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ORIGINAL ARTICLE

Synthesis and characterization of cellulose-

b-polystyrene

Shunsuke Yagi!, Natsuki Kasuya? and Kiyoharu Fukuda?

A block copolymer of cellulose and polystyrene (PS) was synthesized through atom transfer radical polymerization.
Macroinitiators (MIs) were prepared by introducing 2-chloroacetamide to the reducing end of cellulose (degree of
polymerization=20, 50, 250). Subsequently, Mls were copolymerized with styrene monomer in a system of N,N,N’,N" ,N"-
pentamethyldiethylenetriamine/CuCl or CuBr/ascorbic acid at 130 °C. The resulting copolymers were characterized by 1H
nuclear magnetic resonance and size-exclusion chromatography. The kinetic study indicated that the polymerization was
controllable. The efficacy of copolymers in compatibilizing an immiscible cellulose/PS blend was confirmed by microscopic
observation. The mechanism of thermal and thermo-oxidative decomposition of the blend was investigated by thermogravimetry.
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INTRODUCTION

Cellulose is gaining attention as a fuel alternative to fossil
resources because it is one of the most abundant natural organic
resources and is renewable. In addition to its potential use as a
sustainable resource for fuels such as bio-ethanol and bio-methanol,
it is also gaining attention as an option for biomass-based polymeric
materials.! Biomass-based polymers seem promising for a post-pet-
roleum era, whether they are prepared by polymer reaction or
polymerization.

So far, most of the industrial modifications of cellulose (that is,
cellulose derivatives) to improve its properties have been cellulose
esters, ethers and graft copolymers, obtained by changing the hydroxyl
groups of the cellulose molecules. Among these derivatives, the
applications of cellulosic graft copolymers have been mainly in the
textile field. However, copolymers in general have a variety of uses,
such as stimuli-responsive (for example, pH, light, electric field,
magnetic field, ionic strength) polymers,>™ biodegradable poly-
mers, %7 surfactants,® compatibilizers’ and so on. Cellulosic copoly-
mers are also expected to possess these interesting properties and be
used in fields other than textiles. In particular, as copolymers are
known to be good compatibilizers for polymer alloys, we expect
cellulosic copolymers to be good compatibilizers.

When two or more homopolymers are blended, the components
often separate into two or more phases. However, by adding a good
compatibilizer, such a blend can suppress separation by reducing
interfacial tension, and the resulting blend may obtain new properties.
Among the copolymers used as compatibilizers, block copolymer
is reportedly superior to graft copolymer; moreover, high-molecu-

lar-weight diblock copolymers with a balanced composition
(symmetrical) exhibit even better compatibilization ability.!®

In addition to the studies of block copolymers as compatibilizers,
much recent work has focused on the self-assembling properties of
amphiphilic block copolymers for use as emulsifiers in drug delivery
systems.>®!1 In drug delivery systems, hydrophobic drugs are
entrapped in the core of block copolymer micelles. Generally, the
aggregation properties of micelles, such as the average molar mass of
aggregates and the aggregation numbers, are related to the degree of
polymerization (DP) of each block domain; therefore, it is possible to
optimize the solubility and stability of micelles by adjusting the DP of
each block domain.

Thus, block copolymer has great potential to produce novel
materials with unique properties.'> However, there are few papers
on cellulosic block copolymers,!® in contrast to a large number of
papers on cellulosic graft copolymers.!*18

We synthesized cellulose-b-polystyrene by atom transfer radical
polymerization (ATRP), a method that was developed by Wang and
Matyjaszewski!>?? and by Kato et al?! This method is useful for
preparing polymers with controlled molecular weight, polydispersity,
composition and topology. It is also applicable to various combina-
tions of vinyl monomers and solvents.?>~2

Our aim was to synthesize cellulosic block copolymer and to
evaluate the applicability of the copolymer as a compatibilizer of
cellulose/PS blends. Macroinitiators (MIs) were synthesized from
cellulose (DP=20, 50 and 250). The copolymers obtained were
characterized by 'H nuclear magnetic resonance (NMR) spectroscopy
and size-exclusion chromatography (SEC). The kinetics of copolymer-
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ization were analyzed using gas chromatography. The compatibilizing
effect of cellulose-b-polystyrene on cellulose/polystyrene (PS) blends
was observed using a microscope. The thermal properties of blend
samples were characterized by thermogravimetry (TG).

