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ABSTRACT: Cellulose-graft-poly(ethylene glycol) copoly-
mers were synthesized, and the thermal properties of the
copolymers were investigated. The cellulose-graft-poly(eth-
ylene glycol) copolymers showed solid-solid phase-transi-
tion behavior with a high thermal storage density and
good thermal stability in the temperature region of 25-
250°C. The phase-transition temperature and enthalpy of
the cellulose-graft-poly(ethylene glycol) copolymers could

be adjusted through changes in the poly(ethylene glycol)
content. The prepared copolymers could be used as ther-
mal energy storage materials. © 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 110: 1797-1803, 2008
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INTRODUCTION

Phase change materials (PCMs) are materials that
can take in or release latent heat via a phase-transi-
tion process. PCMs have potential applications for
energy storage and temperature control and can be
used in solar energy utilization, intelligently air-con-
ditioned buildings, insulation clothing, and so on.?
Therefore, PCMs have attracted increasing interest
because of the coming energy crisis around the
world. PCMs can be classified into solid-liquid and
solid-solid PCMs according to their working states.
Polymeric solid-solid PCMs are more attractive
because of the advantages of no leakage, ease of
sealing, a relatively low phase-transition tempera-
ture, and high enthalpy.4/5 Polymeric solid—solid
PCMs can be prepared by physical blending and
chemical modification.®” However, the physical
blending approach has the disadvantage of phase
segregation, which leads to worse shape stability.'*"!
In contrast, the chemical approach is an essential
method for preparing solid—solid PCMs. Poly(ethyl-
ene glycol) (PEG) is a well-defined macromolecule
with the characteristics of nontoxicity, good biocom-
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patibility, biodegradability, hydrophilicity, and ease
of chemical modification, which have led to wide-
spread applications of PEG in chemical, biomedical,
and biotechnological fields.'> Moreover, PEG is one
of the promising working materials for PCMs
because of its relatively large fusion heat, congruent
melting behavior, resistance to corrosion, and wide
melting-temperature range.13

Cellulose is one of the most abundant natural
polymers and renewable raw materials, and it has
been widely used in coatings, membranes, pharma-
ceuticals, and foodstuffs.!* However, the strong
intermolecular and intramolecular hydrogen bonds
of cellulose lead to poor processability. Chemical
modification via graft copolymerization is an attrac-
tive method for extending the applications of cellu-
lose, by which novel hybrid materials with desired
properties of both natural polysaccharides and syn-
thetic polymers can be achieved. The modification of
cellulose and its derivatives by graft copolymerization
has been studied extensively.”° In particular, 4-
monomethoxytriphenylmethylcellulose (MMTritylcel-
lulose) is an important intermediate material for the
regioselective functionalization of cellulose because of
its high reactivity, its solubility in common organic
solvents, and the ease of removing the 4-monome-
thoxytriphenylmethyl (MMTrityl) moieties.*' >

The preparation of cellulose/PEG and cellulose di-
acetate/PEG solid-state PCMs has been reported.24'25
However, toxic 24-tolylene diisocyanate has been
used as the crosslinking reagent in dimethyl sulfoxide
(DMSO)/polyformaldehyde media, and the resultant
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materials have lower thermal storage density.*** In

this work, cellulose-g-PEG copolymers with different
graft densities were synthesized from MMTritylcellu-
lose. The thermal properties and morphology of the
copolymers were investigated.

EXPERIMENTAL
Materials

Cellulose (Whatman CF-11, England), 4-monome-
thoxytrityl chloride (97%), and poly(ethylene glycol)
monomethyl ethers (mPEGs) with number-average
molecular weights of 2000 and 1100 g/mol (PEGyy
and PEG, qx, respectively; Fluka, Switzerland) were
used as received. DMSO and pyridine (Beijing
Chemical Engineering Plant, Beijing, China) were
freshly distilled over CaH, under reduced pressure
before use. All other reagents (analytical-grade) were
used as received.

Synthesis of cellulose-g-PEG

The synthesis procedure for -cellulose-g-PEG is
shown in Scheme 1, and the details are as follows.

