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Abstract To examine the effect of mobil composition of

matter 41 (MCM-41) nanoparticles on the kinetics of free

radical and 2-(dodecylthiocarbonothioylthio)-2-methyl-

propionic acid (DDMAT)-mediated reversible addition

fragmentation chain transfer (RAFT) polymerization, the

polymerization reaction using various amounts of as-syn-

thesized MCM-41 were performed. To study the reaction

kinetics, conversion, molecular weight and polydispersity

index (PDI) were obtained during the polymerization. Also,

differential scanning calorimetry (DSC) was used to deter-

mine the glass transition temperature (Tg) values of samples.

According to the results, in free radical polymerization,

conversion was increased by adding nanoparticles but the

reverse trend was observed in RAFT polymerization. The

same results were obtained for molecular weight values. In

free radical polymerization, increasing the MCM-41 content

led to higher PDI value, while in RAFT polymerization it did

not appreciably affect the PDI value. In RAFT polymeriza-

tion, no induction time was observed which indicates that

DDMAT is an appropriate RAFT agent for styrene poly-

merization. Also in free radical polymerization, the addition

of MCM-41 particles reduced Tg values in comparison to

neat PS. On the other hand, there was an increase in Tg value

up to 5 wt% of MCM-41 loading and a drastic reduction was

observed in 7 wt% MCM-41 loading in the RAFT poly-

merization. Finally, the Tg values of nanocomposites pro-

duced by RAFT method were higher than those in the

nanocomposites synthesized using the free radical method.

Keywords MCM-41 � Nanocomposite � Kinetics �
Reversible addition fragmentation chain transfer (RAFT)

polymerization � Molecular weight distribution (MWD) �
Differential scanning calorimetry (DSC)

Introduction

Incorporation of particles, mainly layered silicates [1, 2],

nanotubes [3, 4], and spherical silica particles [5, 6], into

organic polymeric materials has been the subject of growing

interest in different technological innovations. These hybrid

materials have been used in gas separation process [7], flame

retardants [8], reinforced composite materials [9, 10] and

other high demanding materials with improved electrical

[11, 12] or mechanical properties [13, 14]. Since the first

report of synthesizing mesoporous silica by scientists of

Mobil Oil Company [15, 16] in 1992, it has attracted atten-

tion of both industry and academia due to their diverse

potential applications; including catalysis [17], filtration

[18], chromatography [19], etc. The most well-known type

of this class of materials is mobil composition of matter

41(MCM-41). The MCM-41 has attracted scientists’ atten-

tion due to its good thermal stability, very large void fraction

which can affect the kinetics of reaction, rather low density
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and finally having hydroxyl functional active sites [20, 21].

Although MCM-41 particles display a high potential appli-

cability in different fields, the important subject is their effect

on polymerization kinetics and subsequently the yield of

reaction and properties of obtained polymer. In this regard,

there are some studies on the effect of MCM-41 as catalyst

support on the polymerization of polyolefins [22, 23].

To achieve optimum control over the structure of inor-

ganic/organic hybrid materials, controlled/living radical

polymerization (CLRP) techniques are preferred for pro-

viding relatively facile synthesis of well-defined polymers

[24]. In comparison with other CLRP techniques, reversible

addition fragmentation chain transfer (RAFT) polymeriza-

tion has superior advantages such as good compatibility with

a wide range of monomers and facile experimental condi-

tions that are similar to conventional radical polymerization

[25, 26]. The synthesis of well-defined nanocomposites

containing mesoporous silica particles is a matter of concern

since the kinetics of polymerization is directly influenced by

nanoparticles [27]. Although there are some reports on the

effect of different nanoparticles on polymerization kinetics

[3, 25, 27, 30–33], there is no report on the effect of MCM-41

nanoparticles on reaction kinetics. In some research works,

the effect of nanoparticles on RAFT polymerization has been

studied and the RAFT agent has been found inappropriate for

styrene or methyl methacrylate systems [2, 25]. In this

respect, we investigated the effect of MCM-41 on the

kinetics of polymerization and molecular weight distribution

in both free radical and RAFT polymerization of styrene with

an appropriate RAFT agent. To the best of our knowledge,

this is the first report of kinetic study of RAFT polymeriza-

tion in the presence of MCM-41 while comparisons are made

with free radical polymerization.

