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ABSTRACT: Hydrolytic and enzymatic degradation processes of microbial copolyesters, poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (P(3HB-co-8HV)) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
(P(3HB-c0-4HB)), were studied by monitoring the time-dependent changes in molecular weights and weight
loss (erosion) of copolyester films. Hydrolysis studies on a series of microbial copolyesters were carried out
on the solution-cast films in 0.01 M phosphate buffer at 55 °C and pH 7.4. The weights of all copolyester
films were unchanged over 58 days, while the molecular weights decreased with time. A random chain
scission by hydrolysis took place throughout the whole polymer matrix. The rates of random chain scis-
sion in P(3HB-co-4HB) films were faster than those in P(3HB-c0-3HV) films. The enzymatic degradations
of copolyester films were studied at 37 °C and pH 7.5 in the aqueous solution of the extracellular P(3HB)
depolymerase purified from Alcaligenes faecalis T1. The rate of enzymatic degradation on the respective
copolyester films was much faster than the rate of simple hydrolytic degradation. The enzymatic degrada-
tion occurred at the surface of the copolyester film. The surface erosion by P(3HB) depolymerase was
confirmed by the scanning electron micrographs of P(3HB) film. The rate of enzymatic surface erosion
decreased in the order P(3HB-c0-4HB) > P(3HB) > P(3HB-¢0-3HV). It has been found that the presence

of 4HB units in polyesters accelerates the rates of both hydrolytic and enzymatic degradations.

Introduction

A variety of bacteria produce poly(3-hydroxybu-
tyrate), P(3HB), as an intracellular storage polymer of
carbon and energy under various nutritional and envi-
ronmental conditions.! The polyester is accumulated as
distinct granules in the cells, and it can be isolated from
cells by means of solvent extraction? and hypochlorite
treatment.® The isolated P(3HB) is a biodegradable and
biocompatible thermoplastic.* Some bacteria excrete extra-
cellular P(3HB) depolymerases to degrade environmen-
tal P(3HB) and utilize the decomposed compounds as
nutrients.>® The extracellular P(3HB) depolymerases have
been isolated from Pseudomonas lemoignei”® and
Alcaligenes faecalis.®'' Recently, the extracellular
P(3HB) depolymerase gene from A. faecalis was cloned
into Escherichia coli and its DNA sequence was de-
termined.!2

A microbial copolyester of 3-hydroxybutyrate (3HB)
and 3-hydroxyvalerate (3HV) has been produced by
Alcaligenes eutrophus from propionic acid? or pen-
tanoic acid.’® The copolyester has been shown to have
a statistically random distribution of 3HB and 3HV
units.'*1521 Recently, the microbial copolyester of 3-
hydroxybutyrate (3HB) and 4-hydroxybutyrate (4HB) has
been produced by A. eutrophus from 4-hydroxybutyric
acid,'®!? 4-chlorobutyric acid,*¢ 1,4-butanediol,'® or -
butyrolactone.!® The mechanical and physical proper-
ties of these two families of copolyesters have been shown
to be regulated by the copolymer compositions.'®2* The
microbial copolyesters can be formed into films, fibers,
and sheets. These products are expected to be degrad-
able in the environment, either by hydrolytic or enzy-
matic degradation processes.
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In this paper, first, we report the hydrolytic degrada-
tion of microbial copolyester films of P(3HB-co-3HV) and
P(3HB-co-4HB) in aqueous buffer solution of pH 7.4. The
degradation processes are studied by monitoring the time-
dependent changes in molecular weights and weight loss
(erosion) of copolyester films. Second, we report the enzy-
matic degradation of microbial polyester films by the extra-
cellular P(3HB) depolymerase, which was isolated from
A. faecalis. Finally, the degradation processes of micro-
bial polyesters and the effects of polymer compositions
on the degradation rates are discussed.

