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Abstract

The conformation of atactic poly(methyl methacrylate) (a-PMMA) freeze-extracted from solvents of various molecular size was inves-

tigated by IR and Raman spectroscopy. IR studies showed that self-aggregates and partial helix conformation of polymer chain existed in the

annealed a-PMMA sample freeze-extracted from a-PMMA/poly(ethylene glycol) (PEG) solution. Temperature dependence of IR I1240 cm21/

I1270 cm21 ratio indicated that a-PMMA freeze-extracted from PEG had lower backbone conformational energy than that from dioxane.

FT-Raman spectroscopies showed that strong interaction existed between a-PMMA and dioxane, while little solute±solvent interaction

existed in the a-PMMA/PEG system. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The solution and solid state behaviours of syndiotactic

poly(methyl methacrylate) (s-PMMA) have been studied

extensively by different authors in recent years [1±6]. The

degree of stereoregularity and solvent quality play a major

role in the formation of ordered chain structures. It has

been found that both self-aggregates and stereocomplex of

s-PMMA can be formed in some organic solvents [5±10].

The changes in molecular conformation can be followed

by infrared spectroscopy [1,3]. The absorption band at

860 cm21 is characteristic for the all trans or close to the

all trans (TT ) conformation. The trans±gauche confor-

mation (TG) absorbs at 843 cm21 and is characteristic of

the random coil. The intensity ratio of these two signals

(TT/TG) has been used to measure the degree of random

coil to helix transformation. The formation of aggregates

is manifested by infrared spectra in the range of CyO

stretching vibrations by the appearance of a new band at

1741 cm21 owing to interactions between eater groups

from the interacting s-sequences [4]. These ordered

structures are preserved partly in the solid state, and

that is a prerequisite of the formation of crystalline structure

[8].

As to atactic poly(methyl methacrylate) (a-PMMA),

intramolecular coil to helix transition and self-aggregation

was not found by IR measurement either in its solution or in

the solid state [1]. Fluorescence anisotropy study of the

pyrene labeled a-PMMA showed that no ¯uorescence aniso-

tropy was found in a-PMMA/toluene solution at any

concentration [11]. NMR study also concluded that no

association was detected in solutions of a-PMMA in bromo-

benzene [9]. However, we observed that partially ordered

structures could be formed in freeze-extracted a-PMMA

sample from solvent of large molecules after annealing. In

this paper, the self-aggregation and formation of ordered

structures of a-PMMA freeze-extracted from low molecular

weight poly(ethylene glycol) (PEG) will be reported by

means of infrared spectroscopy and Raman spectroscopy.

2. Experimental

2.1. Materials

a-PMMA was prepared by radical polymerization with

dibenzoyl peroxide as initiator. Molecular weight of the

a-PMMA sample was characterized by viscosity measure-

ments in toluene at 258C: Mv � 7:75 £ 105
: The tacticity of

the sample was determined in deuterated chloroform

by means of 500 MHz proton NMR spectroscopy. The
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proportions of syndiotactic, heterotactic and isotactic triads

were 60.1, 35.3 and 4.6%, respectively. The PEG solvent

with an average molar mass of 400 was supplied by Liming

Chemical Institute in China.

2.2. Sample Preparation

The freeze-extracted samples were prepared by adding a

desired amount of a-PMMA/PEG or a-PMMA/dioxane

mixture into a 10 ml Erlenmeyer ¯ask. The mixture was

initially heated to 1508C (to a-PMMA/dioxane system, the

heating temperature was 958C) while stirring in a silicon oil

bath under nitrogen atmosphere, then held at this tempera-

ture for 5 h to ensure that the a-PMMA was completely

dissolved in the PEG or dioxane and a homogeneous solu-

tion was obtained. The polymer concentration was 5 wt%.

The solution was then poured into liquid nitrogen to freeze

the binary system in a fraction of a second. The PEG or

dioxane solvent was extracted by adding large amount of

cold ethanol at a temperature below the melting point of the

solvent into the frozen a-PMMA/PEG or a-PMMA/dioxane

system. After the initial extraction, the slightly swollen

a-PMMA was extracted overnight at room temperature in

a large excess of ethanol. This procedure was repeated ®ve

times. The powdered a-PMMA was separated by ultra-

centrifugation and dried in vacuum drying oven for 24 h

at room temperature. For the obtained a-PMMA powder,

no weight loss was observed in thermogravimetry analysis

(Thermal Analyst 2100, TA Instruments), and no solvent

absorption band appeared in its IR spectra. These results

indicated that no detectable PEG or dioxane solvent existed

in the freeze-extracted a-PMMA samples. The freeze-

extracted samples were annealed for 30 min at 1408C,

which is just above its glass transition temperature.