Experimental

Materials

Styrene (Aldrich, 99 %) was passed through a basic alumina

column and dried over calcium hydride before use. Azob-

isisobutyronitrile (AIBN, Acros) was recrystallized from

methanol. The obtained AIBN was dried under vacuum at the

pressure of 0.1 mbar. Tetrahydrofuran (THF, Merck, 99 %),

ammonium solution (Merck, 25 wt%), ethanol (Merck,

99 %), cetyltrimethylammonium bromide (CTAB, Merck),

tetraethoxysilane (TEOS, Merck), dicyclohexylcarbodiim-

ide (DCC, Acros), 4-dimethylaminopyridine (DMAP,

Merck), acetone (Merck, EMPLURA�), chloroform

(Merck, EMPLURA�), hydrochloric acid (Merck, 37 %),

1-dodecanethiol (Riedel-de Haen, 99 %), carbon disulfide

(Fluka, [99 %) and magnesium sulfate (Dae-Jung) were

used as received without further purification.

Preparation of MCM-41 nanoparticles

MCM-41 particles were synthesized as reported in litera-

ture [28]. CTAB (5.010 g, 1.37 9 10-2 mol) was dis-

solved in 100 mL of deionized water and stirred vigorously

for 5 min until the solution became homogeneous and

clear. Then 37.4 mL of ammonium solution (25 wt%) was

added slowly to the CTAB solution to form gel-like mix-

ture. After 10 min stirring at room temperature, a freshly

diluted solution of ethanol (152 mL) was added and the

solution was stirred for 20 min. Then, TEOS (10.2 mL,

2.99 9 10-5 mol) was added dropwise during 30 min and

stirred for 3 h vigorously. The white powder (5.707 g) was

precipitated, filtered, and washed with deionized water

several times for extracting the by-products and then dried

in vacuum oven at 110 �C for 48 h. To remove CTAB, the

dried white powder was calcinated at 550 �C for 6 h and

finally 3.564 g MCM-41 nanoparticles were obtained.

Preparation of 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (DDMAT)

DDMAT was synthesized according to the previously

reported procedure [29]. 1-Dodecanethiol (40.400 g,

0.20 mol), acetone (0.12 g, 1.655 mol), and CTAB

(3.245 g, 0.0089 mol) were added into a 250 mL round-

bottom flask equipped with mechanical stirrer and stirred

for 5 min at 12.5 �C. Sodium hydroxide solution (50 %)

(16.800 g, 0.21 mol) was added dropwise over 10 min and

then the mixture was stirred for additional 20 min. After-

wards, the solution of carbon disulfide (12.1 mL, 0.20 mol)

in acetone (0.02 mL, 0.345 mol) was added over 30 min

(caution: CS2 is highly pungent). At this stage, the color

changed from an opaque milky white to yellow. Ten

minutes later, chloroform (24.2 mL, 0.3 mol) was added in

one portion, followed by dropwise addition of 50 %

sodium hydroxide solution (40.000 g) over 40 min. The

mixture was stirred overnight with mechanical stirrer.

Then, the solution was filtered and washed thoroughly with

acetone. Acetone was removed under reduced pressure and

a yellow powder was obtained which was dissolved in

deionized water (200 mL) and then participated by adding

30 mL of HCl (37 %). DDMAT was collected by filtration

and dried under reduced pressure. Then, DDMAT was

dissolved in 400 mL of n-hexane and the solution was

dried over anhydrous MgSO4 and filtered to remove the by-

products. DDMAT was recrystallized from the solution,

filtered and dried under vacuum (12.000 g, yield: 32.9 %).
1H NMR (in CDCl3): 0.89 ppm (t, 3 H), 1.30–1.5 ppm

(m, 18 H), 1.6–1.7 ppm (m, 2 H), 1.7–1.8 ppm (s, 6 H),

3.2 ppm (t, 2 H), 11.0 ppm (s, 1 H).