Experimental Section

Microbial Polyester Preparation. We prepared seven poly-
ester samples of varying molecular weights and compositions.
Samples 1 and 2 of P(3HB) homopolyester were isolated from
A. eutrophus** and Zoogloea ramigera,?® respectively. Sam-
ples 3 and 4 of P(3HB-c0-3HV) copolyesters (3HV = 45 and 71
mol %) were produced in A. eutrophus from pentanoic and
butyric acids.!® Samples 5-7 of P(3HB-co-4HB) copolyesters
(4HB = 10, 17, and 27 mol %) were produced in A. eutrophus
from 4-hydroxybutyric and butyric acids.!” The compositions
of copolyesters were measured by 'H NMR spectroscopy.!1°
Table I shows the compositions and molecular weights of poly-
ester samples used in this study. The films of polyester sam-
ples were prepared by conventional solvent-casting techniques
from chloroform solutions of polyesters using glass Petri dishes
as casting surfaces. The solution-cast films were aged for 3 weeks
to reach equilibrium crystallinity prior to analysis.?°

Hydrolytic Degradation. Degradation studies of polyes-
ter films were carried out at 55 °C in a 0.01 M phosphate buffer
(pH 7.4). Polyester films (initial disk dimensions, 12-mm diam-
eter and 0.04-0.07 mm thick) were placed in small bottles con-
taining 40 ¢cm?® of buffer and maintained at 55 + 0.1 °C. Sam-
ples were periodically removed, washed with distilled water, and
dried to constant weight in vacuo before analysis.
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Enzymatic Degradation. The extracellular P(3HB) depoly-
merase was purified to electrophoretic homogeneity from A.
faecalis T1 as described in a previous paper.!® The enzymatic
degradation of polyester films was carried out at 37 °C in a 0.1
M phosphate buffer (pH 7.5). Polyester films (initial weights,
5.0-8.0 mg; initial film dimensions, 10 X 10 mm in size and
0.04-0.07 mm thick) were placed in small bottles containing 1.0
cm? of buffer. The reaction was started by the addition of 5
uLi of aqueous solution of P(3HB) depolymerase (3 ug). The
reaction solution was incubated at 37 £ 0.1 °C with shaking.
Samples were periodically removed, washed with ethanol, and
dried to constant weight in vacuo.

Analytical Procedures. All molecular weight data were
obtained at 40 °C by using a Shimadzu 6A GPC system and a
6A refractive index detector with a Shodex 80M column. Chlo-
roform was used as eluant at a flow rate of 0.5 cm®/min, and
sample concentration of 1.0 mg/cm?® was used. Polystyrene stan-
dards with a low polydispersity were used to make a calibra-
tion curve.

The *H NMR analyses of polyester samples were carried out
on a JEOL FX-100 spectrometer. The 100-MHz 'H NMR spec-
tra were recorded at 27 °C in CDCl solution of polyester (5
mg/cm®) with 45° pulse (15 us), 5-s pulse repetition, 1000-Hz
spectral width, 8K data points, and 200 accumulations.

Wide-angle X-ray diffraction measurements of polyester sam-
ples were made on a Rigaku RAD-1VB system. Cu Ke radia-
tion (A = 0.1542 nm) was used as the source. The X-ray dif-
fraction patterns of polyester films were recorded at 27 °C in
the range of 26 = 6-40° at a scan speed of 1.0°/min, and X-ray
crystallinities were determined according to Vonk’s method.?®

Surfaces and cross-sectional appearances of polyester films
were observed with a scanning electron microscope (JEOL JSM-
T220) after Au coating of the films using an ion coater.

Results and Discussion

Table I summarizes compositions, molecular weights,
and crystallinities of microbial polyester films used in
this study. Samples 1 and 2 are P(3HB) homopolyes-
ters with different molecular weights (M, = 768 000 and
22 000). Samples 3 and 4 are copolyesters of 3-hydrox-
ybutyrate and 3-hydroxyvalerate, P(3HB-co-3HV) (1).
Samples 5-7 are copolyesters of 3-hydroxybutyrate and

CHs
CHs 0 CH, 0
—~0TCH-CH,-C—£07CH-CH,-C—
3HB X 3HY Y

(1)

4-hydroxybutyrate, P(3HB-co-4HB) (2). The X-ray crys-
tallinities of polyester films varied from 40 to 59%, depend-
ing on the compositions of copolyesters.