Poly(ethylene glycol) monomethyl ether
iodide (mPEG%

mPEGI was synthesized with a modified form of the
Rydon reaction.”® mPEG, triphenyl phosphate, and
methyl iodide (molar ratio =1 : 2 : 2) were added to
a flask fitted with a reflux condenser and a CaCl,
drying tube. The mixture was stirred at 120°C in
darkness for 6 h and then cooled to room tempera-
ture. The mixture was then dissolved in toluene,
precipitated in diethyl ether, filtered, and washed.
The product was dried in vacuo at room tempera-
ture, and the result was pale yellow mPEGL

Mercerized cellulose

Microcrystalline cellulose (7.5 g) was stirred in an
aqueous sodium hydroxide (NaOH) solution (25 wt
%, 135 mL) at room temperature for 2 days, and
then 180 mL of methanol was added. The suspen-
sion was filtered and washed with methanol, and
the resultant mercerized cellulose was dried at 50°C
in vacuo.

MMTritylcellulose

Mercerized cellulose (1.5 g) was suspended in dry
pyridine (32 mL) and stirred at 60°C for 5 h. The
mixture was cooled to room temperature, and 4-
monomethoxytrityl chloride (7.14 g) in a dry pyri-
dine solution was added dropwise. The mixture was
then fluxed at 95°C for 69 h, cooled to room temper-
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Scheme 1 Synthesis of the cellulose-g-PEG copolymer.

ature, precipitated in excess methanol, and filtered.
The product was then dissolved in DMSO, precipi-
tated in methanol, filtered, washed, and dried at
50°C in vacuo.

MMTritylcellulose-g-PEG

MMTritylcellulose (0.2 g) was dissolved in anhy-
drous DMSO (10 mL) at room temperature, and
then powdered NaOH (0.16 g) was added. The mix-
ture was stirred for 2 h under nitrogen, and a certain
amount of mPEGI (depending on the desired graft
density of the resultant copolymer) was added. The
mixture was stirred for 48 h at 70°C under nitrogen,
and then the solution was precipitated in diethyl
ether. The obtained sticky product was then dis-
solved in chloroform, washed with excess deionized
water, concentrated, and mixed with deionized
water. The mixture was dialyzed against water for
120 h and freeze-dried to obtain MMTritylcellulose-
g-PEG.

Cellulose-g-PEG

MMTritylcellulose-g-PEG (0.2 g) was suspended in 1
mL of tetrahydrofuran (THF), and concentrated
aqueous hydrochloric acid (HCl; 37%) in THF (4%,
v/v) was added dropwise to MMTritylcellulose-g-
PEG at room temperature under nitrogen. After 5 h
of stirring at room temperature, THF was removed
by rotary evaporation, and the residue was precipi-
tated in cold acetone, filtered, washed, and dried.

Characterization

The chemical structures of the samples were charac-
terized with NMR (DMX 300, Bruker, Germany) and
FTIR (Equinox 55, Bruker, Germany). Elemental
analyses were performed on a Flash 1112 elemental
analyzer (Italy).
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Figure 1 "H-NMR spectrum of mPEGyI in CDCl;,
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Differential scanning calorimetry (DSC) measure-
ments were performed with a Mettler-Toledo DSC
822° differential scanning calorimeter (USA). The
samples were heated from 0 to 100°C at 10°C/min
in a nitrogen atmosphere, held at 100°C for 5 min,
cooled to 0°C at 10°C/min, held at 0°C for 5 min,
and then heated from 0 to 100°C at the same rate.
The first cooling and second heating DSC traces
were taken for estimating the thermal behaviors of
the copolymers. Thermogravimetric analysis (TGA)
was performed on a Pyris 1 thermogravimetric ana-
lyzer (Perkin Elmer, USA) from 25 to 700°C under a
nitrogen atmosphere at a heating rate of 10°C/min.

Wide-angle X-ray diffraction (WAXD) patterns of
the samples were recorded with a Rigaku D/max
2500 X-ray powder diffractometer (Japan) with Cu
Ko (A = 1.541 A) radiation generated at 40 kV and
200 mA. The samples were examined in the 20 range
of 10-40°. Polarized optical microscopy (POM) ob-
servations were performed with an Olympus BH-2
(Japan) equipped with a Mettler FP 52 hot stage.
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Figure 2 'C-NMR spectrum of MMTritylcellulose in
DMSO-d.
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Figure 3 FTIR spectra of (a) mercerized cellulose, (b)
mPEG,y, (c) MMTritylcellulose-¢g-PEG;y, and (d) cellulose-
g-PEGyy with a PEG concentration of 85 wt %.