FTIR: 2,849 cm-1(CH), 1,716 cm-1(C=O), 1,069 cm-1

(C=S), 814 cm-1(C–S).
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Polymerization of styrene via free radical and RAFT

polymerizations

Free radical and RAFT polymerizations of styrene were

carried out through glass vials. For this purpose, the poly-

merization reactions containing various amount of particles

and RAFT agent were performed during 12 h for free rad-

ical and 18 h for RAFT systems. In a typical procedure,

various amounts of dried MCM-41 nanoparticles (from 1 to

9 wt% relative to monomer) along with RAFT agent

(4.38 mmol, 1.600 g, in RAFT polymerization) in a known

quantity of styrene monomer (0.5 mol, 50 mL) was dis-

persed and AIBN (0.871 mmol, 0.143 g) was added into a

250-mL lab reactor and mixed for 2 h until it was converted

to homogeneous mixture. Then, the reactor’s contents were

equally transferred into the glass vials and then degassed

under the nitrogen atmosphere, sealed and placed in an oil

bath at 70 �C. The polymerizations were stopped by cooling

the reaction mixture in ice water after definite time periods.

The cool methanol was used for polymer precipitation.

After weighing procedures, the samples were put into

vacuum oven for removing volatile components. Recipes of

different polymerization reactions are shown in Table 1.

Separation of polymer chains from particles

The prepared nanocomposites were dissolved in THF and

the polymer chains were separated from MCM-41 particles

by high-speed ultracentrifugation (10,000 rpm).The solu-

tion was passed through a 0.2 lm regenerated cellulose

(RC) filter and then poured into methanol (500 mL) to

precipitate polymer chains. After filtration, the polymer was

dried overnight in a vacuum oven at temperature 50 �C.

Instrumentation

FTIR spectra were recorded on a Bomem FTIR spectro-

photometer, within a range of 500–4,000 cm-1 using a

resolution of 4 cm-1. An average of 32 scans has been

reported for each sample. The cell path length was kept

constant in all experiments. The samples were prepared on

a KBr pellet in vacuum desiccators under a pressure of

0.01 torr. Ultrasonication was performed by an ultrasound

probe (Hielscher UIP1000hd, 20 kHz, Germany). Average

molecular weights and molecular weight distributions were

measured by gel permeation chromatography (GPC) tech-

nique. An Agilent 1,100 series with a set of columns of

pore sizes of 1,000 Å was utilized to determine polymer

average molecular weight and polydispersity index (PDI).

THF was used as an eluent at a flow rate of 1.0 mL min-1,

and the calibration was carried out using low polydispersity

polystyrene standards. Thermal analyses were carried out

using a differential scanning calorimetry (DSC) instrument

(Netzsch DSC 200 F3, Netzsch Co, Selb/Bavaria, Ger-

many). Nitrogen at a rate of 50 mL min-1 was used as the

purging gas. Aluminum pans containing 2–3 mg of the

samples were sealed using the DSC sample press. The

samples were heated from ambient temperature to 180 �C

at a heating rate of 10 �C/min. Glass transition temperature

(Tg) was obtained as the inflection point of the heat

capacity jump. Transmission electron microscope (TEM),

FEG Philips CM, with an accelerating voltage of 200 kV

was used. Surface morphology of powder samples was

examined by scanning electron microscope (SEM: Philips

XL30) with acceleration voltage of 20 kV. Spectroscopic

characterization by H NMR was performed at room tem-

perature with a Bruker 300 MHz instrument using CDCl3
as solvent. Materials porosity was characterized by N2

adsorption/desorption curves obtained with a Quntasurb

QS18 (Quntachrom) apparatus. The surface area and pore

size distribution values were obtained with the corrected

BET equation and Broekhoff and de Boermodels,

respectively.

