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ABSTRACT: In this article, methyl- (MMA), ethyl- (EMA), n-butyl- (BMA), n-hexyl (HMA), and 2-ethyl hexyl (2-EHMA) methacry-

lates were homopolymerized in heterophase at 60�C using sodium dodecyl sulfate as surfactant and potassium persulfate as initiator.

The effects of monomer content in the reaction mixture (2.5 and 3.5 wt %) and the alkyl ester groups of the methacrylates on the

kinetics, average particle diameter (Dp), molar masses, tacticity, and glass transition temperature (Tg) were studied. The final weight

average molecular weights were in the range of 4.53 3 105 to 2.78 3 106 g/mol with polydispersities between 1.7 and 3.1 for different

methacrylates. For 2.5 wt % of monomer concentration, the order of increase in polymerization rate was RpHMA>RpBMA> Rp2-EHMA >

RpEMA>RpMMA, whereas for 3.5 wt % of monomer concentration was RpBMA>RpHMA>Rp2-EHMA>RpEMA>RpMMA. This behavior was ascribed to

the differences in the water solubility, monomer partitioning between the different phases, and monomers reactivity. The Dp values varied between 42

and 65 nm, increasing according to the hydrophobicity of each monomer. 13C-NMR (nuclear magnetic resonance) and differential scanning calorimetry

analysis demonstrated that 79–87% of syndiotactic configuration was obtained for the different polymers. The steric effect of the alkyl ester length in the

methacrylates contributed directly to promote the syndiotactic configuration. Nevertheless, Tg values (between 27 and 120�C) for these polymers

decreased when the alkyl ester length increased. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40191.
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INTRODUCTION

Heterophase polymerization is a generic term applied to methods

that produce polymeric lattices,1 where the monomer(s) and

products (polymers) are insoluble in the reaction medium. The

processes in this category are emulsion, miniemulsion, and

microemulsion polymerizations, and their variations that include

the continuous addition of reagents to the polymerization system.

Common features of these processes are the following: (1) at least

two phases are present; (2) the system has spatial density differen-

ces; (3) transport of monomer occurs between the phases; and (4)

the reaction occurs under nonequilibrium conditions. Advantages

of reactions carried out in heterophase systems are the easiness of

removal of the heat of reaction, the low viscosity (independent of

the polymer molecular weight) of the reaction system at all times

and the possibility to feed monomer or an emulsion during the

reaction, monomer concentration at the polymerization loci can

be maintained stationary at its highest level so that the rate of

reaction can be kept high during the whole polymerization, and

the particle size distribution (PSD) and average particle diameter

(Dp) can be tailored over wide ranges.2

Although heterophase polymerization of some alkyl methacry-

lates has been studied separately,3,4 there are no reports

addressed to find a correlation between the effect of the alkyl

group structure (length and volume) with the kinetic and col-

loidal behavior. For example, Morgan et al.3 and Kaler et al. 5,6

proposed a very simple mathematical model to make a kinetics
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study about microemulsion polymerization of n-hexyl methac-

rylate (HMA). Their model predicts the conversion and poly-

merization rate through reaction for HMA very well. However,

contrary to the experimentally observed, their model indicates

that the maximum polymerization rate always occurs at conver-

sions of 39%, independently of the type of monomer polymer-

ized. Katime et al.7 studied the effect of monomer, initiator

concentrations, as well as the temperature in the polymerization

of HMA in three-component microemulsions stabilized with

dodecyltrimethylammonium bromide (DTAB). The final latexes

obtained were bluish, transparent, and translucent. Particle sizes

and molar masses were on the order of 20 nm and 33106 g/

mol, respectively. In all the cases, high reaction rates and final

conversions near to 98% were observed. In fact, they found that

temperature has a strong effect on reaction rate and conversion.

Polymerization kinetics in microemulsions of n-butyl methacry-

late (BMA), tert-butyl methacrylate, HMA, and styrene pre-

pared with DTAB were studied by Kaler et al.8,9 They modified

their previous mathematical model in order to examine the

effect of monomer partitioning on the kinetics of polymeriza-

tion. In both the cases (experiment and theory), the results sug-

gested that monomer partitioning during microemulsion

polymerization strongly depends on the microemulsion compo-

sition, especially on the distance to the phase boundary. Thus,

the values of conversion at which the maximum polymerization

rate occurred were well predicted with this model.

