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ABSTRACT: Poly(ethylene glycol)-block-poly(butyl acrylate) synthesized by radical po-
lymerization in a one-step procedure were characterized by gel permeation chromatog-
raphy, infrared, 1H-NMR spectroscopy, and differential scanning calorimetry (DSC).
The crystalline property, emulsifying property, and phase transfer catalytic effect in the
Williamson reaction were studied. It was found that the crystallinity of the copolymer
increased with an increase in both the content and molecular weight of poly(ethylene
oxide) (PEO) sequences. DSC curves showed two distinct crystallization temperature
due to the heterogeneous nucleation and homogeneous nucleation crystallization. The
casting solvent significantly affected the morphology and crystallinity of the solvent
cast films. Both the emulsifying volume and the phase transfer catalytic efficiency in
the Williamson reaction increased with the amount and PEO content of the block
copolymers used, but decreased with an increase in the molecular weight of PEO se-
quences. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 1427–1436, 1998

Key words: amphiphilic block copolymers; emulsifying volume; crystallinity; phase
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INTRODUCTION crystallinity, and complexity with alkali metal ion
of PEO segments. For example, it was reported
that such block copolymers have been used to im-The block copolymers of poly(ethylene oxide)

(PEO) have been studied intensively both in prove the viscosity and detergent properties of the
lubricating oils,9 dyeability, and resistance topreparation and in application. Recently, many

synthetic methods have been developed, including electrical charge build up.10 Such block copoly-
mers were also suggested as polymeric surfac-anionic polymerization,1 condensation polymer-

ization,2–4 and radical polymerization.5–8 These tants,11 hydrogels,12 and nonionic surface active
reagent to emulsify the system of water–tolu-block copolymers have many diversified applica-

tions because of the properties of hydrophilicity, ene.13

Huynb-Ba-Gia14 studied the emulsifying char-
acteristics of PS–PEO star block copolymers.
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that solvent cast films of styrene–ethylene oxide
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Figure 1 The 1H-NMR spectrum of PEO-b-PBA.

quan Xie et al.18 studied the emulsifying property, hydroxide was extracted by toluene. The purity
was measured by the chlorhydric acid titration.the phase transfer catalytic property, and the

crystalline morphological structure of the star- Toluene was dried by anhydrous magnesium sul-
fate and distilled. All the other reagents were ana-shaped block copolymers of styrene and ethylene

oxide and pointed out that the crystal regularity lytically pure and used as received.
was higher when the melting copolymers were

Handling of PEO-b-PBA (To Be Usedquenched at 207C than that at 07C. Tao Xuquan
to Observe the Spherulite)et al.19 observed that the crystallinity and mor-

phology of multiblock copolymers of PS–PEO A 5% solution of PEO-b-PBA was prepared in a
were affected by the PEO content and the type of different solvent and then cast on a flat glass.
the casting solvent. After the solvent evaporated at room tempera-

In a preceding article,20 we have studied the ture, the cast films were dried in the desiccator.
synthesis of poly(ethylene glycol)-b-poly(butyl

Characterization of PEO-b-PBAacrylate) (PEO-b-PBA) by radical polymerization
in an one-step procedure. In this article, we will 1H-NMR spectra were taken on a JEOL FX100
study the structure of PEO-b-PBA by infrared NMR spectrometer using CDCl3 as a solvent. DSC
(IR), 1H-NMR spectroscopy differential scanning experiments were run on a Perkin Elmer DSC-7
calorimetry (DSC), scanning electron microscopy differential scanning calorimeter, and the traces
(SEM), wide-angle X-ray diffraction (WAXD), were taken at a heating rate of 107C min or0107C
and the properties of the emulsification and of the min. IR spectra were taken on a Perkin Elmer
phase transfer catalysis. 177 grating spectrometer. Crystallinity (Xc ) of the

poly(ethylene glycol) (PEG) homopolymer was
determined by WAXD using a Rigaku 3015 appa-

EXPERIMENTS ratus. The crystalline morphology of the block co-
polymers were taken by a JEOL JXA-840 scan-

Materials ning microanalyzer.