CHy  Q Q
—t07CH-CHz~C);—0-CHz- CHy-CH2-C -
3HB 4HB
{2)

Hydrolytic Degradation. Hydrolysis studies on a
series of microbial copolyesters were carried out on solution-
cast films at 55 °C in a 0.01 M phosphate buffer (pH
7.4). Table II lists the weight loss (erosion) data of five
copolyester films as a function of degradation time, and
Table I1I gives the molecular weight data.

The weights of all copolyester films were unchanged
over a period of 58 days, indicating that no polymer ero-
sion occurs at 55 °C. On the other hand, the molecular
weights of copolyesters decreased with time. Figure 1
shows the ratio of number-average molecular weight
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Table I
Compositions and Properties of Microbial Polyester Films
compositn,® mol % mol wt? .
sample — —— crystallinity,®
no. 3HB 38HV 4HB M, x10° M,/M, %
1 100 0 0 768 1.9 59+ 5
2 100 0 0 22 34 55+ 5
3 55 45 0 369 2.6 53+5
4 29 71 0 254 2.0 565
5 90 0 10 395 3.0 41+ 5
6 83 0 17 366 2.9 43 %5
7 73 0 27 332 2.4 40+5

@ Determined by 'H NMR. °Determined by GPC. ¢ Deter-
mined by X-ray diffraction.

M, at time ¢ to initial M, [M_(t)/M_(0)] for the respec-
tive copolyester film during the hydrolytic degradation.
The rate of molecular weight loss is apparently influ-
enced by the copolyester compositions and decreases in
the series

P(3HB-c0-27% 4HB) > P(3HB-c0-17% 4HB) >
P(3HB-c0-10% 4HB) > P(3HB-c0-45% 3HV) >
P(3HB-co-71% 3HV) (1)

The average number of bond cleavages per original poly-
mer molecule, N, is given by eq 2

N =M, 0)/M,(t) -1 (2)

where 1\7,,(0) and E(t) represent, respectively, the val-

ues of M, at degradation time zero and time ¢. If the
chain scission is completely random, the value of N is
anticipated to be a linear function of time ¢ as®’

N = M,(0)/M,(t) - 1 = kP, (0)t ®)

where k&, is the rate constant of hydrolytic degradation,
and P,(0) is the number-average degree of polymeriza-
tion at time zero.

Figure 2 shows a linear relationship between the N value
and time ¢ for copolyester samples 3-7, which confirms
that the decrease in M, is due to random chain scission.
Table IV lists the values of degradation rate constant k4
for copolyester samples. The largest value (1.7 X 107
day™) of k4 was observed for the P(3HB-co-27% 4HB)
film, while the smallest value (2.3 X 107® day™!) was
observed for the P(3HB-c0-71% 3HYV) film. In all copoly-
ester samples the molecular weight distributions of sam-
ples were unimodal and narrow during the chain scis-
sion by hydrolysis (see Table III).

Thus, our results indicate that a random chain scis-
sion by hydrolysis proceeds throughout the whole poly-
mer matrix and that the chain scission rate is strongly
dependent upon the compositions of copolyesters.

Enzymatic Degradation. The extracellular P(3HB)
depolymerase was purified to electrophoretic homogene-
ity from A. faecalis T1'® and used in this study. The
enzymatic degradation of polyesters was carried out on
solution-cast films (initial weights 5-8 mg) at 37 °C in
the aqueous solution of P(3HB) depolymerase (3 ug) over
a period of 20 h. It has been confirmed that no polyes-
ter erosion occurs at 37 °C in the absence of P(3HB)
depolymerase.

