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Abstract

Atactic poly(methyl methacrylate) (a-PMMA) nano-particles were prepared in three-component microemulsions using the cationic

surfactant cetyltrimethylammonium bromide. To analyze the thermal history, the sub-Tg annealed sample was subsequently measured at a

faster heating rate. The a-PMMA prepared in microemulsions shows higher glass transition and higher structural relaxation than those of bulk

sample of the same tacticity and the same molecular weight. When the annealing time is longer, additional enthalpy relaxation and glass

transition were observed at higher temperatures due to partial self-aggregation of a-PMMA chains, which was proved by spectroscopic

studies.
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1. Introduction

It has been reported that polymerizations of methyl

methacrylate in ternary oil-in water microemulsions using

cetyltrimethylammonium bromide surfactant could produce

latex particles having weight average diameters of 17–

41 nm [1], and that single-chain or pauci-chain polymer

particles can be generated conveniently by free-radical

polymerization of oil-soluble monomers in three-com-

ponent (monomer, water, and surfactant) microemulsions

[1–6]. However, there is only very little description of the

conformation and thermal properties of such prepared

polymer nano-particles [1,4–6].

For semicrystallizable polymers, such as isotactic

polystyrene, poly(ethylene terephthalate), and syndiotactic

poly(methyl methacrylate), the crystallization process

usually occurs while annealing the sample between its

glass transition temperature and melting temperature

[7–11]. For syndiotactic poly(methyl methacrylate), self-

aggregation was observed in solutions of toluene [12].

However, for a-PMMA with its low tacticity, it is difficult to

form some ordered structure either in solution or in the solid

state [12,13]. There are few reports about the formation of

ordered structures of atactic polymer nano-particles [14].

Structural relaxation is the process by which amorphous

materials in the glassy state approach a state of thermodyn-

amic equilibrium. This process is detected through the time

evolution of thermodynamic properties such as specific

volume or enthalpy, as well as mechanical or dielectric

properties. Differential scanning calorimetry (DSC) has

revealed enthalpy relaxations occurring near Tg in glassy

polymers aged after a wide variety of treatments. To analyze

the thermal history, the slow cooled sample is subsequently

measured at a faster heating rate. Wunderlich pointed out

that sub-Tg annealing or any difference between heating and

cooling rates leads to hysteresis effects that show up as

endotherms or exotherms in the DSC or DTA traces [14].

Petrie et al. demonstrated that the magnitude of the DSC

endothermic peak at Tg provided a quantitative measure of

the enthalpy relaxation which had occurred during prior

annealing at temperatures somewhat below Tg [15,16].

Matsuoka has suggested that dilation under tensile stress

increases the enthalpy of the glass, reducing the relaxation
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time and, therefore, increasing the rate of enthalpy

relaxation during annealing [17].

In this work, the structural relaxation behavior of a-

PMMA nano-particles were studied by DSC measurement

and found to be different from that of bulk sample. We

report here partial aggregation during thermal treatments of

the nano-particle a-PMMA formed in microemulsions.

2. Experimental

2.1. Sample preparation

Cetyltrimethylammonium bromide (CTAB) and potass-

ium persulfate (KPS), from Beijing Chemical Plant, were

purified by recrystallization. Methyl methacrylate (MMA)

from Shanghai Chemical Co. was vacuum distilled before

polymerization. Water was deionized and distilled.

MMA was polymerized in microemulsions following

W. T. Ford’s method [1]. For the purpose of comparison, a

bulk a-PMMA sample was prepared by dissolving the

a-PMMA particles formed in microemulsion polymerization

in chloroform, and then re-precipitated by adding ethanol.

2.2. Characterization

Transmission electron microscopy (TEM) was per-

formed using a JEOL Model JEM-200CX instrument.

Polymer molecular weight was measured on Waters 410

gel permeation chromatography instrument at 40 8C, using

polystyrene calibration standards. The solvent is THF. The

tacticities of the polymer were determined in deuterated

chloroform by means of 500 MHz proton NMR spec-

troscopy (Bruker AM-500). Differential scanning calorime-

try (DSC) measurements were carried out in Perkin–Elmer

DSC model 7 system at a heating rate of 20 8C min21.

Temperature calibration was performed using indium as a

standard. All the thermal annealing processes for DSC scans

were carried out in the calorimeter. Infrared spectra were

taken using a Bruker IFS66V FT-IR spectrometer. All of the

spectra were taken with 4 cm21 resolution.