Results and discussion

MCM-41 characteristics

As it may be observed in Fig. 1, SEM image of synthesized

MCM-41 particles shows that majority of particles are

spherical with diameter ranging from 200 to 700 nm. High

specific surface area (*1,162 m2 g-1) and nanoscale pore

size (*3 nm), which have been obtained by isothermal

nitrogen adsorption–desorption indicate that spherical

particles are highly porous as expected. Moreover, as

shown in Fig. 2, TEM image of MCM-41 supports the

above results. The regular channels and cylindrical struc-

ture with equal lengths are shown, which confirm the

preparation of ordered MCM-41 particles. The MCM-41

nanoparticles with average pore size of approximately

Table 1 The recipes of PS/MCM-41 nanocomposites prepared via

in situ free radical and RAFT polymerization systems at 70 �C

Sample code MCM-41 content

(wt%)

Polymerization

system

FP0 0 Free radical

FP3 3 Free radical

FP5 5 Free radical

FP7 7 Free radical

FP9 9 Free radical

RP0 0 RAFT

RP3 3 RAFT

RP5 5 RAFT

RP7 7 RAFT
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2.1 nm were prepared by hydrolysis and condensation of

TEOS in the presence of CTAB micelles as cationic sur-

factant. The MCM-41 nanoparticles exhibit very high

specific surface area and internal pore volume as reported

in Table 2.

Polymerization kinetics

In all experiments, the molar concentration of initiator (and

DDMAT in RAFT polymerization experiments) was kept

constant while various amounts of MCM-41 particles,

including 0, 3, 5, 7, and 9 wt% relative to monomer, were

used. Figure 3a depicts monomer conversion versus free

radical polymerization time. The maximum polymerization

rate can be observed at 7 wt% of MCM-41, and then further

increasing of the MCM-41 particles amount to 9 wt% leads

to reduction in the rate of monomer consumption. In initial

stages of the reactions, the particles exert little effect on the

reaction kinetics; however, at higher conversions, increas-

ing silica content leads to an increase of the polymerization

rate. This is attributed to induction of partial polarization of

the system which can enhance the rate of polymerization

[30]. The polar hydroxyl groups on both surfaces and

inside the pores of MCM-41 particles are most likely to

induce polarity changes of the reaction medium. Also,

presence of particles reduces termination reactions due to

increasing viscosity. Slower polymerization rate at higher

amount of particles has been attributed to lower stability of

the system due to the formation of aggregates [31]. With

the presence of agglomerated particles in the polymeriza-

tion system, the radicals are compelled to move in any

available space for finding other free radicals and mono-

mers. Thus, the radicals are forced to overcome resistance

against reagents and agglomerated silica. Therefore, in a

medium with high degree of agglomerated silica, the

movement of macro radicals is suppressed which leads to

decrement of polymerization rate and conversion. In con-

trast with free radical polymerization, the rate of poly-

merization tends to decrease by increased amount of

MCM-41 particles in RAFT polymerization (Fig. 3b).

Since the concentration of RAFT agent is identical in all

the experimental tests, this phenomenon can be attributed

to physical absorption of R-ended chains due to the for-

mation of hydrogen bonds or reaction between hydroxyl

groups of MCM-41 and carboxyl group of RAFT agent.

Extreme affinity of carboxyl group of DDMAT toward OH

groups of particles forces the leaving group to link to

hydroxyl groups of the MCM-41 particles. As a conse-

quence the leaving group radicals re-initiate polymeriza-

tion even more slowly. Also, physical absorption takes

place for chains initiated with R group and increasing the

particle quantity highlights this effect [32]. However, by

increasing the chain lengths, the tendency of carboxyl-

terminated macro species to be absorbed on the surface of

particles is decreased as they become more lipophilic. In

some RAFT polymerization reactions, an induction period

is observed on logarithm conversion diagram [33, 34].

However, DDMAT as RAFT agent which contains

appropriate leaving/re-initiator group results in quick re-

initiation and the simultaneous growth of the polymer

chains with no induction time.