EXPERIMENTAL PROCEDURE

Materials

Cellulose (CF11; Whatman, Maidstone, UK) was used as received. Tencel fiber
was donated by Lenzing Japan’s marketing office. Styrene (St; 99.9%, Wako,
Osaka, Japan) was passed through a column filled with alumina and then
distilled under reduced pressure. 2,2’-Azobis(isobutyronitrile) (98.0%, Wako),
copper(I) chloride (CuCl 99.9%, Wako), copper(I) bromide (CuBr; 95.0%,
Wako), 1-(+)-ascorbic acid (AA; 99.5%, Wako), N,N,N’,N",N"-pentamethyl-
diethylenetriamine (PMDETA; 98.0%, Wako), 2-chloroacetamide (CAA;
97.0%, Tokyo Kasei, Tokyo, Japan), sodium cyanoborohydride (NaBH;CN;
95%, Aldrich, St Louis, MO, USA), N,N-dimethylacetamide (DMAc; 98.0%,
Wako), lithium chloride (LiCl; 99.0%, Wako), methanol (99.5%, Wako),
tetrahydrofuran (THEF; 99.5%, Wako), phenyl isocyanate (98.0%, Wako),
N,N-dimethyl-4-aminopyridine (99.9%, Wako), acetic anhydride (97.0%,
Wako), pyridine (99.5%, Wako), hydrochloric acid (HCl; 35-37%, Wako)
and phosphoric acid (85%, Wako) were used as received.

Characterization

NMR spectra were recorded on a JEOL (Tokyo, Japan) alpha600 NMR
spectrometer. Molecular weights and molecular-weight distributions were
measured by SEC on a high-performance liquid chromatography system with
a GL Sciences (Tokyo, Japan) PU610-1X pump, two serial columns (TSKgel
G2500Hy;, and TSKgel G4000Hy;) and a UV620 detector. THF was used as
eluent, flowing at 0.5 ml min—! at 25 °C. PS standards were used for calibration.
Monomer conversion was determined by gas chromatography (GC353B; GL
Sciences) with a flame ionization detector and a capillary column 30QC2/
BPX70 (SGE, Melbourne, Vic, Australia). 1,4-Dibromobenzene was used as an
internal standard for the gas chromatography. The morphology of the blend
films was observed using an optical microscope (BX51; Olympus, Tokyo, Japan).
Thermal degradation was investigated with a simultaneous TG/DTG instrument
(DTG-60/60H; Shimadzu, Kyoto, Japan). Measurements were conducted at
heating rates of 5, 8, 10 and 20 °C min~! in He or air. The activation energies of
thermal decomposition were estimated by applying the Friedman,”” Ozawa,’®
Kissinger—Akahira—Sunose (KAS)?*3" and Coats-Redfern methods.! The chlor-
ine content of MI was evaluated by the oxygen flask combustion method.

Hydrolysis of cellulose by phosphoric acid (cellulose,)
Microcrystalline cellulose powder (CF11; Whatman) was hydrolyzed with
phosphoric acid as reported by Isogai and Usuda.>? CF11 (50 g) was immersed
in a mixture of water (36 ml) and 85% phosphoric acid (935ml) at room
temperature for 4 weeks. The obtained cellulose solution was poured into a
large amount of water, and the precipitate was collected by centrifugation,
washed with water and methanol repeatedly and dried in vacuo at 40 °C.