3. Results and discussion

The weight average molecular weight ðMwÞ of the

microemulsion polymerized a-PMMA is 2.1 £ 106 by

GPC measurement. It is found that diameters of the most

micro-latexes are in the range of 20–40 nm by TEM

observations. The tacticities of our a-PMMA from NMR

triad analysis are as follows: syndiotactic (rr), 58%;

heterotactic (mr), 34%; isotactic (mm), 8%. These data

are similar to those reported in literature [1,18]. The average

number of polymer chains per particle for the PMMA

sample, calculated according to the method proposed by

Ford and co-workers [1], equals to about 1.4, which is

consistence with the results of PMMA obtained by

microemulsion [1] and indicates that the sample has less

chain interpenetrating than ordinary bulk polymerized

PMMA sample. The conformation of a-PMMA may be

more complicated and will show some unique physical

behaviors.

Fig. 1(A) shows the DSC thermograms of heating scan at

20 8C min21 for the nascent microemulsion a-PMMA. The

inset schematically shows that the a-PMMA chain is

confined in a nano-spheric emulsion. There are mixed

exothermic and endothermic peaks near the glass transition

region of the heating scan of Fig. 1(A) due to the release of

internal stress of the confined chains formed in microemul-

sion cells. Fig. 1(B) shows the second scan of microemul-

sion a-PMMA, in which a glass transition at 126 8C can be

observed. Fig. 1(C) shows the DSC scan of a bulk a-PMMA,

which was re-precipitated microemulsion a-PMMA. A

slightly lower glass transition at 124.8 8C was observed in

Fig. 1(C). More significant differences in Tg between these

samples were observed after sub-Tg annealing and the

results will be shown below.

The curves in Fig. 2(A) and (B) correspond to the DSC

heating thermograms for a-PMMA particles formed in

microemulsions and the bulk film prepared by solution-

casting from the a-PMMA particles, respectively. The

samples had been annealed at 120 8C for 1 h before thermal

analysis. Typical sub-Tg endothermic peaks are observed in

these pre-treated samples. It shows common relaxation

behavior of amorphous polymers as studied by Hodge et al.

[19]. Fig. 2(A) shows a stronger endothermic peak than that

in Fig. 2(B), indicating a higher enthalpy relaxation for the

a-PMMA prepared in microemulsions.

The glass transition temperatures of the single chain

polymer differ from those of the ordinary multi-chain

Fig. 1. DSC thermograms of heating scan at 20 8C min21: (A) first scan of

microemulsion a-PMMA, (B) second scan of microemulsion a-PMMA and

(C) DSC scan of bulk a-PMMA. Note: the inset schematically shows that

the a-PMMA chain is confined in a nano-spheric emulsion.
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polymers. It has been found that the Tg of microemulsion

polymerized PS is a few degrees higher than that of ordinary

PS [8,9]. The lower curves in Fig. 2 shows the second

heating DSC scan of a-PMMA samples. The Tg of the

a-PMMA formed in microemulsion is found to be 128 8C

(Fig. 2(C)). The Tg value of the re-precipitated a-PMMA

from chloroform is 124 8C (Fig. 2(D)), which is 4 8C lower

than that of virgin a-PMMA. This implies that the confined

conformation of a-PMMA resulted in its high Tg after

thermal treatment.

Fig. 3(A) shows the DSC heating curves for the virgin

a-PMMA polymerized in microemulsions after annealing at

120 8C for 3 h. It is found that one additional endothermic

peak appears at 145 8C following the major enthalpy

relaxation peak near the glass transition of a-PMMA

prepared in microemulsions. This new endothermic peak

might originate from the enthalpy relaxation of another

amorphous region formed during the heat treatment.

Fig. 3(a) shows the second heating curve for the sample.

One can see two glass transitions at 125 and 143 8C, with

DCp of 0.2 and 0.08 J g21 8C21, respectively. Commercial

samples of PMMA such as a cell cast sheet typically have a

Tg of about 105 8C. The highest Tg of a commercial PMMA

is about 115 8C [1]. The PMMA produced in the micro-

emulsions or emulsions has Tg of about 125 8C [1]. It is

interesting that proper heat-treatment for a-PMMA formed

in microemulsions would result in two Tg regions after long

time sub-Tg annealing. We propose that the partial self-

aggregation of a-PMMA segments in nano-particles during

heat treatment introduced a hard amorphous region, where

the cooperative movement of atoms was restricted. For

comparison, the DSC thermograms of the bulk a-PMMA are

shown in Fig. 3(B) and (b). There is no endothermic peak

appearing at about 144 8C in Fig. 3(B) and only one glass

transition 125 8C in Fig. 3(b). This result indicates that

partially aggregated structure can only be formed in

microemulsion polymerized PMMA nano-particles after

annealing. Solution re-precipitated a-PMMA from chloro-

form results in the destruction of the isolated single-chain

particle and the formation of interpenetrating multi-chain

systems, and no partially ordered structure can be formed

after annealing this sample, although it has the same

molecular weight and the same tacticity as the virgin nano-

particles formed in microemulsions.