The development of number-average molecular weight

(Mn) with conversion is shown in Fig. 4. In free radical

polymerization (Fig. 4a), Mn increases with conversion and

Fig. 1 SEM image of MCM-41 particles

Fig. 2 TEM image of MCM-41 particles

Table 2 Characteristics of synthesized MCM-41 nanoparticles

Ssp
a (m2 g-1) Vg

b (cm3 g-1) Pore diameterc (nm)

1,162 0.9 2.1

a Specific surface area, measured via BET
b Pore specific volume at p/p0 = 0.98, measured via BET
c Calculated via BET
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the rate of this increment is faster when higher amounts of

MCM-41 particles are used. This is described by the gel

effect and diffusive-controlled termination of macroradi-

cals which prolonged the lifetime of macroradicals. As

mentioned previously, the presence of particles increases

the viscosity of the reaction mixture and reduces the

probabilities of termination reactions, which provide

greater opportunity for propagation of macroradicals

before bimolecular terminations. In RAFT polymerization

experiments, Mn increases linearly with conversion which

indicates the controlled growth of polymer chains. In a

RAFT polymerization, theoretical Mn relates to the con-

version via Eq. 1 [35]:

�Mn ¼
½M�0 � MWmonomer

½RAFT�0
� X þ MWRAFT ð1Þ

where [M]0 and [RAFT]0 are initial concentrations of the

monomer and RAFT agent, X is the monomer conversion,

Fig. 3 Conversion versus time for free radical (a) and RAFT (b) polymerizations of styrene at 70 �C in different contents of as-synthesized

MCM-41

Fig. 4 Mn versus conversion for free radical (a) and RAFT (b) polymerizations of styrene at 70 �C in different contents of as-synthesized MCM-

41
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and MWmonomer and MWRAFT are the molecular weights of

monomer and RAFT agent.

According to Eq. 1, the rate of increment of Mn is

directly affected by initial molar ratio of monomer to

RAFT agent. Therefore, it is expected that in all these

experimental tests, Mn does not change since the initial

molar ratio of monomer to RAFT agent is constant.

However, as is observed in Fig. 4, the consistency of the-

oretical and experimental data is observed only in RP0

experiment and surprisingly an obvious negative deviation

from theoretical values is observed by introducing MCM-

41 particles into the polymerization system. This is ascri-

bed to the physical absorption of RAFT agent onto the

surface of MCM-41 particles which reduces the mobility of

polymer chains and consequently slows down propagation

reactions.

Figure 5 represents PDI values versus conversion. In

free radical samples, adding MCM-41 particles into the

reaction media leads to increment of PDI values. Inap-

propriate distribution of styrene monomer inside the pores

of MCM-41 particles leads to increasing PDI [36]. With

addition of the mesoporous silica into the polymerization

system, considerable reduction in PDI values is observed

with extent of reaction. The reduction is more likely due to

the presence of mesopores in MCM-41 structure. It can be

seen that at the end of reaction PDI values are considerably

increased. The occupied pores by polymer chains and

increasing the system viscosity due to MCM-41 particles

are the reasons for the above evolving phenomenon. In case

of RAFT polymerization, by further conversion, PDI

values tend to drop which is an indication of controlled

behavior of growing chain. Moreover, with incremental

growth of MCM-41 particles PDI does not change con-

siderably and remains under 1.15 in all the tests. This could

be due to the appropriate control of polymerization reaction

by RAFT agent. RAFT agent leads to a significant decrease

in the rate of polymerization and molecular weight of

polymer chains. However, a good control of reaction

kinetics is provided by very low PDI values. Therefore, it is

concluded that the mesoporous silica particles have no

effect on the PDI in RAFT experiments.

Characterization of PS/MCM-41 nanocomposites

FTIR

Figure 6 illustrates FTIR spectra for MCM-41 and FP7 and

RP7 nanocomposites. Three peaks are observed at 457,

1,080, and 3,423 cm-1 in pristine MCM-41 spectrum,

which are attributed to Si–O–Si, Si–O–Si and Si–OH

groups, respectively. In the spectra of FP7 and RP7 sam-

ples, peaks at wavenumbers 3,080, 2,848, 2,918, 1,600,

1,491, 1,060, 1,020, 750, and 696 cm-1, in the order given

correspond to polystyrene C–H aromatic stretching vibra-

tion, C–H asymmetric stretching vibration of CH2, C–H

symmetric stretching vibration of CH2, C–C stretching

frequency (ring-in-plane), C–H stretching vibration (ring-

in-plane), C–H bending vibration (ring-in-plane) and C–H

ring out-of-plane bending vibration. Also, in case of RP7

Fig. 5 PDI values versus conversion for free radical (a) and RAFT (b) polymerizations of styrene at 70 �C in different contents of as-

synthesized MCM-41
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sample, the peaks at wavenumbers 1,723 and 1,066 cm-1

are related to C=O and C=S groups of RAFT agent,

respectively.