Hydrolysis of cellulose by hydrochloric acid (cellulosesq)

Tencel fiber (31 g) was added to a mixture of water (516 ml) and hydrochloric
acid (83 ml) and heated under refluxing for 2.5h with stirring. The resulting
cellulose suspension was poured into a large amount of water, and the
precipitate was collected by centrifugation, washed with water and methanol
repeatedly and dried in vacuo at 40 °C.

Procedures for the preparation of cellulose-CI

Cellulose (5g) was dispersed in DMAc (100 ml), and the suspension was stirred
under refluxing for 0.5h at 165 °C. Thereafter, LiCl (8 g) was added, and the
mixture was stirred constantly overnight at room temperature until it became a
clear solution. Into the solution were added NaBH;CN (0.1g) and CAA (3.8g
for celluloseyg, 1.2 g for cellulosesy, 0.23g for CF11), followed by stirring at
70 °C for 24 h. The resulting solution was poured into a large amount of water,
and the resulting precipitate was filtered, washed with water and methanol
repeatedly and dried in vacuo at 40 °C.
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Procedures for the synthesis of cellulose-b-PS

MIs were added to a volume of DMAc equal to the volume of St and heated
under refluxing for 0.5h at 165 °C with stirring. Thereafter, LiCl was added,
and the mixture was stirred overnight at room temperature to obtain a
transparent solution. In a two-necked flask, the following were added to the
resulting solution: St, CuCl (or CuBr), PMDETA and AA. After sealing the flask
with a rubber septum, a cycle of gas evacuation and nitrogen filling was
repeated three times to remove oxygen. The mixture was then heated at 130 °C
with stirring. Small aliquots of the sample were taken periodically to monitor
the polymerization process. These were diluted with THF and passed through a
column filled with alumina before analysis by gas chromatography. After the
elapse of a predetermined amount of time, the reaction mixture was poured
into a large amount of methanol, and the resulting precipitate was filtered,
washed with methanol repeatedly and dried in vacuo at 40 °C.

Acetylation of cellulose;sy-b-PS

Before acetylation, the crude cellulose,s0-b-PS was washed with THF and dried
in vacuo at 40 °C. The resulting copolymer (0.8 g) was immersed in pyridine
(15ml) overnight. N,N-Dimethyl-4-aminopyridine (0.01g) and acetic anhy-
dride (5 ml) were added to the suspension, and the mixture was stirred for 40 h
at room temperature. The mixture was then poured into a large amount of
methanol, and the resulting precipitate was filtered, washed with water and
methanol repeatedly and dried in vacuo at 40 °C.

Carbanilation of cellulose-b-PS

Cellulose-b-PS (0.2g) was immersed in pyridine (15ml) overnight. Phenyl
isocyanate (2 ml) was then added, and the mixture was stirred at 70 °C for 40 h.
Methanol was added to the solution to degrade the excess phenyl isocyanate,
and then the solvent, including methanol, was removed by evaporation. The
crude product was washed with water and methanol repeatedly and dried
in vacuo at 40 °C.

Procedures for the synthesis of PS for the cellulose/PS blends

The PS homopolymer was prepared by radical polymerization. 2,2’-Azobis
(isobutyronitrile) (0.1g) and St monomer (50 ml) were added to a reaction
container. After sealing it with a rubber septum, a cycle of gas evacuation and
nitrogen filling was repeated three times to remove oxygen. The solution was
then heated at 130 °C for 7 h. After polymerization, the resulting polymer was
dissolved in THF and then precipitated in a large amount of methanol. The
resulting precipitate was filtered, washed with methanol repeatedly and dried
in vacuo at 40 °C. The weight-average molecular weight and polydispersity were
160000 and 2.29, respectively.

Blend films preparation for microscopic observations

Cellulose (CF11; Whatman), PS and cellulosey-b-PS (M,=42000) were
dissolved in LiCl/DMAc each. Each clear solution was mixed at an arbitrary
composition. The obtained mixture solutions were cast on glass plates and
rinsed in water. The blend films were then observed using a microscope.

