also consistent with the hct that we 
could not observe macroscopic crystals visually under these 
experimental conditions. The deaggrcgation process is not 
considered in this calculation, because it is reported to be very 
slow ( I 0 ~ s~ I 0 ~ :~ s ~ ' ) compared with the formation process 
[ I I ]. If the aggregation processes are difthsion controlled, 
the lbrmation rate constant for the aggrcgatc XYk is given by 
[33] 

kt ~ 4~rP(Dk_~ + Dr) (rt_ ~ + rv)N^ (8) 

where P is the reaction probability per collision, Dk-t and 
Dv are the diffusion coefficients of XYt_ ~ and Y respec- 
tively, rk-, and rv are the radii of XYk_ ~ and Y respectively 
and N^ is Avogadro's number. The factor P in Eq. (8) rep- 
resents Ihe fact that aggregation occurs through the nitro 
group [9, I 1 ] and there should be a favourable direction for 
aggregation. The radius r is estimated from the volume of the 
aggregate and the radius of the B form. D is calculated by the 
St~kes-Einstein relation using the D value of the B form and 
rn/r as follows 

r,, + (9) 

Dk ~ Darulrk (10) 

where rx is the radius of X. The time evolutions of the con- 
centrations of these aggregates are given by 

i)[XY~,] .. 0 2 . . . . .  
~ ~ v,~xzl AXkl  +k, lY] [XYl,~ I ] - kk+,[Y] [XYk] 

( l l )  

8[Y] : O z 
- Dvo-~[ Y] -k , [Y]  [X] -kz[Y] [XY] 

. . . . .  k , [ Y I [ X Y , , _ ,  ] (12) 

where k = I, 2 ..... n - I. The first term on the right-hand side 
of F-4. ( 11 ) is the diffusion term of the aggregate XYk. The 
second term represents the formation reaction and the third 
term an .extinction reaction. When k = 0 and n, there should 
be no third term and second term respectively because of our 
assumption. Thus aggregates larger than n + 1 are not pro- 
duced. To calculate the time evolution of the distribution of 
each aggregate in a fringe spacing, we divide one fringe 

..,., 
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Fig. 6. Calculated TG signals based on the aggregate formation model given 
in Section 3.2: (a) q2= 1.59 ~m-2; (b) q2,~4.27 ~m -2. The paramelers 
for the calculations are listed in Table 2. The broken line is the pure aggregate 
grating signal and the full line is the total TG signal (sum of the aggregate 
grating signal and the species grating signal due to the monomer of the B 
form). 

spacing into 128 parts at regular intervals and, at each point, 
we calculate numerically the time evolution using finite dif- 
ferential equations of Eqs. ( I !) and (12). 

After the spatial distributions of these aggregates have been 
obtained, the TG signal intensity from e~ch component is 
calculated in the following manner. First the Fourier com- 
ponent of each distribution is calculated at each time. Since 
the origin of the aggregate grating signal is the scattered light, 
and the diffraction efficiency by Rayleigh scattering is con- 
sidered to be proportional to the square of the volume of the 
scattering obstacle [ 31 ], the size.-dependent diffraction effi- 
ciency should be taken into account. For this purpose, the 
square of the volume of each aggregate is multiplied by the 
Fourier component at q. These values are sumn~ed for [XYk] 
(k-- O-n) to obtain the aggregate grating signal intensity. 

First, we calculate the aggregate grating signal under the 
same conditions as those of Fig. 4(a). The initial concentra- 
tion of Y ([Y]o) is calculated using the assumption that all 
monomers convert to Y. The initial concentration of X 
([X]o) is set to [Y]o/n. The best-fit calculated signal is 
shown in Fig. 6(a). The parameters used are listed in Table 2. 
The agreement between the calculated and observed TG sig- 
nals is satisfactory. The calculated profile is sensitive to the 
parmneters. For example, if P is larger than the value given 
in Table 2, the rise of the aggregate grating signal becomes 
more rapid, indicating a more efficient creation of the aggre- 
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Table 2 
used for the calculation of the aggregate grating signal Fig. 6 

n 400 
[X]o 9x I0 -~ M 
[Y]o 3.6x 10 -4 M 
P 0.03 
ra 0.410 nm 
De 0.71 x 10-° m 2 s- l 

gate. When the initial concentration is set to a lower value, 
the calculated aggregate grating signal shows a slower rise 
and decay. This is not consistent with the results observed on 
reducing the sample concentration. In order to fit the grating 
signal at a lower concentration, the aggregation numbers of 
X and Y, as well as XY,, must be smaller. In other words, 
the aggregation num~rs depend on the sample concentration 
and the laser power. This dependence seems to be reasonable 
because small aggregates should be formed at low 
concen~ations. 

Next, when only q2 is changed in the calculation from 1.59 
to 4.27 ~m ~ :, keeping the other parameters the same as in 
Table 2, we obtain a calculated signal as shown in Fig. 6(b). 
The calculated signal shows a faster rise and decay of the 
aggregate grating, which is consistent with the observations. 
However, quantitatively, the q: depeMenc¢ of the rate is not 
as significant as that observed. One of the main reasons for 
the discrepancy is probably that our model is too simple 1o 
describe real aggregate formation. For example, various 
aggregation processes should occur in the real system (e.g. 
X + X-.~ X.~ etc.), which are not considered in our model. 
However, it is important to s~ss  that the TG signal calculated 
on the basis of our model reproduces the essential features 
observed experimentally. From this calculation, the follow- 
in8 observations can be made: ( I )  a small aggregate Y, 
consisting of about seven m~,nomers, is c~ated as well as a 
large ~ r e g a t e  X (approximately 100 monomers) within a 
few hundred microseconds after pholoexcitation: (2) the 
smaller aggregates Y accumulate on X to produce micro- 
~s ta ls ;  (3) the aggregate (m~rocrystal) of 8-nitroBIPS 
cont~ns approximately 3000 meaomers, depending on the 
ex~men ta l  conditions (concentration. laser power): (4) 
the formation of the aggregates is a diffusion-limited process 
with a rather low reaction probability. 

4. Coadmiom 

We have investigated the molecular dynamics after UV 
in'adiatton of a photochromic molecule. 8-nitroBlPS, in eth- 

and cyclohexane by the time-resolved TG method. When 
the excitation laser power is we~,  the thermal grating and 
species grating signals due to the colourless (A) and coloured 
(B) forms are ~ .  By ~ y s i n g  the grating signal 
probed at various wavelengths, the D values of the A and B 
forms can be determined. The D value of the neutral A form 
is ~ t  1.5 times larger than that of the charge-separated B 

form, and the reduction of D of the B form is discussed in 
terms of the charge separation in the B form. 

In cyclohexane, when the excitation laser power is 
increased, a new type of TG signal is observed over a much 
iorger time range than the thermal and species grating signals. 
g e attribute this new signal to probe beam diffraction by a 
g~atiag made up of aggregates of A and B forms (aggregate 
grating). The origin of the sinusoidal modulation of the opti- 
cal property is attributed to Rayleigh light scattering by the 
aggregates. The observed temporal profile can be reproduced 
by a calculation based on a diffusion-controlled reaction 
model for the production of the aggregates. This signal may 
be used to elucidate the dynamics of aggregate formation, 
which is usually very difficult by other spectroscopic 

hn|ques. 
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