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Abstract Kinetics of the in situ bulk polymerization of

methyl methacrylate in the presence of organomodified

montmorillonite (MMT) was investigated using differential

scanning calorimetry (DSC) and gravimetrically. Different

amount and types of MMT under the trade names Cloisite

were employed. Using DSC, the amount of heat released

versus time, under isothermal conditions, was recorded, and

eventually, the time evolution of polymerization rate and

monomer conversion was calculated. Results on the varia-

tion of monomer conversion with reaction time were in good

agreement to corresponding from the gravimetric measure-

ments. The nanocomposites prepared were characterized

with WAXD, TEM and FTIR, and their glass transition

temperature, Tg, was measured with DSC. Depending on the

added amount of nano-MMT, either exfoliated or interca-

lated structures were obtained. An enhancement of the

polymerization rate with the presence of the nanoparticles

was observed especially in the gel effect region. This was

accompanied by a higher Tg and average molecular weight,

as measured by GPC, of all nanocomposites compared to

neat PMMA.
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Introduction

During the last 15 years, the study of polymer–inorganic

nanocomposites has attracted the increasing interest of

worldwide researchers, since they frequently exhibit

unique hybrid physical and chemical properties, synergis-

tically derived from the two components. Polymers rein-

forced with a small amount of montmorillonite (MMT)

clay exhibit improved mechanical properties, high thermal

stability, flame retardancy, as well as gas permeability

resistance [1, 2]. The concept of polymer–clay nanocom-

posites was first introduced by researchers from Toyota [3],

who discovered the possibility to build a nanocomposite

from nylon-6 and organophilic clay. Their new material

showed dramatic improvements in mechanical and physi-

cal properties. Numerous other researchers later used this

concept for nanocomposites based on epoxies, unsaturated

polyester, poly (1-caprolactone), poly (ethylene oxide),

polystyrene, polyimide, polypropylene, poly (ethylene

terephthalate) and polyurethane [1, 2]. Excellent reviews

on polymer-layered silicate nanocomposites have been

recently published [4–6]. From the structural point of view,

two idealized polymer–clay nanocomposites are possible:

intercalated and exfoliated [4]. Intercalation results from

the penetration of polymer chains into the clay’s interlayer

region and interlayer expansion. Usually, the ordered layer

structure is preserved and can be detected by X-ray dif-

fraction (XRD). In contrast, exfoliation involves extensive

polymer penetration and silicate crystallites delamination,

and the individual nanometre-thick silicate platelets are

randomly dispersed in the polymer matrix. Exfoliated

nanocomposites usually provide the best property enhance-

ment, due to the large aspect ratio and surface area of the

clay. Moreover, since clay is naturally hydrophilic and

inherently incompatible with most organic polymers, several
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methods have been studied to make clay compatible with

polymers. The most popular involves surface ion exchange,

in which the metal cations on the clay’s surface are

exchanged for organic cationic surfactants typically

ammonium or phosphonium compounds with long alkyl

chains.

Poly(methyl methacrylate) (PMMA)/clay nanocompos-

ites are of interest for improved thermal and mechanical

properties, reduced flammability, reduced gas permeability,

as well as their good potential to retain excellent optical

clarity. Different preparation methods for PMMA/clay

nanocomposites have been studied, including solution [7],

or melt intercalation/exfoliation, [8–13] and in situ poly-

merization [14–18]. The last two methods being the most

common ways of preparing the polymer–clay nanocom-

posites. While it is notoriously difficult to achieve a

homogeneous distribution of nanometre-scale particles in

highly viscous polymer melts, and aggregation of the par-

ticles cannot be avoided, dispersion in a suitable monomer

followed by in situ polymerization is an attractive alterna-

tive route. In this technique, the modified layered silicate is

swollen by a liquid monomer or a monomer solution. The

monomer migrates into the galleries of the layered silicate,

so that the polymerization reaction can occur between the

intercalated sheets. Under conditions in which intra- and

extragallery polymerization rates are properly balanced, the

clay layers are delaminated and highly exfoliated nano-

composites are formed [5].