Figure 3 shows the weight loss (erosion) profiles of poly-
ester films as a function of degradation time. The weight
of film erosion, W, increases proportionally to time ¢ as

W=kt 4)

given in eq 4. The values of erosion rate constant %, for
various samples are listed in Table IV. The rate of poly-
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Table II
Erosion of Copolyester Films after Hydrolytic Degradation in Aqueous Buffer at 55 °C and pH 7.4

% of initial weight remaining at ¢ (days)

no. sample 0 7 13 25 38 48 58
3 P(3HB-c0-45% 3HV) 100 96 99 105 97 98 98
4 P(3HB-c0-71% 3HV) 100 95 100 101 97 97 99
5 P(3HB-c0-10% 4HB) 100 97 99 99 98 98 98
6 P(3HB-c0-17% 4HB) 100 98 100 100 99 99 99
7 P(3HB-c0-27% 4HB) 100 97 100 101 99 99 99
Table III
Molecular Weights of Copolyester Films after Hydrolytic Degradation in Aqueous Buffer at 55 °C and pH 7.4
no. 3, no. 4, no. 5, no. 6, no. 7,
" P(3HB-c0-45% 3 HV) P(3HB-co-71% 3 HV) P(3HB-c0-10% 4HB) P(8HB-c0-17% 4HB) P(3HB-c0-27% 4HB)
ime, —— —— — — — —  — —_— — —
days M, x 107 M, /M, M, x 1078 M, /M, M, x 1073 M,/M, M,x103 M,/ M, M, x10°® M,/M,
0 369 2.6 254 2.0 395 3.0 366 2.9 332 2.4
7 283 2.9 260 2.1 362 2.8 252 3.5 252 2.6
13 260 2.7 243 2.2 266 3.0 255 3.3 197 2.8
25 226 2.5 215 2.2 218 2.9 195 3.3 138 3.1
38 nd nd 197 2.1 142 3.0 137 3.7 91 3.8
48 202 1.9 194 2.0 135 3.2 112 3.9 78 3.7
58 188 2.0 nd nd 132 2.6 98 34 69 3.4
Table IV
1.004 A Rate Constants k; and k, for Hydrolytic and Enzymatic
f\\ h A Degradations of Microbial Polyester Samples
\ ~
\\\\?\ A no. sample kg, day™! k.,® mg h!
0.80 ) ) 1 = nd 0.17 % 0.03
1&1\\‘ A, 719 3HY P(3HB), M 768 000
Qi& 2 P(3HB), M, = 22 000 nd 0.15 £ 0.01
\ \\\ 3 P(3HB-co- -45% 3HV) (45+1.5) x10° 0.03%0.01
2 060F AL 4 P(3HB-co-71% 3HV)  (23£0.5) X 10°  0.04%0.01
IS 9\\ XA A - A 4B%3HV 5 P(3HB-c0-10% 4HB) (83+1.5) x10° 0.80%0.05
S WO\ 6  P(3HB-co-17% 4HB)  (11£2)X10°  0.90
c NCAND 7 P(3HB-c0-27% 4HB) (17£2) X 107°® nd
I-E 0.40 INEEN \\& N
\\ Q\ o O 10% 4HB @ Rate constant for hydrolytic degradation (chain scission) at 55
e e~ 179, 4K °C. ®Rate constant for enzymatic degradation (erosion) at 37 °C.
~ ~§\ N 0 B
0.20F S-.
27% 4HB
5
I [ ] ]
0 20 40 60 80 100
Time (days)

Figure 1. Changes in the M, values of copolyester films dur-
ing the hydrolytic degradation in a 0.01 M phosphate buffer at
55°Cand pH 7.4: (A) P(3HB-c0-45% 3HV),sample 3; (o) P(3HB-
c0-71% 3HV), sample 4; (0) P(3HB-c0-10% 4HB), sample 5;
(®) P(3HB-c0-17% 4HB), sample 6; (0) P(3HB-c0-27% 4HB),
sample 7.

