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ABSTRACT: The matrix effect on the thermal reactions of photochromic spirooxazine in 
polymers was investigated from the view points of reaction kinetics. Three matrix polymers, 
poly(n-butyl methacrylate), poly(isopropyl methacrylate), and poly(ethyl methacrylate) which 
possesed different T• were used. Below T• of plymer films, the thermal reactions did not proceed 
in a first-order kinetics and were found to be described with dispersive processes in glassy solids. 
The thermal reactions were influenced by molecular environments around the photochromic 
compounds. From the comparison of the rates of the thermal reactions in polymer matrices with 
those in solutions, the acceleration of the thermal reactions in solid states due to internal strains 
was found. 
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Reactions of photochromic compounds 
embedded in solid matrices are different from 
those in solutions. The kinetics of thermal 
reactions of photochromic molecules from 
metastable species to stable species do not 
proceed in a first-order kinetics in glassy 
matrices in particular. The departures from 
first-order kinetics behavior in polymer ma
trices have been observed in azobenzenes and 
indolinospirans, and in terms of the rates of 
the thermal reactions in polymer matrices, both 
cases that the rates in polymer matrices were 
slower and faster than those in solutions have 
been observed. 1 - 5 

The thermal reactions in polymer matrices 
are affected by the environment around pho
tochromic molecules. Richert et al. showed 
the quantitative analysis of the departure from 
first-order kinetics of the thermal reaction in 
glassy matrices, assuming that each molecule 
in different molecular environment possessed 
different activation energy of thermal reaction. 

They determined the average and the spread 
of the activation energies based on the 
assumption that the distribution of activation 
energy can be approximated by the Gaussian 
function. The fluctuation of the activation 
energies for thermal reactions derived from 
their analysis of thermal decay curves was large 
at temperatures below glass transition tempera
ture (Tg) of matrix polymer and it approached 
zero above the Tg. 6 - 8 

We have analyzed quantitatively the effects 
of polymer matrices on the thermal reactions 
of photochromic molecules using the phenome
nological procedure based on the Kohlraush
Williams-Watts (KWW) equation, which is 
known to describe various types of non-linear 
relaxation processes in disordered solids. 9 In 
that paper, we showed that, in glassy states, 
the molecular environment around photo
chromic probes was not uniform and the extent 
of non-uniformity was very wide. In addition, 
we found that the observed extent of the 
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distribution depended on the method of 
photo-coloration. 10•11 This meant that the 
dynamic aspect of molecular environment 
around photochromic probes should be taken 
into account. 

The rates of the thermal reactions in polymer 
matrices have been assumed to be smaller than 
those in solutions, since thermal reactions in 
polymer matrices are constrained by the 
rigidity of polymer matrices. However, several 
cases that the rates of the thermal reactions in 
glassy solids are larger than those in solutions 
have been reported. 12 - 14 Thus, both the extent 
of deviation from first-order kinetics and rates 
of thermal reactions is expected to be associated 
with the dynamic aspect of molecular environ
ment, for example, segmental mobility of 
polymer matrices, the volume change accompa
nied by the structural changes of photochromic 
molecules, and inherent-rates of thermal 
reactions of photochromic molecules. 

In this paper, we investigated the thermal 
reactions of spirooxazine in polymer matrices 
quantitatively. Our interests were on both the 
deviation from first-order kinetics and the rate 
of the thermal reactions. 

EXPERIMENT AL 

Materials and Experimental Procedures 
As a photochromic probe, 1,3,3'-trimethyl

spiro (indoline-2' ,3' -(3H)naphth(2, 1-b )( 1,4 )ox
azine) (SO) shown in Figure 1, which was 
synthesized according to the literature, was 
used. 15 On irradiation with UV light, SO 
changes to a colored species with an absorption 
maximum around 600 nm, and a thermal-back 
reaction from a colored species (metastable) to 
a colorless species (stable) occurs in a time scale 
of a few seconds in a solution. Three matrix 
polymers, poly(n-butyl methacrylate) 
(PnBMA, Tg = 289 K), poly(isopropyl meth
acrylate) (PiPMA, T8 = 354 K) and poly( ethyl 
methacrylate) (PEMA, Tg=332K) were used. 
Three polymers possess similar chemical 
structures but their Tg values are markedly 
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Figure 1. Photochromic probe, spirooxazine and three 
kinds of polymer matrices used. 

different from each other. Those polymers were 
obtained by free radical polymerization in bulk 
and then were purified through reprecipitation. 
Polymer films of 50--60 µm thickness which 
contained about 0.5 wt% photochromic probes 
were prepared by solution casting. 