RESULTS AND DISCUSSION

Figure 1 shows the '"H-NMR spectrum of mPEGL.
There are signals around § = 3.26 ppm in addition
to the characteristic chemical shift of the mPEG pro-
tons. These signals come from the protons of —CH,I
and indicate the successful synthesis of mPEGI.

MMTritylcellulose was synthesized under hetero-
geneous conditions. The degree of substitution (DS)
of MMTrityl was estimated by elemental analysis as
follows:
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Figure 4 '"H-NMR spectra of (a) MMTritylcellulose-g-
PEG;y and (b) cellulose-g-PEG,y in DMSO-ds. The concen-
tration of PEG was 85 wt %.
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Figure 5 DSC (A) heating and (B) cooling curves of mPEG,y and cellulose-g-PEG,y copolymers with PEG concentrations

of (a) 100, (b) 94, (c) 85, and (d) 50 wt %.

MMMTritylcellulose
= M(C6H1005) + M(C20H17O X DS) — M(H X DS)
= Ce+200sH104+1608O54Ds = 162 + 272DS (1)

where M is the molar mass of the related groups. In
this work, the elemental analysis results were
71.08% carbon and 6.03% hydrogen, which corre-
sponded to DS = 0.93. The chemical structure of
MMTritylcellulose was further confirmed by '*C-
NMR (Fig. 2), and the peak assignment was carried
out on the basis of the literature.”””® The strong
signals at 110-160 ppm come from the aromatic
carbon atoms of the MMTrityl groups, and the sig-
nal around 55 ppm comes from the —OCHj; group
(C-12). Meanwhile, there is a separate peak for C-7
around 85 ppm. The singlets at 6 = 60-100 ppm

are attributable to the carbon atoms of the
anhydroglucose.

MMTritylcellulose-g-PEG was synthesized by the
treatment of MMTritylcellulose with mPEGI with a
procedure similar to that used for the alkylation of
tritylcellulose.® > As expected, the content of the
grafted PEG chains increased with increasing mPEGI
content in the feed. The graft content was calculated
as follows: graft content = [(Wg; — Wy)/ W] x 100,
where W, and W are the weights of MMTritylcellu-
lose-g-PEG and MMTritylcellulose, respectively. Fig-
ure 3 shows the FTIR spectra of the cellulose, mPEG,
and MMTritylcellulose-g-PEG copolymers. The char-
acteristic absorbance bands of mPEG at 842, 948,
1112, and 2883 cm ™' appear in the spectrum of the
MMTritylcellulose-g-PEG copolymer [Fig. 3(c)], and
this indicates that the PEG chains were successfully

TABLE I
DSC Results for PEG and Its Copolymers
Heating Cooling
PEG AH,, AH,* T Crystallinity AH, AH_* T, Phase

(wt %) (/g (4/g) Q) (%) (4/g) (/g O transition
Cellulose-g-PEGgy 100 199.7 199.7 54.9 97.4 177.8 177.8 373 Solid-liquid
94 177.4 188.8 52.1 92.1 157.7 167.8 31.6 Solid-liquid

85 149.1 175.4 50.4 85.6 132.5 155.9 28.9 Solid—solid

50 66.5 133.0 45.7 64.9 489 97.8 25.6 Solid-solid
Cellulose-g-PEG; 1 100 191.2 191.2 427 93.3 180.7 180.7 29.4 Solid-liquid
95 171.1 179.0 422 87.3 165.2 173.9 229 Solid-liquid

85 140.9 167.1 41.6 81.5 129.1 157.7 19.4 Solid-solid

75 125.3 165.8 409 80.9 118.2 151.9 18.3 Solid-solid

60 80.3 133.8 40.2 65.3 70.3 117.1 12.2 Solid—solid

AH. = enthalpy of crystallization per gram of the copolymer; AH.* (AH./w) = enthalpy of crystallization per gram of
PEG in the copolymer; AH,, = enthalpy of melting per gram of the copolymer; AH,,* (AH,,/w) = enthalpy of melting per
gram of PEG in the copolymer; T. = solidification temperature; T,, = melting temperature; w = PEG content in the copol-

ymer (Wt %).
 Estimated gravimetrically and with elemental analysis.
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Figure 6 Phase-transition temperature (T,,) as a function
of the PEG concentrations in the copolymers: (a) cellulose-
3-PEGyy and (b) cellulose-g-PEGj 1k.