Poly(ethylene oxide)-block-poly(butyl acrylate) Properties of PEO-b-PBA
was prepared as described in a preceding article.20

Measurement of the Emulsifying VolumePotassium phenylate was prepared by reacting
potassium hydrate with an excess of phenyl hy- The emulsifying properties of the block copoly-

mers were represented by the emulsifying volumedroxide in water solution, and the residual phenyl
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Figure 2 DSC thermograms. (a–c) Heating curves. (a *–c * ) Cooling curves. (a–a * )
PEG homopolymer. (b–b * ) PEG–PBA blend. (c–c * ) PEO–PBA copolymer.

that was measured as follows. A certain amount bromide, 1.0 g of potassium phenylate, and a cer-
tain amount of the block copolymers was weighedof the block copolymers was dissolved in 30 mL

of toluene, then 70 mL of water was added to it. accurately and dissolved in 40 mL of toluene, then
stirred at 907C for 4 h. The solution was keptThe mixture was stirred thoroughly by a magnetic

stirrer for 10 min and then poured into a cylinder statically to deposit the insoluble substance. The
precipitates were dried at room temperature. Thewith a cover. After keeping static for 48 h, the

total volume and the volume of the water phase surplus potassium phenylate were measured by
the chlorhydric acid titration using methyl red asor oil phase were measured. The difference was

recorded as the emulsifying volume. an indicator. The conversion of potassium phenyl-
ate is given by

Measurement of the Phase Transfer Catalytic
Efficiency in Williamson Reaction conversion % Å (Wa 0 Wb ) 1 100/Wa (1)
The phase transfer catalytic properties of PEO-b-
PBA were measured as follows. 2.0 mL of butyl where Wa is the weight of potassium phenylate
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Table I DSC Experiment on Different PEO Contentsa

PEO Content DHf
b Melt Temperature Crystallinity

Sample (mol %) (J/g) (K) (%)

1 31.4 10.0 323.3 13.3
2 33.9 14.8 318.9 18.2
3 38.9 20.5 323.4 21.9
4 44.8 26.5 320.0 24.6
5 46.8 29.8 320.9 26.5
6 100 182.2 335.6 76.1

a Heating speed is 107C per min. The PEO sequence molecular weight is 4000.
b DHf is the enthalpy of fusion per unit of block copolymer.

before reaction, and Wb is the weight of potassium 2.74, de Å 2.27, df Å 3.66, and dg Å 4.04. A small
peak at 7.26 comes from the trace of CHCl3 in thephenylate after reaction.
CDCl3. The content of PEO in the block copoly-
mers is calculated according to the following equa-
tion:RESULTS AND DISCUSSION

Characterization of Block Copolymers PEO % Å Ae 1 100/(2Af / Ae ) (3)
As described in a preceding article,20 the IR spec-
tra of the purified block copolymers contained the where Ae is the area of the proton of de , Af is the
characteristic absorption of both the PEG and the area of the proton of df , and the content is in mole
PBA component. From the 1H-NMR spectra of the percentage.
purified products (Fig. 1), the peaks may be as- In order to check the crystallinity of the various
signed as follows. types of PEO–PBA sequences, DSC measure-

ments were conducted (Fig. 2). The top curves
show the melting behavior of the copolymers, and
the lower curves illustrate the crystallization be-
havior of the copolymers. All of the samples were
handled under the same condition as follows.
After purified, the samples were dried at 1007C
in vacuum for 2 h, then cooled naturally in desic-
cator. The range of the melting temperature (Tm)
of the samples is from 336 K for homo-PEG to
about 321 K for the block copolymers, as pre-
sented in Table I. The reason why Tm depression
occurs may be caused in part by the PBA exis-
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tence. However, Tm of the blend of PEG and PBA
homopolymer is 337 K, almost no variation.where da Å 0.94, db Å 1.38, dc Å 1.60, dd Å 1.89,

Table II The Influence of the Cast Solvents on Crystallinity

Crystalline
DHf Melt Temperature Crystallinity Temperature

Sample Solvent (J/g) (K) (%) (K)

4 Toluene 24.5 325 22.8 235.7 257.5
4 Acetic ether 27.8 324 25.9 237.4 256.6
4 Chloroform 34.0 324 31.6 237.0 258.3
4 Dichloromethane 34.4 324 32.0 238.0 260.2
4 Tetrahydrofuran 36.1 325 33.6 237.4 257.4
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Figure 3 Scanning electron photomicrographs of PEG and PEO–PBA copolymer sol-
vent casting films. Top left: PEG; the others, copolymers and their cast solvent: tetrahy-
drofuran (top right), toluene (bottom left) , and chloroform (bottom right). Marker is
10 mm.