Thermophysical properties

Effect of particles on chain confinement has been investi-

gated by means of variation in Tg. Figure 7a shows the

DSC thermograms of the samples which are obtained via

free radical polymerization. It can be observed that the

synthesized nanocomposites have lower Tg values than neat

polystyrene. Changes in molecular weight, tacticity and

cross-linking density are some reasons behind reduced Tg

values [37]. The results indicate that the interaction

between the polymer chains and particle surface is signif-

icant which has led to formation of nanolayer around the

nanoparticle surfaces. Evaluation of the effects of MCM-41

nanoparticle on Tg for the present system is not straight-

forward. Some authors have disclosed reduction in Tg [38].

With regards to the theory revealed by Tsagarapoulos et al.

[39], the reduction of Tg in the nanocomposites synthesized

via the free radical polymerization can be attributed to

weak interactions between the hydroxyl-containing MCM-

41 particles and non-polar polystyrene chains. Nanocom-

posites obtained via the RAFT polymerization (Fig. 7b)

show different trend. By increasing of MCM-41 particles

up to 5 wt%, Tg increases but reduces dramatically with

further increment of particles content. The observed

ascendant trend on Tg up to 5 wt% can be attributed to the

formation of hydrogen-bonds between the carboxylic acid

chain ends of polymer and hydroxyl groups of MCM-41.

This may be also the main reason that the Tg values of

nanocomposites prepared by RAFT method are higher than

those prepared by free radical polymerization. A high

content of MCM-41 leads to aggregation of polymer chains

around MCM-41 surface and formation of nanoscale lay-

ers. As a consequence, Tg is reduced which does allow

more movement of other chains as a result of bigger space

[38]. The nanocomposites synthesized by RAFT polymer-

ization method have lower molecular weights than those

produced by free radical polymerization method. However,

Fig. 6 FTIR spectra of pristine MCM-41 nanoparticles, FP7, and

RP7 nanocomposites

Fig. 7 DSC curves for PS/MCM-41 nanocomposites prepared via free radical (a) and RAFT (b) polymerization at 70 �C in different contents of

nanoparticles
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as observed they show much higher Tg values. This can be

attributed to both higher PDI values for the nanocompos-

ites synthesized by free radical polymerization and for-

mation of strong hydrogen-bonding between the polymer

chains synthesized by RAFT polymerization.

Conclusion

To study the effect of MCM-41 particles on styrene poly-

merization kinetics, the methods of free radical and RAFT

polymerization were performed at 70 �C with various

amounts of particles. In free radical polymerization, there

was higher conversion observed with increase in MCM-41

particle content up to 7 wt%, but by addition of particles up

to 9 wt% the conversion was slowed down. However, in

RAFT polymerization method, the rate and conversion rate

increased with lower MCM-41 particle content. In samples

synthesized by RAFT polymerization method, the Mn fol-

lowed a linear ascending trend versus higher conversion

due to living characteristics of RAFT polymerization. Also,

increased particle content resulted in higher Mn among the

nanocomposites synthesized by free radical method

whereas, a reverse trend was observed for nanocomposites

produced by RAFT polymerization. In free radical poly-

merization system, addition of MCM-41 particles into the

polymer system resulted in higher PDI values. However, in

RAFT polymerization, the presence of MCM-41 particles

has had no effect on PDI values (\1.2). In free radical

polymerization, Tg values of the samples were lower than

neat polystyrene. However, in samples obtained by RAFT,

the Tg increased with higher MCM-41 content up to 5 wt%

and, subsequently, with further increase in particle content

up to 7 wt%, the Tg decreased considerably. Also, Tg values

in samples synthesized by free radical method were lower

than those in samples synthesized by RAFT method.
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