The literature on the in situ polymerization technique

and reaction kinetics is briefly discussed next. In 2003, Li

et al. [14] synthesized PMMA/MMT nanocomposites via

in situ intercalative polymerization. The nanocomposites

possessed partially exfoliated and partially intercalated

structure, while their thermal stability, glass transition

temperature (Tg) and mechanical properties were notably

improved in comparison with pure PMMA. Moreover, the

Tg and the thermal decomposition temperature of the

nanocomposites prepared by Xie et al. [15] were 6–15 �C

and 100–120 �C higher than those of pure PMMA. Su

et al., [16] studied the effect of the clay organic modifier on

the nanocomposites properties. Either exfoliated or inter-

calated systems were obtained with improved thermal

stability. Ingram et al. [17] concluded that polymerization

was accelerated in the presence of organoclay and that Tg

was increased by 20 �C with only a few weight percent of

clay. Qu et al. [18] also reported a substantial enhancement

of the thermal stability and the mechanical properties of the

nanocomposites that they produced. Finally, Dhibar et al.

[19] investigated the effect of the manufacturing technique

on the thermal and mechanical properties of PMMA–clay

nanocomposites. Maximum Tg increment and better ther-

mal stability were achieved by the in situ polymerization

method.

While it is tacitly assumed that inorganic particles are

not interfering with the mechanism of free-radical poly-

merization, it has been shown that this is not true. For

example, in the bulk polymerization of methyl methacry-

late (MMA) in the presence of nanometre-scaled ZnO, it

was found that hydroxy groups on the ZnO surface may

induce a degenerative transfer suppressing the gel effect

during polymerization [20]. The average molecular weight

of PMMA/SiO2 nanocomposites was found either to

increase or decrease compared to neat PMMA depending

on the silica modification [21]. Xie et al. [22] concluded

that nano-sized Sb2O3 particles do not inhibit polymeri-

zation of MMA during in situ MMA/Sb2O3 polymeriza-

tion. The effect of different reaction parameters on the

conversion of MMA in the presence of nano-CaCO3 was

studied by Wu et al. [23]. They found that the rate of

polymerization increases apparently in the presence of

nano-CaCO3 particles. Concerning other polymers, use

of an organomodified MMT was found to advance the

curing kinetics of epoxy resins [24] and to result in slightly

higher maximum degrees of conversion for UV-cured di-

methacrylate-based nanocomposites [25]. Also, use of sil-

ica nanoparticles at concentrations less than 1 wt%, during

the solid state polycondensation of poly(ethylene tere-

phthalate) was found to result in higher intrinsic viscosity

values, compared to neat PET at all reaction times [26].

Finally, size of nanoparticles has been found to play an

important role especially when silica is used. In PMMA/

silica nanocomposites, the degree of degradation

improvement was found to increase linearly with the sur-

face area of SiO2 [27].

Based on the above literature survey, an effort was

undertaken in this study to investigate if free-radical

polymerization kinetics of MMA is affected by the pres-

ence of MMT nanoparticles. Reaction kinetics was mea-

sured using differential scanning calorimetry (DSC) by

recording the amount of heat released versus time under

isothermal conditions and eventually calculating the time

evolution of polymerization rate and monomer conversion.

Thermal analysis has been proved a useful tool for inves-

tigating the properties of polymer–clay nanocomposites

[28] and macromolecular structure [29]. DSC has the

advantages of employing very small amounts of reactants

and constant reaction conditions (i.e., temperature) [30].

Another widely used technique to monitor monomer con-

version during polymerization is to directly measure the

polymer weight formed at pre-specified time intervals and

divided it over the initial monomer weight. This method,

although absolute, has the disadvantage of non-achieving

adequate isothermal conditions during the reaction, espe-

cially in monomers with strong effect of diffusion-con-

trolled phenomena. However, there still remains the

advantage of having polymer samples at different time
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intervals. In this article, both methods were used, and

comparative results were presented. The nanocomposites

produced were characterized with wide-angle X-ray dif-

fraction (WAXD), transmission electron microscopy

(TEM) and Fourier-transform infra-red analysis (FTIR),

their molecular weight distribution was measured with gel

permeation chromatography (GPC) and their glass transi-

tion temperature with the DSC.