Therefore, the PBA sequence makes Tm decrease K, at about 607C apart. The occurrence of the two
fusion exotherms suggests a difference in nucle-only when it connects with PEO sequence to be-

come the block copolymers. ation phenomenon at the two temperatures. It is
suggested that only a fraction of isolated PEO-A particular phenomenon observed was that

there were two distinct crystallization tempera- rich domains in the PBA matrix contain heteroge-
neous nuclei. Those domains that contain nucleitures (Tc ) of the block copolymer at about 21 K

apart (Fig. 2, curve c * ) . The PEG homopolymer will crystallize in the usual temperature range at
rather low supercooling. However, domains thatrapidly crystallizes at 306 K, about 30 K belower

than its Tm (Fig. 2, curve a * ) . The blend of PEG do not contain any nucleus must be supercooled
at a much lower temperature in order to induceand PBA homopolymer mostly crystallizes at 301

K, at about 5 K below the Tc of the PEG homopoly- some kind of homogeneous nucleation; so the crys-
tallization at about 256 K is heterogeneously nu-mer; and a little crystallizes at 264 K (Fig. 2,

curve b * ) . The ratio of the dual crystal peaks is cleated, and that at about 236 K is homogeneously
nucleated.97 : 3. The crystallization behavior of the blend

further indicates the effect of PBA sequences on The area of the endothermic peak in the DSC
curves is proportional to the enthalpy of the fusionthe thermal transition of PEO. The block copoly-

mers crystallize at 236 and 256 K (Table II) . Simi- of PEO blocks, so the crystallinity Xc of PEO in
block copolymers is calculated as follows:lar observations have been reported for di-, tri-

and multiblock PS–PEO copolymers,21–23 but the
two crystallization temperatures are 253 and 313 Xc Å DHf /DH*f (4)
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Table III Phase Transfer Catalytic Effects of the Block Copolymers

Weight PEO Conversiona

Sample (g) Mn PEO 1 1003 (%) (%)

1 0.3 4 31.4 74.7
2 0.3 4 33.9 78.4
3 0.3 4 38.9 82.9
4 0.3 4 44.8 85.0
5 0.3 4 46.8 86.4
6 0.3 2 25.0 80.1
7 0.3 2 27.3 81.2
8 0.3 2 33.4 84.5
9 0.3 2 45.8 87.4

10 0.3 2 53.1 89.0
blank — — — 4.2
PEO 0.3 2 100 49.2

a The conversion of potassium phenolate.

where DHf is the enthalpy of the fusion per mass of perfectly crystallized PEO and its value is
239.8 J/g.unit of PEO blocks in the block copolymers, and

DH*f is the enthalpy of the fusion per mass unit Table I shows the dependence of the crystallin-

Figure 4 The influence of the amount of copolymer used on the emulsifying volume:
PEO content is 46.8% and the PEO sequence molecular weight is 4000.
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Figure 5 The influence of the PEO content and PEO sequences molecular weight on
the emulsifying volume. PEO sequence molecular weight: (s ) 2000; (l ) 4000.

ity of PEO blocks on the content of PEO in the homopolymer and the PEO–PBA copolymers. It
is obvious that volume filling spherulitic films areblock copolymers. Contrary to the crystallinity of

HMS–MEPS copolymers,24 the crystallinity of formed and the volume of the PEO spherulites in
block copolymers decreases. In the copolymer, thePEO–PBA block copolymers increases with the

increase of the PEO content, and its value is rela- crystallization of PEO sequences is impeded by
amphous PBA sequences; consequently, the copol-tively lower. The Xc increases from 13.3 to 26.5%,

while the content of PEO increases from 31.4 ymer spherulites are smaller than that of homo-
PEG. More interesting, however, is that theto 46.8%.