grafted onto the cellulose backbone. Moreover, the
absorbance bands at 1509 and 1607 c¢cm™!, corre-
sponding to MMTrityl moieties, disappeared in the
spectrum of the cellulose-g-PEG copolymers, and the
absorbance band at 3497 cm ' was strengthened
simultaneously after MMTritylcellulose-g-PEG  co-
polymers were treated by HCl/THF [Fig. 3(d)]; this
suggested the absolute removal of the MMTrityl
moieties from the cellulose backbone.

Figure 4 shows 'H-NMR spectra of the MMTrityl-
cellulose-g-PEG and cellulose-g-PEG copolymers.
The strong signals at 6 = 3.66 and 3.38 ppm are at-
tributable to the protons of —(CH,CH,0O),— and
—OCH; of PEG side chains, respectively. The sig-
nals at 6 = 6.0-8.0 ppm [Fig. 4(a)], which are attrib-
utable to the aromatic protons of MMTrityl moieties,
disappeared after MMTritylcellulose-g-PEG  was
treated with HCI/THF [Fig. 4(b)], and this also con-
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firms the absolute removal of the MMTrityl moieties
from the cellulose backbone.

Figure 5 shows DSC curves of the cellulose-g-PEG
copolymers with different PEG contents. Because
PEG was the working material in the phase transi-
tion of the copolymers, it was important to obtain
the crystallinity percentage of pure PEG in the
copolymers. Moreover, cellulose made no contribu-
tion to the phase transition of the copolymers. There-
fore, the crystallinity percentage could be estimated
as follows:

Crystallinity (%) = (AH%/AHY) x 100%  (2)

where AHY is the enthalpy of 100% crystalline PEG
(AHY = 205 J/g)’! and AHj, is the enthalpy of PEG
in the copolymers. The latter was estimated as fol-
lows: AH}, = AH,,/w, where AH,, is the enthalpy of
the copolymer and w is the PEG content (wt %) in
the copolymer. As listed in Table I, the degree of
crystallinity of PEG decreased with a reduction of
the PEG content, for cellulose did not contribute to
the crystallization. The DSC results indicate that the
pure mPEG,, showed a phase transition from a crys-
talline state to an amorphous state with a rather
large enthalpy at 54.9°C during heating and from an
amorphous phase to a crystalline phase at 37.3°C
during cooling. For the cellulose-g-PEGy copoly-
mers, the phase-transition temperatures were in the
regions of 52.1-45.7 and 31.6-25.6°C during heating
and cooling, respectively. The melting temperature
of polymer crystals is directly related to the thick-
ness of the crystalline lamellae. A lower melting
temperature is related to a thinner lamella and vice
versa.”> The decrease in the phase-transition temper-
ature indicated thinner lamellae with decreasing
PEG content in the copolymer (Table I). The
decrease in the enthalpy was due to the decrease in
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Figure 7 (A) WAXD patterns of (a) mercerized cellulose, (b) mPEGy, and (c) cellulose-g-PEGyy at room temperature and
(B) WAXD patterns of cellulose-¢g-PEG, at (a) 30, (b) 40, (c) 50, and (d) 60°C.
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the working material content and the crystallinity of
PEG in the copolymers (Table I). The phase-transi-
tion temperature and enthalpy of the copolymers
decreased with the decrease in the PEG content (Fig.
6). Moreover, the phase-transition temperature of
cellulose-g-PEG, was higher than that of cellulose-
3-PEG, 1x with the same PEG content (Fig. 6). This
was due to the fact that PEG is a linear polymer
with repeated CH,CH,O units. With the same PEG
content, PEG; 1, had more end groups, and the crys-
tallinity and crystalline perfection were less than
those of PEGyy; the PEGj  x copolymers also had a
lower phase-transition temperature than PEG,y. This
result agreed with the literature.”