Experimental

Materials

The methyl methacrylate monomer used was purchased

from Fluka and the hydroquinone inhibitor was removed by

passing it, at least twice, through a disposable inhibitor-

remover packed column (from Aldrich). The polymeriza-

tion initiator benzoyl peroxide (BPO) was provided by

Fluka and purified by fractional recrystallization twice

from methanol (purchased from Merck). CH2Cl2 was used

as a polymer solvent from Merck, while methanol used for

the polymer re-precipitation was also supplied from Merck.

All other chemicals used were of reagent grade.

For the preparation of the nanocomposites, commercial

organically modified montmorillonite (OMMT) clays,

Cloisite 15A, Cloisite 25A and Cloisite 30B were used and

kindly provided by Southern Clay Products Inc. (Texas,

USA). These are MMT modified with a quaternary

ammonium salt, which is dimethyl hydrogenated tallow

(cationic exchange capacity of 125 meq per 100 g clay),

dimethyl 2-ethyl hexyl hydrogenated tallow (CEC 95 meq

per 100 g clay) and methyl tallow bis-2-hydroxyethyl

(CEC 90 meq per 100 g clay) for Cloisite 15A, 25A and

30B, respectively. The chemical structure of the ammo-

nium salts follows:

R and R0 are hydrogenated tallow and tallow (*65% C18,

*30% C16, *5% C14), respectively.

Typical physical properties according to the manufac-

turer were the following: size as measured by a transmis-

sion electron microscope for a PA6 nanocomposite 75–150

nm 9 1 nm and surface area 750 m2 g-1 when exfoliated.

In addition, sodium containing natural MMT was used

under the trade name Cloisite Na? and CEC = 92 meq per

100 g MMT [31].

Preparation of the initial monomer–nanoclay mixtures

The initial mixture was prepared by dispersing the appro-

priate amount of OMMT (usually 0.25 g) in 25 g of the

monomer MMA in a 100-mL conical flask (composition

1 wt% MMT) by adequate magnetic and supersonic agi-

tation. The duration of agitation was varied with the type of

MMT used. Thus, the magnetic agitation for the Cloisite

Na?, Cloisite 15A, Cloisite 25A and Cloisite 30B lasted for

24, 2, 15 and 22.5 h, respectively, while the supersonic

agitation was 1 h for all samples. The dispersion of the

nanoparticles in the monomer was homogeneous, as indi-

cated by the high translucency in the visible region. In the

final suspension, the initiator benzoyl peroxide (BPO) was

added (0.1926 g corresponding to 0.03 M) under magnetic

agitation for 5 min, and the mixture was degassed by

passing nitrogen and immediately used.

Polymerization

The bulk free-radical polymerization of MMA was inves-

tigated using the DSC-Diamond (Perkin-Elmer). Approxi-

mately 10–15 mg of each sample were weighed, put into

the standard Perkin-Elmer sample pan, sealed and placed

into the appropriate position of the instrument. Polymer-

izations were conducted at 80 �C. The reaction temperature

was monitored and maintained constant (within ±0.01 �C)

during the whole conversion range. The reaction exotherm

(in normalized values, W g-1) at a constant temperature

was recorded as a function of time. The rate of heat release

(d(DH)/dt) measured by the DSC was directly converted

into the overall reaction rate (dx/dt) using the following

formula:

dx

dt
¼ 1

DHT

dðDHÞ
dt

; ð1Þ

N R

CH3

R

CH3 Cl CH2CHCH2CH2CH2CH3

CH2

CH3

N

CH3

R

CH3
SO4CH3 CH3 N

CH2CH2OH

CH2CH2OH

R' Cl

Cloisite 15A

+ - +

Cloisite 25A

-

Cloisite 30B

+ -
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where DHT denotes the total heat released if all double

bonds reacted.

Polymerization enthalpy and conversion were calculated

by integrating the area between the DSC thermograms and the

baseline established by extrapolation from the trace produced

after complete polymerization (no change in the heat pro-

duced during the reaction). The residual monomer content and

the total reaction enthalpy, DHT, were determined by heating

the sample from the polymerization temperature to 180 �C at a

rate of 10 K min-1. The sum of enthalpies of the isothermal,

DHR, plus the dynamic experiment, DHD, was the total reac-

tion enthalpy. By dividing DHR over DHT the ultimate degree

of conversion, Xmax, could be estimated.