As described by Shimura and Hatakeyama,22 spherulites of the tetrahydrofuran cast films are
smaller but denser than that of the chloroformthe molecular weight of PEO blocks (Mn ) affects

the crystallinity of the block copolymers. The DSC and toluene cast films, as shown in Table III; and
the crystallinity is the highest.curves indicate that there is no crystallization

when the Mn of PEO sequences is 2000 (PEO-
2000); however, there is obvious crystallization

Properties of Block Copolymersin PEO-4000 copolymers (Fig. 2).
The morphology of the solvent cast films of sty- The Emulsifying Property

rene–ethylene oxide copolymers has been studied
extensively.25–27 It has been reported that the sol- The block copolymers can emulsify the water–oil

system owing to the hydrophilic property of PEOvent significantly affects the morphology and
crystallinity of the copolymer. Figure 3 shows the sequences and the hydrophobic property of PBA

sequences. Figure 4 shows the dependence of thescanning electron photomicrograph of the PEG
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Figure 6 The influence of the amount of copolymers used on the conversion of potas-
sium phenolate. PEO content is 46.85 and PEO sequence molecular weight is 4000.

emulsifying volume on the amount of the block fying volume of PEO-4000 copolymers is signifi-
cantly lower than that of PEO-2000 copolymer. Incopolymers used in emulsifying the water–tolu-

ene system. The higher the emulsifying volume, other words, at a fixed PEO content and amount
of copolymers, the smaller the molecular weightthe larger is the ability of the copolymer to emul-

sify. It can be seen that all of the emulsion is of the of PEO sequences, the larger the emulsifying vol-
ume. It may be due to the number of emulsifyingwater-in-oil type. At initial stage, the emulsifying

volume increases remarkably with the increase centers increasing with a reduction in the molecu-
lar weight of PEO sequences.of the block copolymers, then increases slightly.

When the weight of the copolymers is 0.192 g, the The Phase Transfer Catalytic Property
system is emulsified thoroughly.

It is well known that PEO can complex with alkaliFigure 5 shows the effects of the content and
salts, so the copolymers containing PEO se-the molecular weight of PEO sequences on the
quences were tested as phase transfer catalystsemulsifying volume. The emulsifying volume in-
in the Williamson reaction, as followscreases with the content of PEO when the molecu-

lar weight of PEO sequences is 4000. However, in
the case of PEO (2000) used, the emulsion type
varies with PEO content. At a lower PEO content,
the emulsion type is water-in-oil, then becomes
oil-in-water with the increase of the PEO content;
the emulsifying volume decreases dramatically,
then increases slightly. Furthermore, the emulsi-

©OC›H· 1 KBr (5)

©OK 1 C›H·Br
toluene

solid phase liquid phase
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Figure 7 The influence of the PEO content and PEO sequences molecular weight on
the conversion of potassium phenolate. PEO sequences molecular weight: (s ) 2000;
(l ) 4000.

The conversion of potassium phenolate can be CONCLUSION
used to represent the yield of the reaction between
solid potassium phenolate and liquid butyl bro-

Considering the relationship among the composi-mide in toluene. As shown in Table III, the conver-
tion, property, and structure of the amphiphilicsion is 4.2% in blank and 50% in the existence of
block copolymers, it can been suggested that thePEG. However, for the block copolymers, it in-
crystallinity of the copolymers of ethylene oxidecreases to more than 75%.
and butylacrylate increases with an increase inFigure 6 shows that the conversion of potas-
the PEO content. 2000 of the molecular weight ofsium phenolate increases with an increase of the
PEO sequences is necessary for crystallization,amount of the block copolymers. Figure 7 shows
regardless of the molecular weight of PBA se-that the conversion of potassium phenolate in-
quences. The crystallization is a dual crystalliza-creases with an increase in the PEO content and
tion process. The crystallinity and the spheruliticdecreases with an increase in the molecular
volume of the solvent cast films depend on theweight of PEO sequences. It may be explained
casting solvent.that, in the case of the same PEO content, the

The emulsifying ability and phase transfer cat-number of PEO sequence reduces with an in-
alytic efficiency of the copolymers are related tocrease in the molecular weight of PEO. It results
their composition too. Both the emulsifying vol-in the reduction of the complexing sites of K/ ions;
ume and the conversion in Williamson reactionconsequently, the phase transfer catalytic effi-

ciency decreases. increase with increasing amount and PEO con-
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