Blend preparation for TG analysis

Cellulose/PS/cellulose-b-PS blends (5/5/0 and 4/4/2 by weight) were prepared
as follows: Cellulose (CF11; Whatman), PS and cellulose,o-b-PS (M,,=42 000)
were dissolved in LiCI/DMAc each. Each clear solution was mixed at an
arbitrary composition, and then precipitated in a large amount of water. The
resulting precipitate was filtered and dried in vacuo at 40 °C.

RESULTS AND DISCUSSION

Synthesis of cellulose-b-PS block copolymer

Scheme 1 shows the synthetic procedures of cellulose-b-PS. We prepared
the MI for the first step by introducing CAA to the reducing ends of
cellulose. The formyl group in the cellulose reducing end and the amino
group of the CAA reacted to form a Schiff base, which was then reduced
with NaBH3;CN. The obtained MI (cellulose-Cl) was copolymerized with
St monomer. Celluloseyso-Cl was copolymerized using CuBr, whereas
celluloseyy-Cl and celluloses,-CI were copolymerized using CuCl.
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Scheme 1 Synthetic procedures for cellulose-b-PS.
In typical ATRP, the polymerization rate increases with initiator ~Table 1 Molecular weights, polydispersity and degree of
concentration. In copolymerization using cellulose;so-Cl, however, itis ~ polymerization (DP) of phenyl carbanilated macroinitiators
difficult to prepare MI solution with a concentration high enough to
achieve a sufficient polymerization rate. Therefore, we used CuBr as ~ Sample Mp M Mu/Mn op
the catalyst. ins.tead of CuCl. becau.se halogen ?xchange enhz.inces Celluloseso-C/ 6000 10000 167 20
the polyrperlzatlon rate. Growing ch.alns c.apped with Br have a hlgl}er Celluloseso-Cl 14000 24000 171 50
propagation rate and better polydispersity than those capped with Celluloseyso-C! 85000 130000 153 250
Cl. These effects are thought to be due to low bond-dissociation
energy of Br.?2
Characterization of MI (cellulose-CI) 0.5 - 100
Table 1 shows the number-average molecular weight (M,,), the weight-
average molecular weight (M) and the polydispersity (M,/M,) of 0.4 L 80
M1, which were phenylcarbanilated before SEC for ultraviolet detec- = In([M]/[M]),
tion. Although previous work by Isogai and Usuda®? showed that DP =& 03 ¢ Conv./% 60 O
and the polydispersity of cellulose hydrolyzed with phosphoric acid 50 ' %
were 15.5 and 1.15, respectively, DP and the polydispersity of our & <
cellulose,y-Cl prepared using cellulose hydrolyzed under similar con- ~ Z 027 r40 &
ditions as Isogai and Usuda,?? were 20 and 1.67, respectively, suggest-
ing insufficient hydrolysis of cellulose. 0.1 - 20
The amounts of CAA incorporated were evaluated by oxygen flask
combustion. The percentages of the modified reducing terminals for 0 . 0
cellulose, and cellulosesy were estimated to be 57 and 41%, respec- 0 20 40 60 80 100 120
tively. Chlorine incorporation was undetectable for cellulosesq by the Time/h

method. These MIs were copolymerized with styrene.

Kinetic study of cellulose-b-PS block copolymer

Kinetics for the copolymerization of St with cellulose,;-Cl as an MI
were also investigated (Figure 1). The relationship between monomer
concentration and radical concentration is as follows.

(M,
[M],
where ¢ is the time, [M]; is the monomer concentration at ¢, [M] is
the initial monomer concentration, k, is the propagation constant and
[P*] is the concentration of the active propagating species.

The straight semilogarithmic kinetic plot for In([M]y/[M],) and the
linear plot of conversion vs time ¢ indicate that the copolymerization
of St was on the first order with respect to reaction time when the
conversion of monomer was not very high. This suggests that the

In = k,[P*]t, (1)

Polymer Journal

Figure 1 Kinetic plot for the copolymerization of St in the presence of MI
(DP=20): MI=0.2g, St=20ml, [Stl:[CuCI]:[AAL:[PMDETA]=300:1:0.5:3.

concentration of growing radicals remained constant during polymer-
ization. Similar results were obtained from copolymerizaton with the
other MI. Our method enables us to design and produce cellulose-b-
PS with a predetermined molecular weight of PS block.