Following, the samples were cooled to 20 �C and their

glass transition temperature was measured by heating to

180 �C at a rate of 10 K min-1.

In addition to the polymerizations carried out in the DSC,

similar experiments with exactly the same initial monomer–

nanoclay–initiator composition were carried out in small

test-tubes to have nanocomposites at different reaction time

intervals. According to this technique, 2 mL of the pre-

weighted mixtures of monomer with the initiator and each

Cloisite were placed into a series of 10 test-tubes. After

degassing with nitrogen they were sealed and placed into a

pre-heated bath at 80 �C. Each test-tube was removed from

the bath at 6 min time intervals and was immediately frozen

to stop the reaction. The product was isolated after disso-

lution in CH2Cl2 and re-precipitation in MeOH. The poly-

mers were dried to constant weight in a vacuum oven at

room temperature. All final samples were weighed, and the

degree of conversion was estimated gravimetrically.

Measurements

Fourier-transform infra-red (FTIR)

The chemical structure of the PMMA-based nanocomposites

and different Cloisites, was confirmed by recording their IR

spectra. The instrument used was an FTIR spectrophotometer

of Perkin-Elmer, Spectrum One. The resolution of the

equipment was 4 cm-1. The recorded wavenumber range was

from 400 to 4000 cm-1 and 32 spectra were averaged to

reduce the noise. A commercial software Spectrum v5.0.1

(Perkin-Elmer LLC 1500F2429) was used to process and

calculate all the data from the spectra. Thin polymeric nano-

composite films were used in each measurement, formed by a

hydraulic press Paul-Otto Weber, at a temperature 170 �C.

Wide angle X-ray diffraction (WAXD)

X-ray diffraction patterns were obtained using an X-ray

diffractometer (3003 TT, Rich. Seifert) equipped with Cu

Ka generator (k = 0.1540 nm). Scans were taken in the

range of the diffraction angle 2h = 1�–10�.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) experiments

were carried out on a JEOL 2011 TEM with a LaB6 fila-

ment and an accelerating voltage of 200 kV. Samples were

prepared by evaporating drops of a PMMA/OMMT nano-

composite–ethanol suspension after sonication onto a car-

bon-coated lacy film supported on a 3 mm diameter, 300

mesh copper grid.

Gel permeation chromatography (GPC)

The molecular weight distribution and the average molec-

ular weights of pristine PMMA and all nanocomposites

were determined by GPC. The instrument used was from

Polymer Laboratories, model PL-GPC 50 Plus and included

an isocratic pump, a differential refractive index detector

and three PLgel 5l MIXED-C columns in series. All sam-

ples were dissolved in THF at a constant concentration of

1 mg mL-1. After filtration, 200 lL of each sample was

injected into the chromatograph. The elution solvent was

THF at a constant flow rate of 1 mL min-1, and all the

systems were at constant temperature 30 �C. Calibration of

GPC was carried out with standard poly(methyl methacry-

late) samples (Polymer Laboratories) with peak molecular

weight ranging from 690 to 1944000.

Results and discussion

Polymer–clay nanocomposites could be characterized as

immiscible, intercalated, partially exfoliated or exfoliated.

The particular form depends on the clay content, the

chemical nature of the organic modifier, and the synthetic

method. In general, an exfoliated system is more feasible

with lower clay content (about 1 wt%), while an interca-

lated structure is frequently observed for nanocomposites

with higher clay content. XRD results for pure PMMA and

all PMMA nanocomposites with different Cloisites appear

in Fig. 1. No significant peak was found for pure PMMA

and PMMA nanocomposites, except for a small peak

around 2.4� (corresponding to d = 3.5 nm) observed in the

nanocomposite containing Cloisite 15A. Thus, from the

XRD patterns, it is suggested that all nanocomposites

obtained from the in situ bulk polymerization are exfoliated

except from this with the Cloisite 15A, which could be

considered as partially exfoliated and intercalated. Similar

behaviour has been reported in literature for nanocom-

posites of PMMA with Cloisite 93A [32], Cloisite 30B [17]