ester erosion by P(3HB) depolymerase is strongly depen-
dent upon the compositions of polyesters and decreases
in the following order: P(3HB-co-4HB) > P(3HB) >
P(3HB-c0-3HV), which is the same order with that (eq
1) observed in the hydrolytic degradation. As can be seen
from the data of samples 1 (M, = 768 000) and 2 (M, =
22 000) in Figure 3, the erosion rate of P(3HB) film was
essentially independent on the chain length of P(3HB).

Table V gives the molecular weight data of polyester
films after enzymatic degradation. The M, values of films
remained almost unchanged during the course of enzy-
matic degradation. This result indicates that P(3HB)
depolymerase hydrolyzes only the polyester chains in the
surface layer of the film and polymer erosion proceeds
via surface, not internal, dissolution.

The scanning electron micrographs (SEMs) of P(3HB)
film (sample 1, M, = 768 000) are shown in Figures 4
and 5. Figure 4 shows the SEMs of the cross-section (A)
and surface (B) of virgin P(3HB) film (65 um thick). Fig-

(Mn,o/Mn.t)-1

Time (days)

Figure 2. Plots of [E(O)/E(t)] -1 versus time ¢ for copoly-
ester samples 3-7 (see caption of Figure 1).

ure 5 shows the SEMs of the cross-section (A) and sur-
face (B) of the P(3HB) film (22 um thick) after an enzy-
matic degradation of 20 h. The weight of P(3HB) film
decreased up to 32% during the enzymatic degradation,
and the film thickness decreased from 65 to 22 um (34%
of initial thick), indicative of surface erosion by P(3HB)
depolymerase. The surface of degraded P(3HB) film is
apparently blemished by the function of depolymerase
(see Figure 5B), while no change takes place in the inside
of the film.
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Figure 3. Enzymatic degradation (erosion) profiles on solution-
cast films of six polyester samples in the aqueous solution of
P(3HB) depolymerase at 37 °C and pH 7.5: (0) P(3HB) (M, =
768 000), sample 1; (O0) P(3HB) (M, = 22 000), sample 2; (@)
P(3HB-c0-45% 3HV), sample 3; (©) P(3HB-co-71% 3HV), sam-
ple 4; (A) P(3HB-co-10% 4HB), sample 5; (v) P(3HB-co-17%
4HB), sample 6.

Table V
Molecular Weight Distributions and Weight Loss of
Polyester Filins after Enzymatic Degradation in Aqueous
Solution of P(3HB) Depolymerase at 37 °C and pH 7.5

Lo mol wt
initial wt =~ — —
time, remaining® M, X M,/
no. sample h % 108 M,
1 P(3HB) 0 100 768 1.9
1 P(3HB) 5 83 837 1.7
1 P(3HB) 20 32 669 1.9
2 P(3HB) 0 100 22 34
2 P(3HB) 20 42 28 3.3
5 P(3HB-co-10% 4HB) 0 100 395 3.0
5 P(3HB-c0-10% 4HB) 5 36 352 2.5
6 P(3HB-co-17% 4HB) 0 100 366 2.9
6 P(3HB-co-17% 4HB) 5 43 331 2.6

@ Initial weights of films (10 X 10 mm in size and 0.04-0.07 mm
thick) = 5.0-8.0 mg.

For comparison, Figure 6 shows the SEMs of the P(3HB)
film (75 pm thick) after a hydrolytic degradation of 48
days at 55 °C in a 0.01 M phosphate buffer (pH 7.4) with-
out P(3HB) depolymerase. The weight of P(3HB) film

was unchanged for 48 days, while the M, value decreased
from 768 000 to 245 000. The film thickness increased
from 65 to 75 um for 48 days, suggesting that water per-
meated the polymer matrix during the hydrolytic degra-
dation. On the other hand, the surface of the film was
apparently unchanged.