Figure 7(A) shows the WAXD diffraction patterns
of mPEG, cellulose, and cellulose-g-PEG at room
temperature. The results show that the copolymers
have a diffraction pattern similar to that of pure
mPEG, and this indicates that the crystal structure of
the grafting copolymers is similar to that of mPEG.
However, the diffraction peaks of the grafting
copolymers are wider than those of mPEG. The
results indicate that the crystallites of the PEG side
chains in the copolymers are smaller and less perfect
than those of pure mPEG samples, and this agrees
with the crystallinity results in Table I. The phase-
transition behavior of the grafting copolymers was
also investigated with WAXD at different tempera-
tures [Fig. 7(B)], and no change in the crystalline
structure of PEG in the copolymers was observed at
temperatures lower than the melting temperature of
PEG. At temperatures above the melting tempera-
ture of PEG (e.g., 60°C), only an amorphous diffrac-
tion peak is shown on the WAXD curve. The
temperature-dependence WAXD experiments were
consistent with those of DSC.

Figure 8 presents typical POM images of mPEG
and cellulose-g-PEG. A spherulite crystalline mor-
phology with an obvious cross-extinction pattern
under polar light was observed at room temperature
for mPEG [Fig. 8(a)]. In the case of cellulose-g-PEG,
the spherulite crystalline morphology was also
observed, but the spherulites were much smaller
than those of pure mPEG [Fig. 8(a,b)]; this indicated
that the crystallization of PEG in the copolymers
was disturbed by cellulose. While the samples were
heated, no change in the morphology of the samples
was observed below the phase-transition tempera-
ture. When the samples were heated to a tempera-
ture above the phase-transition temperature (e.g.,
50.4°C), the spherulites disappeared rapidly [Fig.
8(c)]. It was further confirmed that a phase transition
took place for the copolymer at this temperature.
Furthermore, no flow phase was observed under a
normal light microscope in the temperature range of
50-100°C, and this indicated that the molten PEG
was fixed by the cellulose skeleton and lost its

Journal of Applied Polymer Science DOI 10.1002/app
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250 um

Figure 8 POM microphotographs of (a) mPEG,, (b) cel-
lulose-g-PEG,y at 25°C, and (c) cellulose-g-PEGyy at 51°C.

intrinsic macroflowing property, so the phase transi-
tion around 50°C was a solid—solid phase transition.
The phase-transition behaviors of the copolymers
are summarized in Table I. The copolymers showed
a solid-liquid phase transition when the cellulose
content in the copolymers was lower than 15 wt %,
whereas there was a solid—solid phase transition for
those copolymers with cellulose contents higher than
15 wt %. The former was due to the fact that the
limited cellulose backbone was insufficient to pre-
vent the diffusion of liquid PEG.*
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Figure 9 TGA of (a) cellulose and (b) the copolymer cel-
lulose-g-PEG;y with a PEG concentration of 85 wt %.

The thermal stability of PCMs is very important,*
and the applications of normal solid-state PCMs,
such as those containing polyols, paraffin, or fatty
acids, are limited because of thermal decomposition,
degradation, evaporation, and sublimation.’® The
copolymers in this work had good thermal stability,
as indicated by the TGA experiments (Fig. 9). The
results showed that the samples were stable below
250°C. Moreover, after the cellulose-g-PEG copoly-
mers were heated from room temperature to 100°C
and then cooled to room temperature for 100 cycles,
no obvious change in the phase-transition behaviors
was observed. The results confirmed that the cellu-
lose-¢g-PEG copolymers were stable in the tempera-
ture region of 20-100°C.

CONCLUSIONS

Cellulose-g-PEG copolymers were synthesized and
characterized. The obtained graft copolymers
showed solid-solid phase-transition behavior with a
higher thermal storage density and good thermal
stability. The phase transition was the transition
between the crystalline and amorphous states of the
PEG side chains of cellulose-g-PEG copolymers. The
phase-transition temperature could be adjusted from
room temperature to 50°C though changes in the
content and molecular weight of PEG side chains.
The resultant grafting copolymers could be poten-
tially used as solid-state PCMs for thermal energy
storage and temperature-control applications.
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