2.3. Experimental methods

FT-IR spectra were recorded using a Bruker IFS66V FT-

IR spectrometer. The powdered samples were dispersed in

KBr pallets. In situ variable temperature IR measurements

were made with a heating cell. In the analysis of the spectra,

peak heights were used as the relative band intensity. Cool-

ing the 5 wt% a-PMMA/PEG solution obtains an opaque gel,

while 5 wt% a-PMMA/dioxane system keeps a transparent

solution. FT-Raman spectra of 5% a-PMMA/PEG gel and

a-PMMA/dioxane solution were recorded with 1.064 nm

excitation, using a Bruker RFS100 FT-Raman spectrometer.

3. Results and discussion

Fig. 1 shows the IR spectra in the range of 900±800 cm21

and carbonyl stretching vibration bands for freeze-extracted

a-PMMA samples before and after annealing. No signi®cant

change was found for the annealed a-PMMA sample freeze-

extracted from dioxane, as shown in Fig. 1A and B. However,

for the annealed a-PMMA sample freeze-extracted from

PEG, two important changes were found in Fig. 1C and

D. First, in the range of carbonyl stretching vibrations, the

carbonyl band has splitted into two bands and a component

at higher wavenumber (1741 cm21) appears. The band at

higher wave numbers, which appears only in the spectra

of dilute solution in toluene or cast ®lm of syndiotactic

PMMA [1,5], evidently corresponds to the carbonyl stretch-

ing vibrations in aggregated units owing to interactions

between ester groups from the interacting s-sequences

[4,10]. We have separated the two bands under the assump-

tion that they are Lorentzian and that the integral absorbance

coef®cients are the same for both bands. The fraction of the

aggregated a-PMMA is 61.5%, indicating that considerable

amount of a-PMMA segments are in aggregated state.

Second, a shoulder band appears at 860 cm21 after anneal-

ing, and it is characteristic for the all trans or close to the all

trans (TT ) conformation [11]. Theoretical calculations

designate this slightly deformed TT conformation as the

energetically most stable on which the helix conformation

of the polymer chain is based [4]. The trans±gauche confor-

mation (TG) absorbs at 843 cm21 and is characteristic of the

random coil. From Fig. 1D it is seen that, for the annealed a-

PMMA sample freeze-extracted from PEG, self-aggregates

of a-PMMA had formed and partial helix conformation of

the polymer chain existed in the solid state.

Fig. 2 shows expanded IR spectra in 1300±1000 cm21

range of a-PMMA freeze-extracted from PEG before and

after annealing. Four absorption bands can be observed

which are assigned to the na (C±C±O) vibration coupled

to the n�C±O� vibration. These bands can be used to study

the conformation changes of a-PMMA since it is known to

be conformation sensitive [12]. Absorption peaks at 1270

and 1240 cm21 have been used to calculate the van't Hoff
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Fig. 1. FT-IR spectra of a-PMMA samples: (A) freeze-extracted from

dioxane; (B) sample A after annealing at 1408C for 30 min; (C) freeze-

extracted from PEG; D, sample C after annealing at 1408C for 30 min.



conformational energies [13], and the IR I1240 cm21/

I1270 cm21 ratio is used to give the ratio of the backbone

conformational energy relative to the overall energy of the

chain segment [14]. A high ratio indicates that the backbone

conformation imposes the chain conformation while a low

ratio is related to a local equilibrium between backbone and

side-chain conformations. It can be found in Fig. 2 that the

annealed a-PMMA freeze-extracted from PEG has lower IR

I1240 cm21/I1270 cm21 ratio than the unannealed sample, indi-

cating that strong interaction exists between carbonyl

groups which increases the conformational energy of the

side chain for the annealed a-PMMA sample freeze-

extracted from PEG. This phenomenon was also found

in Spevacek's study that the s-PMMA ®lm in ordered

structures has lower IR I1240 cm21/I1270 cm21 ratio than that in

the randomly coiled s-PMMA [1].

Fig. 3 shows the temperature dependence of IR intensity

ratio I1240 cm21/I1270 cm21 of freeze-extracted a-PMMA

samples. An obvious transition temperature is seen from

two curves, which can be ascribed to the glass transition

of polymer segments [14]. The decrease in intensity ratio

I1240 cm21/I1270 cm21 can be related to a decrease of the back-

bone conformational energy relative to the chain segment

conformational energy. Above the glass transition tempera-

ture, high energy conformations (TG) of the backbone are

known to be more favored and may originate from a weaker

control of the segment conformation by the backbone, lead-

ing to a decrease of the IR intensity ratio. Differences are

observed in Fig. 3 between the freeze-extracted a-PMMA

samples from dioxane (curve A) and PEG (curve B) solvent.