'H NMR spectrum of cellulose-b-PS block copolymer

The '"H NMR spectrum for the resulting polymer was measured after
displacing the hydroxyl groups in cellulose with acetyl groups to
enhance the polymer’s solubility in the solvent (CDCl;) (Figure 2).
The broad signals at 1.2-1.6 p.p.m. (a) were assigned to the methylene
protons in the PS main chain (-CH,-), and those at 1.7-2.2 p.p.m. (b)
were assigned to the methine proton in the PS main chain (-CH-).
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Figure 2 'H NMR spectrum of acetylated cellulosesso-b-PS obtained under the following conditions: MI (cellulosesso-CH=0.2g, St=13ml,

[Stl:[CuBrl:[AA]:[PMDETA]=250:1:0.5:1, polymerization time=50h.

Sharp peaks at 1.97, 2.02 and 2.13 p.p.m. in this region were assigned
to the methyl protons of the acetyl group (-COCHj3), and signals at
2.2p.p.m. were due to PMDETA. In addition, the signals at 6.4—
7.2 p.p.m. (¢), 3.5-5.2 p.p.m. (H-5: 3.6 p.p.m., H-4: 3.7 p.p.m., H-6: 4.2
and 4.4 p.p.m., H-1: 4.5 p.p.m., H-2: 4.8 p.p.m., H-3: 5.1 p.p.m.) were
assigned to aromatic protons and to protons bonding directly to the
glucose ring, respectively. The PS indicated in Figure 2 was assumed to
link covalently to cellulose, as, before acetylation for NMR measure-
ment, pure PS (homo-PS) was removed by washing with THE, which
is a good solvent for PS but not for cellulose.

SEC of cellulose-b-PS block copolymer

SECs for phenylcarbanilated cellulose-b-PS are shown in Figure 3. As
these original chromatograms (dotted line) indicate a bimodal dis-
tribution, we deconvoluted the chromatograms (solid line).

The molecular weights of phenylcarbanilated cellulose-b-PS calcu-
lated using Figure 3 are listed in Table 2. The M, of the lower-
molecular-weight peak in Figure 3a was 8000; this value is close to the
M, of phenylcarbanilated MI (cellulose,(-Cl in Table 1). This peak
stayed at the same position even when the polymerization time was
prolonged. Similarly, the M,, of the lower-molecular-weight peaks in
Figures 3b and c was close to the corresponding values for their MI, and
these peaks stayed at the same position even after repeated polymeriza-
tion. The M,, follows a similar pattern except for cellulosey,.

These results suggest that the lower-molecular-weight peaks in Figure 3
were obtained from the phenylcarbamate of the remaining original
cellulose, getting rid of the incorporation of CAA at the reducing
terminals, or from the phenylcarbamate of MI with its terminal inacti-
vated toward ATRP. The insufficient incorporation of CAA was probably
due to the low nucleophilicity of nitrogen atoms in CAA.

On the other hand, the higher-molecular-weight peaks in Figure 3
were attributed to phenylcarbamates of cellulose-b-PS, because these
peaks shifted to a higher-molecular-weight region with increasing
polymerization time. Consequently, the M,, and the polydispersity for
phenylcarbamate of cellulosey-b-PS were estimated to be 49000 and
1.75, those of cellulosesy-b-PS were 130000 and 1.97 and those of
cellulose,s0-b-PS were 350000 and 1.25, respectively. The narrow
polydispersity of celluloseyso-b-PS probably resulted from the
activated growing chains capped with Br.??

a  Cellulose,,-b-PS

b Cellulosegy-b-PS

(7]

Cellulose,sy-b-PS

10 15 20 25 30 35 40
Retention time (min)