A sample film was set in an optical cryostat 
(Oxford DN-1754) and photo-coloration and 
thermal decoloration experiments were per
formed at temperatures around and below T8 

of each film. For photo-coloration of SO, 
308 nm laser pulses from a XeCl excimer laser 
(Lambda Physik EMG 50E) were used. The 
variation of concentration of colored species 
was observed by using a monochromatized 
monitor light (600nm) from a halogen lamp 
and a photomultiplier. By used of a digital 
multimeter with a memory function (Takeda
Riken TR-6861) and a transient converter 
(Riken-Denshi TCJ-2000), we collected time 
traces of the absorbance after the cessation of 
photoirradiation. Collected data were trans
fered to a personal computer (NEC PC-9801F) 
and analyzed. 

Analysis of Kinetics of the Thermal Back 
Reaction 
For the description of non-exponential decay 
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of photo-colored species, we adopt one of the 
most general and simplest analytical formula
tion, which is based on no specified model of 
reaction kinetics. 

Equation 1 describes a simple exponential 
decay of a colored species with a characteristic 
rate constant, k, where C(t) represents the 
concentration of a colored species at time t. 
This equation means that the inherent reaction 
rate constant, k, is determined experimentally 
from - d In C(t)/dt values at any observation 
time. 

-d In C(t)/dt=k (1) 

Ifwe assume an apparent reaction rate constant 
observed at time t is dependent on observation 
time, eq 1 may be written as, 

-d In C(t)/dt=K(t) (2) 

Integration of eq 2 gives, 

C(t)/C(O)=exp[ - {K(t)dt] (3) 

One finds that K(t) in eq 3 behaves as a kind 
of relaxation functions which describe various 
types of relaxation phenomena. Recent the
oritical studies have shown that the relaxa
tion functions which describe a variety of ph
enomena in disordered solids can be approxi
mated by the stretched exponential function 
called Kohlraush-Williams-Watts (KWW) 
equation. 16 - 19 Thus we express K(t) with the 
KWW equation. 

K(t)=Kta-l (0<a~l) (4) 

When a takes unity, K(t) = K. The parameter 
a, therefore, represents the extent of deviation 
from a simple first-order reaction kinetics. 

For simplicity, we define time-dependent 
reaction rate constant kt which is experimen
tally determined from the quantity, -d In C(t)/ 
dt, 

log kt=(a-1) log t+log K. (5) 

When log kt vs. log t plots give straight lines, 
we obtain two parameters, a and K. The 
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quantity a mainly concerns with the deviation 
of reaction kinetics from the first-order 
reactions. On the other hand, K concerns with 
absolute reaction rates. Because the treatment 
of absolute reaction rate constants in non-first 
order reaction systems is extremely difficult, we 
do not dare to evaluate K values directly. 
Instead, we use kt values for the comparison 
of absolute reaction rates. 

The thermal decoloration of colored species 
at fixed temperature in polymer matrices are 
influenced by both inherent reaction rates of 
colored species and the nature of matrix 
polymers. To extract the effect due to the nature 
of matrix polymers from overall reaction rate 
data, we nomalized the kinetics data in respect 
to inherent reaction rates which can be 
represented by the rates in solutions. In 
solutions, no environmental effect on thermal 
decoloration should be assumed, and for
tunately the rates of SO in solutions are very 
weakly dependent on the polarity of solvents. 
Taking a reaction rate in solutions, k., 

log(kt/k.)=(a-1) log t+log(K/k.) (6) 

Equation 6 was used for every plot at several 
fixed measuring temperatures. Note that both 
kt and k. have the dimension of s - 1 , but K and 
k. has a different dimension which depends on 
the a values. 

RES UL TS AND DISCUSSION 

The thermal reaction of SO in n-heptane 
proceeded in first-order kinetics as shown in 
Figure 2a. Figure 2b shows the first-order 
kinetic plots of the thermal reaction of SO in 
PnBMA. The T8 value of the film was 289 K. 
We observed the thermal reaction in wide 
temperature range below and above Tg. The 
thermal reactions did not follow first-order 
kinetics except for the plot of data at 330 K. 
Figure 3 shows the plots based on eq 5. At 
every temperature, the plots could be approx
imated by straight lines. Straight-line approx
imations between log kt and log t holded at 
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Figure 2. Fist-order kinetic plots of thermal reactions: 
(a) SO inn-heptane; (b) SO in PnBMA. 
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Figure 3. Analysis of the thermal reaction of SO in 
PnBMA by use of eq 5. 

wide range of time scale, exceeding as large as 
five decades. The parameter a was determined 
from the slopes of the lines. 

Figure 4 shows the relation between the 
parameter a and temperature. The abscissa was 
reduced by the Tg of the film. Below the Tg, 
the parameter a was very small and suggested 
the distribution of reaction rates was large. 
Around the Tg, the a value rapidly increased 
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Figure 5. Analysis of the thermal reaction of SO in 
PnBMA by use of eq 6: k,, rate constant in solution. 

with increasing temperature, and above Tg, the 
parameter a took a value close to unity. The 
thermal decay behavior was governed by the 
molecular environment of polymer matrix. 
Namely, below the Tg, the thermal reaction is 
influenced by the microscopic inhomogeneity 
of molecular environments around photo
chromic probes. Segmental motions of matrix 
polymers work to smear the molecular 
environment around photochromic probes. 