and Cloisite Na? [18].
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TEM observations were used to augment WAXD anal-

ysis of the nanostructures. Figure 2 shows an indicative

SEL micrograph of the PMMA/Cloisite 30B nanocom-

posite, where the brighter region represents the polymer

matrix while the dark narrow stripes represent the MMT

nanoparticles. Notice that in order to distinguish between

intercalated or exfoliated structures, a high magnification

has been employed. This figure reveals that individual

layers of the MMT are well dispersed in the PMMA matrix

and separated one from the other. This means that OMMT

was exfoliated into secondary particles with a thickness

lower than 20 nm.

Another measurement carried out to denote the uniform

distribution of the nano-clay in the polymer matrix was that

of FTIR spectroscopy. Therefore, the FT-IR spectra of all

nanocomposites were recorded and compared to pure

PMMA and the corresponding nano-clay. Results are pre-

sented in Fig. 3a–d for all nanocomposites. Very distinc-

tive is the characteristic absorption at 1735 cm-1 due to the

stretching of the carbonyl bond (C=O). It was observed that

the spectra of all nanocomposites have the same peaks with

those of pure PMMA, as well as some additional small

peaks coming from the OMMT (i.e., the bonds of Si–O and

Mg–O). Therefore, the appearance of the nano-clay in the

polymer matrix was confirmed.

Results on conversion versus time for pure PMMA and

the nanocomposites, obtained from the test-tube experi-

ments, appear in Fig. 4. As it can be seen, the reaction does

not reach complete conversion but an ultimate conversion

around 96–97%. This is due to the well-known glass effect,

which is due to the effect of diffusion-controlled phe-

nomena on the propagation reaction and the reduced

mobility of monomer molecules to find a macro-radical and

react [33–35]. In this stage, reaction rate is almost zero

although there are some unreacted monomer molecules.

Besides, in all cases, the auto-acceleration phenomenon

was also observed (denoted from an abrupt increase in the

conversion values), starting at 20–30% conversion. This is

attributed to the effect of diffusion-controlled phenomena

on the termination reaction and the reduced mobility of live

macro-radicals to find one another and react. Therefore,

their concentration increases, leading in increased reaction

rates. However, from these initial results, it seems that this

phenomenon starts earlier in the nanocomposites with the

OMMT and does not seem to depend on the type of

modification. Similar results have been also reported in

literature [17]. From the results of Fig. 4b, it was observed

that the composition of 1 wt% OMMT seems to result in a

higher conversion rate and this was followed in all sub-

sequent experiments. Another interesting observation was

that at high amounts of OMMT (i.e., 5%), the final con-

version was less than the others meaning that increased

amount of clay leads to a more pronounced decrease in the

movement of the small monomer molecules so that their

diffusion becomes restricted and they do not easily react. A

diagram illustrating these results has been presented in a

previous publication [36].

Further experimental conversion versus time results

were obtained using the DSC technique. In order to test the

reliability of both experimental measurements, results on

monomer conversion as a function of time obtained from

two methods were compared. Exactly the same experiment,

using the same experimental conditions and materials, was

repeated twice, in the DSC and the test-tubes. Polymeri-

zation rate data taken from the DSC were converted to

0 2 4 6 8 10

 PMMA
 PMMA/Cloisite Na+

 PMMA/Cloisite 30B
 PMMA/Cloisite 25A
 PMMA/Cloisite 15A

2θ/°
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.