Figure 3 SEC traces before (dotted line) and after deconvolution (solid line)
of phenylcarbanilated cellulose-b-PS. Conditions for polymerization were as
follows: (@) MI (celluloseyo-CN=0.2g, St=13 ml, [St]:[CuCI]:[AA:[PMDETA]
=1400:1:0.5:1, polymerization time=5h, (b) MI (celluloseso-CN=0.2g,
St=13ml, [Stl:[CuCIl:[AAL:[PMDETA]=400:1:0.5:1, polymerization time=
20h, (c) MI (celluloses0-CN=0.2g, St=13ml, [Stl:[CuBrl:[AAl:[PMDETA]=
250:1:0.5:1, polymerization time=20h.

Table 2 Evaluation of SEC traces after deconvolution of
phenylcarbanilated cellulose-b-PS

Sample M, My, My/M,
Celluloseyq-b-PS 28000 49000 1.75
3500 8000 2.29
Celluloseso-b-PS 66 000 130000 1.97
14000 20000 1.43
Cellulosegsp-b-PS 280000 350000 1.25
79000 120000 1.52

Abbreviations: PS, polystyrene; SEC, size-exclusion chromatography.

Microscopic observation of blend films

The improvement of cellulose/PS compatibility caused by the addition
of cellulose-b-PS was investigated using an optical microscope. Figure 4
shows micrographs of cellulose/PS/celluloseyy-b-PS blend films
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Figure 4 Micrographs of cellulose/PS/celluloseq-b-PS. The weight ratios of
the components are (a) 9/1/0, (a’) 9/1/3, (b) 5/5/0, (b’) 5/5/3, (c) 3/7/0, (c’)
3/7/3, (d) 1/9/0 and (d") 1/9/3.

prepared by casting solution, followed by water displacement. The
bright regions are cellulose and the dark regions are PS.

As the amount of PS increased, the PS domains in uncompatibilized
films (Figures 4a—c) readily aggregated and coalesced. In contrast, the
PS domains in compatibilized films were dispersed and stayed
relatively small (Figures 4a’—c’). At higher concentrations of PS
(Figures 4d and d), phase separation was suppressed to some extent
by the addition of celluloseyy-b-PS. These observations show the
potential of cellulose-b-PS as a compatibilizer.

TG analysis of blend samples

Figures 57 show TG curves for each sample. Table 3 shows initial
decomposition temperatures of blends at 5% weight loss. It indicates
that the thermal stability of the cellulose/PS blend was decreased by
the addition of cellulose-b-PS. Nishioka et al.>3 also reported a decline
in thermal stability for blend systems composed of cellulose, hydro-
phobic poly(methyl acrylate) and cellulose-g-poly(methyl acrylate).
They have hypothesized that the crystallinity of cellulose was decreased
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Figure 5 TG curves of celluloseyg-b-PS (M,=42000), celluloseyg and PS
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Figure 6 TG curves of PS, cellulose (CF11), cellulose (CF11)/PS and
cellulose (CF11)/PS/cellulosesq-b-PS at 10°C min~1 under He.
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Figure 7 TG curves of PS, cellulose (CF11), cellulose (CF11)/PS and
cellulose (CF11)/PS/cellulosesg-b-PS at 10°C min—1 under air.

by the proximity of synthetic polymer, which decreases the thermal
stability of the blend.

We studied the kinetics of thermal and thermo-oxidative degrada-
tion of blends by following methods reported elsewhere.*38 We were
able to determine the thermal decomposition process by comparing
the activation energy (E,) calculated by model-free methods?’° with
the E, calculated by the Coats—Redfern method®' with different
models.>*-38 Table 4 shows the E, of thermal decomposition calculated



Table 3 Initial decomposition (5% weight loss) temperatures (°C)
of blends

Cellulose/PS Cellulose/PS/cellulose-b-PS
Heating rate ("Cmin~1) He Air He Air
5 277 264 199 261
8 270 273 267 262
10 288 279 277 267
20 303 292 281 269

Abbreviation: PS, polystyrene.