Thus, the parameter a increases and pro
gressively reaches to unity with increasing 
temperature at around and above Tg. 
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The comparison of the rates of thermal 
reactions in polymer matrices with those in 
solutions is possible, even though the reactions 
in polymer matrices do not obey the first-order 
kinetics. We compared the rates of the thermal 
reactions in polymer matrices with the rate of 
the thermal reactions in the solution (n
heptane, concentration 1 x 10- 3 M). Figure 5 
shows the plots of the thermal reactions of 
SO/PnBMA by use of eq 5. The abscissa and 
ordinate reveal logarithmic time and logarithm 
of ki/k., respectively. When the plot is on the 
horizontal zero line, the reaction is first-order 
and suffers no effect from environment. Above 
the T8, the plots locates close to horizontal zero 
line. Below the T8, however the curves located 
above zero line indicating that the reaction 
rates in polymer matrix became larger than 
those in a solution. Figure 6 shows the same 
analyses on the cases of SO/PEMA and 
SO/PiPMA. In the cases of SO/PEMA and 
SO/PiPMA, the behaviors below T8 were 
similar with that in SO/PnBMA. 

To begin with, we investigated the possibility 
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Figure 6. Analysis of the thermal reactions of SO in 
PEMA and PiPMA by use of eq 6: k,, rate constant in 
solution. 
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that the fast reaction is originated from some 
extrinsic matters. First, we examined transient 
heating due to UV pulses. When we assume 
that all the energy of UV pulses is converted 
to heat and no cooling effect due to thermal 
conduction is present, the estimated tempera
ture increase is about 5 K. Because not all the 
energy of UV pulses is absorbed by a sample 
film, and cooling effect is also present, actual 
temperature increase should be less than 5 K. 
Thus the presence of ki/ k. > 0 at the initial stage 
of the thermal reaction is not associated with 
transient heating of sample films. Second, we 
considered the photo-decoloration with mon
itor light. The rate of decoloration did not 
depend on the intensity of monitor light. 
Therefore, we confirmed that the observed 
decolorations were true thermal reactions at 
isothermal conditions. 

Thermal reactions in rigid polymer matrices 
have been recognized to be slower than those 
in mobile solutions due to steric hindrance 
around photochromic probes. Our results show 
that the reaction rates in glassy matrices can 
be larger than those in a solution, in the case 
that the colored species produced by photo
irradiation in rigid glassy matrices possess some 
kinds of internal strains. 

Several reports are available that deal with 
anomalous fast thermal back reactions of 
azobenzene derivatives in glassy polymer 
matrices. 12 - 14 Two different interpretations of 
this phenomenon have been proposed. Mora
wetz and Paik studied the thermal cis-trans 
isomerization of copolymers of methacrylate 
and styrene with azobenzene units in their side 
chains. They observed an anomalous fast 
reaction of cis isomers in glassy states and 
attributed the origin of the fast isomerization 
to the presence of cis isomers in strained 
conformation. Eisenbach studied the isomer
ization process of copolymer of several 
acrylates and methacrylates attached by 
4-aminoazobenzene derivatives. He also found 
an anomalous fast isomerization process and 
attributed it to high local segmental mobility 
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around the azocompounds. 
We assumed that the anomalous fast 

reaction of SO in rigid polymer matrices should 
be attributed to the presence of colored species 
of SO in strained conformation which failed 
to push rigid environment around itself. 
Because colored species of SO have a con
jugated system, the absorption spectrum of 
the colored species in strained conformation 
may be shifted to longer wavelength. We 
observed the absorption spectra of colored 
species of SO in PnBMA at 430 K and 80 K. 
We could find no difference between the spectra 
at 430 K and 80 K. Probably the wavelength 
shift due to strained conformation is too small 
to be detected with conventional spectroscopic 
methods. 

The study of photochromism of SO in glassy 
matrices at around 10 K is in progress. We 
expect the molecular origin of the anomalous 
fast back reaction in some glassy matrices will 
become clear through this study. 

CONCLUSION 

In the present work, we have investigated 
the matrix effect for the thermal reactions of 
spirooxazine in some methacrylate polymers. 
We applied KWW type decay to the thermal 
reactions in polymer matrices. In every glassy 
polymer matrix we used, the thermal reactions 
showed large departure from the first-order 
kinetics and the parameters which char
acterized the distribution of molecular environ
ments around photochromic molecules were 
determined by use of KWW decay function. 
Above the Tg of polymers, the thermal 
reactions proceed in a first-order kinetics, 
because homogeneity of molecular environ
ments was preserved due to segmental motions 
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of matrix polymers. Below the Tg, on the other 
hand, large distribution of molecular environ
ment was found. 

We compared the rates of thermal reactions 
in polymer matrices with those in solutions. 
The rates of the thermal reactions in glassy 
states were accelerated. We assumed that the 
effect was originated from the conformational 
strains of distorted colored species. 
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