Conclusions

The hydrolytic degradation of microbial copolyester
films occurred throughout the whole polymer matrix, and
the molecular weights of copolyester films decreased with
time in 0.01 M phosphate buffer at 55 °C and pH 7.4.
However, the weights of all copolyester films were
unchanged over 58 days. The molecular weight loss pro-
files of copolyester films by hydrolysis could be explained
by the mechanism of a random chain scission of the ester
groups. The rates of hydrolytic chain scission were depen-
dent upon the compositions of copolyesters and decreased
in the order of eq 1.
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Figure 4. SEM of the cross-section (A) and surface (B) of vir-
gin P(3HB) film (sample 1).
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Figure 5. SEM of the cross-section (A) and surface (B) of the
P(3HB) film after 20 h of enzymatic degradation at 37 °C.
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Figure 6. SEM of the cross-section (A) and surface (B) of the
P(3HB) film after 48 days of hydrolytic degradation at 55 °C.

Miller et al.?® and Holland et al.?® reported the results
of hydrolytic degradation of P(3HB) and P(3HB-co-
3HV) (up to 20 mol % of 3HV) samples. Miller et al.?®
monitored the time-dependent changes in mechanical prop-
erties of the monofilament samples in a phosphate buffer
(pH 7.2) at 60 and 70 °C and concluded that the pres-
ence of 3HV units retarded the degradation rate of mono-
filaments. In contrast, Holland et al.?® monitored the
time-dependent changes in polymer weight loss (ero-
sion) rates of the solution cast films in aqueous solutions
(pH = 2.3-10.6) at 37 and 70 °C and found that the pres-
ence of 3HV units enhanced the erosion rate. Holland
et al. suggested that the enhancement of the hydrolytic
degradation rate was due to a decrease in the crystallin-
ity of copolyester film with increasing 3HV fraction.
Bloembergen et al.?’ have pointed out that the crystalli-
zation of solution-cast films of P(8HB-co-3HV) is very
slow (several weeks at room temperature to reach equi-
librium crystallinity). In this study, we aged the solution-
cast films for 3 weeks at room temperature prior to use
and determined the degree of crystallinity of polyester
films by X-ray diffraction. Asshown in Table I, the crys-
tallinities of P(3HB-co-3HV) films of various composi-
tions are the same within experimental error. There-
fore, we have concluded that the rate of hydrolytic deg-
radation is not dependent upon the crystallinity of
polyester film but upon the composition.

The enzymatic degradation processes of microbial poly-
ester films were studied at 37 °C and pH 7.5 in the aque-
ous solution of the extracellular P(3HB) depolymerase
from A. faecalis. The rate of enzymatic degradation on
the respective copolyester films was much faster than the
rate of simple hydrolytic degradation. The enzymatic
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degradation occurred at the surface of the polyester film,
and the weight and thickness of film decreased with time.
The molecular weights of polyester films remained almost
unchanged during the enzymatic degradation. It has been
found that the extracellular P(3HB) depolymerase hydro-
lyzes polyester chains in the surface layer of the film.
Thus, polymer erosion proceeds via surface dissolution.
The rate of polyester erosion by the depolymerase
decreased in the order P(3HB-co-4HB) > P(3HB) >
P(3HB-c0-3HV), which is the same order with that
observed in the simple hydrolytic degradation. Thus, the
presence of 4HB units in polyesters accelerates the rates
of both enzymatic and hydrolytic degradations. No cor-
relation was found between the degradation rates and
crystallinities of microbial polyester films. A rapid ero-
sion of P(3HB-co-4HB) film by P(3HB) depolymerase
may be due to a facile attack of the enzyme molecule
toward the ester groups of copolyester chains, since the
steric bulkiness of 4HB units is less than those of 3HB
and 3HYV units.
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ABSTRACT: Thermal isomerization kinetics of photoinduced merocyanine to spiropyran is investigated
in solid films having multibilayer structures, which consists of ion complexes between an ammonium bilayer
forming amphiphile and polyanions. The reaction rates in these films abruptly increase near the crystal to
liquid-crystal phase-transition temperature of the immobilized bilayer due to increased matrix mobility.
The bilayer film immobilized with a smectitic silicate instead of a linear polymer provides more homoge-
neous reaction environments for the isomerizing chromophore and gives rise to a larger rate change at the
phase-transition temperature. These improved properties by use of the clay is correlated to the increased

order of bilayer structures in the film.