Stereoregular PMMAs have received considerable atten-

tion during the past 20 years. One of the most interesting

features of these systems is the ability to form helix

structures and especially double-stranded helix structures,

which are often encountered in biological systems but more

rarely in synthetic polymers [20–22]. Self-aggregation of

s-PMMA has been studied extensively by means of 1H

NMR, infrared spectroscopy, light scattering, osmometry,

viscosity and small angle neutron scattering [20–22]. As to

atactic PMMA, because of its low tacticity, no association

was detected in solutions of a-PMMA in bromobenzene and

toluene [20–22]. Fluorescence anisotropy study of the

pyrene labeled PMMA showed that below the gelation

temperature, s-PMMA/toluene solution forms rigid gel and

the fluorescence of the probe shows anisotropy [20–22]. A

dilute solution of s-PMMA shows no fluorescence aniso-

tropy, neither do solutions of labeled a-PMMA at any

concentration in the same temperature region. This

indicated that no gelation was occurred in a-PMMA at

any concentration and the system was a homogenous

solution. NMR study also concluded that no association

was detected in solutions of a-PMMA in bromobenzene

[20–22]. Very recently, it was shown that in semidilute

Fig. 2. DSC heating curves (at 20 8C min721) after annealing the samples at

120 8C for 1 h: (A) first scan of microemulsion a-PMMA, (B) first scan of

bulk a-PMMA, (C) second scan of microemulsion a-PMMA and (D)

second scan of bulk a-PMMA.

Fig. 3. DSC thermograms of microemulsion polymerized a-PMMA after

annealing at 120 8C for 3 h: (A) the heating curve at 20 8C min21 of the firs

scan and (a) the second scan at 20 8C min21 of the sample in (A). DSC

thermograms of re-precipitated a-PMMA after annealing at 120 8C for 3 h:

(B) the heating curve at 20 8C min21 of the first scan and (b) the second

scan at 20 8C min21 of sample in (B).
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solutions (acetone, CCl4, acetonitrile) a-PMMA forms

associated structures due to the mutual interactions of

short i- and s-sequences (stereocomplex type) [23]. These

structures preserved also in solid films cast from acetone

solutions [24,25]. The changes in molecular conformation

of PMMA particles can be followed by infrared spec-

troscopy [20–22]. Fig. 4 shows IR spectra recorded for the

virgin a-PMMA particles formed in microemulsions (4A)

and for the re-precipitated polymer (4B). Fig. 4(C) and (D)

showed IR spectra of microemulsion a-PMMA after

annealing for 1 and 3 h, respectively. IR spectroscopy can

be used to study the conformation of PMMA since the

1800–1000 cm21 absorption range is known to be ally

conformation sensitive [19–22]. In this range intensive

absorption bands can be observed which are assigned to the

n(CyO) vibration. In the case of the single-chain a-PMMA

particle, the nearest-neighbor segments in space are

necessarily segments of the same chain; these may be

located remotely along the contour of the chain but are

placed in close proximity by coiling. Annealing near its

glass transition temperature for sufficient long time will

increase the interactions between side-groups. In Fig. 4(D),

the carbonyl band became broader and shifted to higher

wave numbers (1739 cm21), which is characteristic of self-

aggregation of s-PMMA due to the interactions between

ester groups from the interacting s-sequences [20–23]. This

result indicated that partially ordered structures formed after

annealing of a-PMMA sample near its Tg: The kinetics of

the enthalpic relaxation process seems to be different in each

amorphous region due to the different mobility of the chain

segments. The mobility in the self-aggregated amorphous

region is more constrained than in that in amorphous region

un-associated.

In the small volume of a latex particle formed in a

microemulsion, the polymer chain must have more gauche

conformations than in its unperturbed state, especially near

the surface of the particle, so that the path of its random

walk turns back into the particle [26,27]. Therefore, the

polymer formed in a microemulsion is conformationally

restricted. After annealing near the glass transition tem-

perature of PMMA, the adjustment of conformation of

PMMA in nano-particle to some kind of partially ordered

state is possible.
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