Fig. 1 Comparative XRD spectra of PMMA and PMMA nanocom-

posites with Cloisite Na?, Cloisite 15A, Cloisite 25A and Cloisite

30B obtained from the bulk polymerization of MMA with different

OMMT nanoparticles at a weight fraction of 1 wt%, constant

temperature of 80 �C and initial initiator concentration 0.03 L BQO

Fig. 2 TEM micrograph of PMMA–Cloisite 30B nanocomposite

exhibiting exfoliated OMMT
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conversion versus time and appear in Fig. 5, together with

the gravimetric measurements for the PMMA–Cloisite Na?

nanocomposite. As it can be seen, despite the fact that DSC

provides double bond conversion, while gravimetric mea-

surements represent direct polymer weight, results are in

very good agreement. An overestimation of conversion

obtained from the test-tubes experiments was observed

compared to the DSC results, in the conversion values

between 20 and 80%, where the gel effect appears and

reaction rate increases rapidly. This is attributed to a pos-

sible slight local increase in temperature inside the test-

tubes caused by the strong reaction exotherm, which could

not be balanced in the constant temperature bath where the

test-tubes were placed. In contrast, the polymerization in

the DSC pans could be considered as totally isothermal due

to the small sample mass and the adequate heat control of

the instrument [37].

Overall, application of the DSC in monitoring the free-

radical polymerization reaction kinetics presents the fol-

lowing advantages compared to gravimetric experiments

[30, 37]: use of very small amounts (a few mg) of reaction

mixtures (monomer/initiator); achievement of isother-

mal conditions during polymerization even when strong

auto-acceleration effect is present; ability of continuous

monitoring the reaction and not taking only discrete

experimental data at pre-specific time intervals; easy

application in polymerizations leading in crosslinked net-

works where the application of other techniques is very

difficult; intrinsic phenomena like gel effect are more

easily distinguishable; very fast polymerization reactions

completed in a few minutes can be easily followed; pos-

sibility of performing non-isothermal experiments, which

could lead in process optimization. Limitations of the DSC

technique include not adequate removal of the amount of

oxygen in monomer or trapped in the reaction pan leading

to the appearance of an induction time due to the inhibition

effect. When using volatile solvents the reaction tempera-

ture is usually limited by its boiling point, since possible

evaporation could lead in a mass loss and alteration of the

results. Use of specially designed pans hermetically sealed

could avoid this limitation. Finally, as a limitation it could

be considered that since samples are not collected at dis-

crete time intervals, the method is not adequate when the

variation of properties changing during reaction (i.e.,

molecular weight distribution, or copolymer composition,

etc.) is needed.

Results showing the effect of the type of MMT on the

reaction rate and conversion versus time, measured from

the DSC experiments, are presented in Fig. 6a and b,

respectively. The shape of the reaction rate curve is

almost the same for all nanocomposites and exhibits all

the characteristics of free-radical polymerization with

strong effect of diffusion-controlled phenomena on the

reaction mechanism [33]. The main characteristics include

a large increase in the reaction rate curve in the gel effect

region, followed by a decrease to almost zero before

complete polymerization, due to the gel and glass effect,

respectively. However, it seems that the great reaction

exotherm, due to the auto-acceleration phenomenon (gel

effect), is taking place earlier in the case of the OMMT

nanomaterials. The same is obvious in the conversion

versus time curves, where it seems that the reaction stops

earlier compared to the reference sample (MMA without

particles). One possible explanation could be provided if
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Fig. 3 Comparative FT-IR

spectra of neat PMMA (black
line), PMMA nanocomposites

with Cloisite Na? (a), Cloisite

15A (b), Cloisite 30B (c) and

Cloisite 25A (d) (red line) and

neat nano-filler (blue line),

respectively obtained from the

in situ bulk polymerization of

MMA with different OMMT

nanoparticles at a weight

fraction of 1 wt%, constant

temperature 80 �C and initial

initiator concentration 0.03 M

BPO. (Color figure online)
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we consider the organic modifiers (ammonium salts) used

in each Cloisite. From the chemical structures provided in

the experimental section, it seems that all organic modi-

fiers constitute of large molecules. Therefore, it could be

postulated that this large chemical structures hinder the

movement of macro-radicals in space to find one another

and react, resulting in increased radical concentrations.

This is exactly the cause of the gel effect. Thus, it

appears that the presence of OMMT nanoparticles

enhances the rate of polymerization and slightly shortens

the polymerization time to achieve a specific monomer

conversion.