Introduction

The photochromic reaction of spiropyrans provides use-
ful information on the dynamics of matrices as widely
investigated in amorphous polymer solid films.! The reac-
tion rate, which is frequently evaluated for the thermal
reaction kinetics (isomerization of UV-induced merocy-
anine (PMC) — spiropyran (SP), scheme shown below),

CH; CH,
=S Av(UV)
@ N © @ NO, Thvive.a
S,
SP (1)

is dependent on the mobility of the surroundings and, in
polymer matrices, is influenced by the glass transition.
The sensitivity of the reaction to matrices can be ascribed
to large changes of the molecular shape between the iso-
mers. Studies on photochromic reaction behaviors and
their controls in solid media have potential significances
for practical applications such as optical recording.
More recently matrix effects for this reaction have been
explored in media having ordered structures such as ther-
motropic® and lyotropic® liquid crystals, bilayer mem-
branes,*” and Langmuir-Blodgett (LB) multilayers.® 12
Studies in such ordered matrices have advantages that
reaction behaviors may be understood from physicochem-
ical properties on the molecular level. We have reported
the photochromic behaviors of spiropyrans incorporated
into ammonium-type bilayer membranes dispersed in
water,> particularly focusing on the effect of the fluid-
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ity change, i.e., the crystal to liquid-crystal phase tran-
sition (the temperature, T).

Kunitake and his co-workers have proposed simple cast-
ing methods for immobilization of bilayers to obtain trans-
parent thin solid films.'**® The cast films have multi-
bilayered structures similar to those of Y-type films pre-
pared in the LB technique,'>® and the films maintain
the phase-transition behaviors of aqueous bilayers,1>-151718
Our present attention is focused on the photochromic
behavior of spiropyrans embedded in such solid bilayer-
immobilized films. This paper describes the thermal
isomerization behavior of a spiropyran 1 (in the scheme)
embedded in cast bilayer films composed of ion com-
plexes between dioctadecyldimethylammonium and poly-
anions. Our preliminary report has shown abrupt rate
changes in the thermal reaction brought about by the
crystal to liquid-crystal phase transition of the immobi-
lized bilayer complexed with poly(styrene sulfonate)
(PSS).'® In this work polyanions of two different types
are employed as “bilayer binders”, a linear polymer (PSS)
and a two-dimensional smectitic clay (montmorillonite,
Mont). The complexation of the latter with organic cat-
ions is well-known and frequently referred to as inter-
calation.? It is found here that the type of the polyan-
ion largely influences film structures and isomerization
kinetics of 1 including the rate change at T,. Effects of
the phase transition on fundamental properties such as
solute permeability and viscoelasticity of bilayer/
PSS"18 and bilayer/ Mont? films have been quite recently
studied.

Experimental Section

Materials. 1,3,3-Trimethyl-6/-nitrospiro[indoline-2,2’-2'H-
benzopyran) (1) was purchased from Tokyo Kasei Co. and recrys-
tallized from ethanol. Dioctadecyldimethylammonium bro-
mide (2C,gN*2C,) was obtained from Sogo Pharmaceutical Co.
and recrystallized from ethyl acetate. Poly(styrene sulfonate)
sodium salt (M, = 50 000) was obtained from Scientific Poly-
mer Product Co. and used without further purification. Mont-
morillonite used in this study was the product of Kurimine Ind.
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