Table 4 E, of each sample calculated by model-free methods
(0<a=0.2)

Cellulose/PS/
Cellulose PS Cellulose/PS  cellulose-b-PS
Method ~ Atmosphere (kJmol=1) (kJmol=1)  (kJmol-1) (kJmol1)

Friedman He 189 137 115 101
Air 156 65 123 156
Ozawa He 191 137 113 101
Air 157 70 124 159
KAS He 191 134 110 97
Air 155 64 122 158

Abbreviation: PS, polystyrene.

using model-free methods (Friedman,?” Ozawa?® and KAS?%39). There
were no major differences among the different methods.

The E, of thermal decomposition of each blend was also calculated
by the Coats—Redfern method. (Detailed calculations were omitted.)
These calculations show that the most probable mechanisms for
thermal and thermo-oxidative degradation of the cellulose/PS blend
are random nucleation and nuclei growth (A;s model; Avrami-
Erofeev equation, Avrami exponent n=1.5) and phase boundary
controlled reaction (R; model; one-dimensional movement), respec-
tively. The thermal and thermo-oxidative degradation mechanisms of
the cellulose/PS/cellulose-b-PS blend are random nucleation and
nuclei growth (A; model; Avrami-Erofeev equation, Avrami exponent
n=1) and two-dimensional diffusion (D, model; Valensi equation.),
respectively.

The Avrami exponent (n) contains information about nucleation
and nuclei growth. A lower # value indicates lower-dimensional nuclei
growth. Therefore, it can be concluded that the direction of nuclei
growth of the cellulose/PS/cellulose-b-PS blend (A; model) was
restricted compared with that of the cellulose/PS blend (A5
model). Considering the fact that cellulose-b-PS has a tendency to
localize around the interface of the polymer blend, it is possible that
thermal decomposition of the cellulose/PS/cellulose-b-PS blend pro-
gressed along the blend interface at the initial decomposition stage. We
hypothesize that the lower n value reflects the preferential degradation
of thermolabile cellulose-b-PS along the blend interface. Furthermore,
it is also possible that the increasing area of the reactive interfacial site
caused the higher nucleation rate and the decline in thermal stability
of the cellulose/PS/cellulose-b-PS blend.

The R and D models assume a contracting interfacial reaction,
whereas the A model assumes a growing interfacial reaction. There-
fore, we concluded that thermo-oxidative degradation started from
the surface. In addition, the rate-controlling step of the R model is
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chemical reactions, such as the bond scission reaction, whereas the
rate-controlling step of the D model is the diffusion of chemical
species such as oxygen and radicals. We hypothesize that cellulose-b-
PS, which is localized around the surface of PS particles, decomposed
easily when the reactive interface reached around the PS interface.
Therefore, the thermo-oxidative decomposition of the cellulose/PS/
cellulose-b-PS blend was the diffusion-controlling mechanism (D,
model).

For these reasons, we attribute the decline in the initial thermal
stability caused by the addition of cellulose-b-PS to the preferential
decomposition of thermolabile cellulose-b-PS and to the increase in
interfacial area as a reaction site.

CONCLUSION

Cellulose-b-PS copolymers were synthesized by ATRP. MIs were
prepared by introducing CAA to the reducing end of cellulose. 'H
NMR for the obtained block copolymer indicated the presence of
cellulose and PS bonded covalently to the cellulose. SEC traces for the
obtained copolymer and kinetic study of polymerization suggested
that our method was applicable to higher-molecular-weight cellulose
(DP=250) and produced cellulose-b-PS with a predetermined mole-
cular weight of PS block. Cellulose,s0-b-PS, which was prepared with
CuBr, exhibited narrow polydispersity. CuBr was more effective than
CuCl in ATRP for cellulose-b-PS. Microscopic observation indicated
that the addition of cellulose-b-PS enhanced the miscibility of the
immiscible cellulose/PS blend. TG analysis of the blends showed
reduced thermal stability and improved compatibility.
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