At this point, it was interesting to recall some principles

from free-radical polymerization kinetics as it has been

described in several textbooks [30, 38]. A simple mecha-

nism of free-radical polymerization can be derived in terms

of the following four elementary reactions:
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Fig. 4 Effect of the type (a) and the amount (b) of nano-MMT on

the conversion versus time during bulk polymerization of MMA with

0.03 L BQO at 80 �C (test-tube experiments)
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Fig. 5 Comparison of conversion versus time values obtained from

test-tube experiments (discrete points) and the DSC (continuous line)

for the PMMA–Cloisite Na? nanocomposite polymerized at 80 �C

with initiator BPO 0.03 M
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Fig. 6 Reaction rate (a) and conversion (b) versus time during bulk

polymerization of MMA with different OMMT nanoparticles at a

weight fraction of 1 wt%, constant temperature of 80 �C and initial

initiator concentration 0.03 L BQO
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Initiation : I �!kd
2I�

I� þM �!kI
R�1

Propagation : R�n þM �!
kp

R�nþ1

Chain transfer to monomer : R�n þM �!
ktr;m

R�1 þ Dn

Termination by combination/disproportionation :

R�n þ R�m

�!ktc
Dnþm

�!ktd
Dn þ Dm

8
><

>:

In the above kinetic scheme, the symbols I, I� and M

denote the initiator, radicals formed by the fragmentation

of the initiator and monomer molecules, respectively. The

symbols R�n and Dn are used to identify the respective

‘‘live’’ macroradicals and the ‘‘dead’’ polymer chains,

containing n monomer structural units. Finally, kd, kp, ktr,m,

ktc and ktd, denote the respective rate constants of the

initiator decomposition, propagation, chain transfer to

monomer, termination by combination and termination by

disproportionation reactions.

According to the above kinetic scheme and assuming the

quasi-steady-state-approximation for the free-radical con-

centration, the overall reaction rate, Rp, is given by

Rp ¼ �
d½M�

dt
¼ kp½M�

fkd½I�
kt

� �1=2

) dX

dt

¼ kpð1� XÞ fkd½I�
kt

� �1=2

; ð2Þ

where X denotes fractional monomer conversion

Equation 2 can be integrated assuming that all kinetic

rate constants and initiator efficiency are constant to yield

an expression which directly correlates the monomer con-

version with an observed overall kinetic rate coefficient, k.

It should be noted that Eq. 3 is valid only for low degrees

of monomer conversion:

� lnð1� XÞ ¼ kt; k ¼ kp

fkd

kt

� �1=2

½I�1=2: ð3Þ

The overall kinetic rate constant, k, can be obtained from

the slope of the initial linear part of the plot of

-ln(1 - X) versus t. Such plots at conversion values in

between 1 and 20% (i.e., 1% \ X \ 20%) appear in Fig. 7.

The lowest limit was taken such as to eliminate the inhibition

period, while the highest value was well below the onset of

diffusion-controlled phenomena. The experimental data fit

very well to straight lines for all different nanocomposites,

indicating the validity of Eq. 3 in the specific conversion

interval. The values of k thus estimated are illustrated in

Table 1. The results showed that the k value for neat PMMA

was slightly higher than that with the Cloisite Na?, while

lower than all other nanocomposites with Cloisite 15A, 25A

and 30B. The latter exhibits similar k values within

experimental error.

Furthermore, the application of DSC in determining the

onset of the effect of diffusion-controlled phenomena on

polymerization rate is demonstrated. From a rearrangement

of Eq. 2, the following Eq. 4 results

Rp ¼
dX

dt
¼ kp

fkd

kt

� �1=2

½I�1=2ð1� XÞ ¼ k0½I�1=2ð1� XÞ

ffi kð1� XÞ ) Rp

ð1� XÞ ¼ k: ð4Þ

In the absence of diffusion-controlled phenomena on the

propagation and termination rate constants, as well as

negligible initiator consumption, by plotting Rp/(1 - X)

versus conversion or time, a straight line parallel to the

x-axis should be obtained. A deviation from a constant
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Fig. 7 Plot of -ln(1 - X) versus time for the bulk polymerization of