The IR intensity ratio in curve B is lower than that of curve

A, and the turning point is seen at 1338C in curve A and at

1258C in curve B. There is 88C difference between the two

turning points of these curves. The differences in IR inten-

sity ratio between curve A and curve B can be interpreted

that the a-PMMA freeze-extracted from PEG has lower

backbone conformational energy relative to the overall

energy of the chain segment than that from dioxane. This

means that the interaction between carbonyl groups, which

increases the conformational energy of the side chain, is

stronger in the a-PMMA freeze-extracted from PEG than

that from dioxane. For the a-PMMA freeze-extracted from

PEG, self-aggregates of some segments can be formed after

annealing as its lower backbone conformational energy

comparing with the sample freeze-extracted from dioxane.

The formation of ordered structure in a-PMMA reinforces

the side-group interactions, i.e. increases the side-chain

conformational energy, and results in the lower IR intensity

ratio I1240 cm21/I1270 cm21 as shown in Fig. 2B.

The lower glass transition temperature of a-PMMA

freeze-extracted from PEG may probably originates from

the less entanglements existed in the freeze-extracted

a-PMMA from PEG than that freeze-extracted from dioxane

[15,16]. Fig. 4 and Fig. 5 show the FT-Raman spectra of
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Fig. 3. Temperature dependence of IR I1240 cm21/I1270 cm21 ratio of a-PMMA

samples: (A) freeze-extracted from dioxane; and (B) freeze-extracted from

PEG.

Fig. 4. FT-Raman spectra recorded from: (A) a-PMMA/PEG gel; (B) PEG;

(C) subtraction of A 2 B, and (D) control a-PMMA.

Fig. 2. Expanded FT-IR spectra in 1300 2 1000 cm21 range of a-PMMA

samples: (A) Freeze-extracted from PEG, and (B) sample A after annealing

at 1408C for 30 min.



a-PMMA samples dissolved in PEG and dioxane, respect-

ively. Fig. 4A, B and D are the Raman spectra of 5 wt%

a-PMMA/PEG gel, pure PEG solvent, and control

a-PMMA, respectively. Fig. 4C is the subtraction spectrum

(4A 2 4B), which is similar to the spectrum of control

a-PMMA. Fig. 5A and B are the Raman spectra recorded

from 5 wt% a-PMMA/dioxane solution and pure dioxane,

respectively. The spectrum of Fig. 5C is the subtraction

spectrum (Fig. 5A 2 B). The difference spectrum of

Fig. 5C is quite different from that of control a-PMMA

(Fig. 4D), indicating the existence of strong interaction

between a-PMMA and dioxane which caused some

Raman lines of a-PMMA to shift from their original

positions, while in the a-PMMA/PEG gel, little solvent±

solute interaction existed. The interactions between dioxane

and a-PMMA reduce the intramolecular interactions

between side groups, therefore in the semidilute a-PMMA/

dioxane solution, the intermolecular interactions in PMMA

were strong and the polymer chains are in the serious

entangled state. While in the a-PMMA/PEG system,

PMMA interchain entanglements are partially replaced by

PMMA/PEG interpenetration as the relatively long chain in

PEG oligomer compared to the normal small molecule

solvents. The movement of PMMA chain in the environ-

ment of PEG molecules may be represented by the reptation

model proposed by de Gennes [17,18]. For a PMMA mol-

ecule, PEG imposes only a weak constraint and allows the

long chain to move in a rapidly renewed tube, while other

PMMA chains which entangled with the chain of interest

can only translate slowly due to the restriction of PEG

chains. This resulted in the less entanglement of PMMA

chains freeze-extracted from PEG solvent than that of

from dioxane solvent.

4. Conclusions

The doublets of carbonyl stretching band near 1741 cm21

corresponding to the self-aggregates of a-PMMA in its IR

spectrum was found in the annealed a-PMMA sample

freeze-extracted from a-PMMA/PEG solution. A shoulder

band in 860 cm21 in its IR spectrum, which is characteristic

for the all trans or close to the all trans (TT ) conformations,

indicated that partial helix conformation of polymer chain

existed in the solid state. Temperature dependence of IR

I1240 cm21/I1270 cm21 ratio showed that a-PMMA freeze-

extracted from PEG had lower backbone conformational

energy than that from dioxane, and self-aggregates can

be formed after annealing. FT-Raman spectroscopies

showed that strong interaction existed between a-PMMA

and dioxane, while little solute±solvent interaction existed

in the a-PMMA/PEG system.
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Fig. 5. FT-Raman spectra recorded from: (A) a-PMMA/dioxane solution;

(B) dioxane; and (C) subtraction of A 2 B.