MMA with different OMMT nanoparticles at a weight fraction of

1 wt%, constant temperature of 80 �C and initial initiator concentra-

tion 0.03 L BQO

Table 1 Amount of heat released during reaction, DHR, amount of

heat released during the second dynamic step, DHD, ultimate degree

of conversion, Vmax, overall kinetic rate constant, k, and glass tran-

sition temperature, Sg, for all nanocomposites investigated

Sample DHR/J g-1 DHD/J g-1 Xmax/% k/min-1 Tg/�C

PMMA 513.5 26.5 95.1 0.0105 100.6

PMMA/

Cloisite Na?
455.3 27.9 94.2 0.0095 117.8

PMMA/

Cloisite 15A

456.4 19.6 95.9 0.0135 118.2

PMMA/

Cloisite 25A

450.9 24.1 94.9 0.0129 117.7

PMMA/

Cloisite 30B

504.1 21.3 95.9 0.0132 116.4
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value is indicative of the existence of the effect of

diffusion-controlled phenomena on the reaction kinetics.

Such a plot appears in Fig. 8. As it can be seen, initially a

constant value holds for k until 20–25% conversion. The

point where this line deviates from the initial constant

value denotes the onset of diffusion-controlled phenomena

(gel effect). This value range is lower to the corresponding

values estimated by other techniques (for example, by

taking the deviation from linearity of the -ln(1 - X) vs.

time curve). It was noted that the PMMA–Cloisite 25A

nanocomposite exhibits an earlier start of the gel effect and

higher values of reaction rate during its evolution.

With the DSC, it was also measured the amount of heat

released during reaction, DHR, as well as that released dur-

ing the second non-isothermal stage, DHD. These values for

all nanocomposites are illustrated in Table 1. By dividing

these values, the ultimate conversion, Vmax can be obtained

and these values are also tabulated in the same table. Within

experimental error the existence of the nanoparticles does

not seem to affect the ultimate degree of conversion.

Another ‘‘nano-effect’’ noted in the literature has been

the change in the Tg of the polymer matrix with the addi-

tion of nanosized particles. Both increase and decrease in

the Tg have been reported dependant upon the interaction

between the matrix and the particle [4]. In most literature

examples where Tg values have been obtained, usually only

modest changes are reported (\10 �C). In some cases, the

organic modification of clay can result in a decrease in Tg

due to plasticization [13]. The method used for the nano-

composite formation (i.e., solution, melt or in situ poly-

merization) has been shown also to affect Tg, with the in

situ polymerization giving the higher value (116 �C com-

pared to 99 �C for neat PMMA) [19]. The Tg of the

nanocomposites produced was measured with the DSC and

found to be around 118 �C (Table 1) higher than the cor-

responding of neat PMMA (101 �C), in close agreement to

literature values [7, 13, 14, 18]. This is ascribed to the

confinement of intercalated PMMA chains within the sili-

cate galleries that prevents the segmental motions of the

polymer chains [7]. Another reason could be the higher

average molecular weight that all nanocomposites exhib-

ited compared to neat PMMA. As it can be seen in Fig. 9,

the full MWD of all nanocomposites is shifted to higher

values compared to neat PMMA. The number average

molecular weight of neat PMMA, PMMA/Cloisite Na?,

PMMA/Cloisite 15A, PMMA-Cloisite 25A and PMMA-

Cloisite 30B was 56930, 68720, 69830, 64850 and 63220,

respectively. This in turn can be explained by the increase

in the length of the macro-radicals before they find one

another and terminate, due to the hindrance in their

movement in space caused by the presence of the nano-

filler as it was reported earlier.

Conclusions

In this investigation, synthesis and reaction kinetics of

PMMA/organomodified MMT nanocomposites prepared by

in situ bulk polymerization were studied. It was found that

the presence of OMMT slightly enhance reaction rate and

conversion versus time. The particular strongest effect of

some type of OMMT was attributed to the bulk ammonium

salt, used as the organic modifier and its influence on the

effect of diffusion-controlled phenomena taking place

during polymerization. Chemical reaction between the

nanoparticles and the monomer/polymer does not seem to

take place, while the Tg and the average molecular weight of

the final materials were higher than that of pure PMMA.
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Fig. 8 Variation of (dX/dt)/(1 - X) with conversion for all nano-

composites. Experimental details are as in Fig. 5
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