Microemulsion polymerization of methacrylate monomers has

been reported as a manner to control tacticity in polymers.

Tang et al.4 studied the effect of alkyl side group of some meth-

acrylates as methyl methacrylate (MMA), ethyl methacrylate

(EMA), cyclohexyl methacrylate (CHMA), iso-butyl methacry-

late (iBMA), and benzyl methacrylate (BzMA) on the polymer

tacticity configuration through a modified microemulsion poly-

merization procedure (seeded semicontinuous polymerization).

They found that the syndiotacticity of the product decreased

when the polymerization was carried out at a temperature far

above the Tg of the resulting polymer. Furthermore, tacticity of

the polymer was affected by the monomer structure: a mono-

mer with a bulkier alkyl side group would promote the forma-

tion of a polymer with high syndiotactic configuration.

Conversely, Mendiz�abal et al.10 studied the polymerization of

MMA in three-component microemulsions using different sur-

factants [DTAB, DTAC, sodium dodecyl sulfate (SDS), and

bis(2-ethylhexyl) sulfosuccinate sodium (AOT)]. Stable latices of

poly(methyl methacrylate) (PMMA) with particle sizes below 46

nm and polymer with high molecular weights (13106 g/mol)

were obtained. 1H- and 13C-NMR (nuclear magnetic resonance)

spectra of these PMMAs indicated the presence of polymers

with between 72 and 78% syndiotactic configuration. Such val-

ues of syndiotacticity are larger than those reported for com-

mercial PMMA. The authors interpreted these results on the

basis that due to the small size of the particles (18–45 nm),

chains growth takes place in a confined space that can accom-

modate better the syndiotactic configuration. Also, as a result of

the high syndiotactic configuration, the Tg was higher than the

previously reported value in the literature.

The aim of this article was to report a systematic study of the

effect of the structure of alkyl ester groups of MMA, EMA,

BMA, HMA, and 2-ethyl hexyl methacrylate (2-EHMA) during

heterophase polymerization to elucidate their influence on the

kinetics, molar masses, particle diameters, tacticity, and glass

transition temperatures (Tg) of the corresponding

homopolymers.

EXPERIMENTAL

Polymerizations

All monomers (Aldrich, >98%), were purified by distillation under

reduced pressure. The surfactant SDS (Hycel, Guadalajara,

Mex.> 99%) and the initiator potassium persulfate (KPS)

(Aldrich, >98%) were used as received. The water used in the

experiments was bidistilled grade. Argon (InfraTM of ultra-high

purity) was used to remove oxygen from the system. Kinetic behav-

iors were determined by dilatometry as follows: water (36.7 or 36.5

g for 2.5 or 3.5% of monomer concentrations, respectively), surfac-

tant (2.35 or 2.32 g for 2.5 or 3.5% of monomer concentrations,

respectively), and monomer (1.01 or 1.41 g for 2.5 or 3.5% of

monomer concentrations, respectively) were placed in a vial and

homogenized. After that, 35 g of mixture was charged to a dilatom-

eter (a reactor of 35 mL with a capillary of 40 cm height and 1 mm

inner diameter, and a port with a septum at the bottom). A syringe

was used to fill the dilatometer injecting the mixture of water, sur-

factant, and monomer to reach 4 cm of capillary height. The dila-

tometer was immersed into a water bath of glass walls in order to

observe capillary height changes at 60�C through 10 min noting an

increase of capillary height of approximately 25 cm; then, the dila-

tometer was placed into an ice bath to eliminate bubbles. This pro-

cedure was repeated until no bubble formation was observed.

Initiator (1 wt % respect to monomer) was dissolved in 0.5 mL of

water and injected to reaction mixture. The dilatometer was heated

to reaction temperature and the capillary height reached between

25 and 35 cm. Polymerizations started after 10 min and the capil-

lary height decreased. Height data were registered every 5 s. Con-

versions were calculated using eq. (1):

x5
pd2

4
h02htð Þ3 1

w0 qP 2qMð Þ
qM qP

0
@

1
A5

DV

V0k
(1)

where d is the capillary inner diameter in cm; h0 and ht are the

capillary heights in cm at time zero (reaction time from the

start of the polymerization, i.e., from the start of the decrease

in capillary height) and at a given time, respectively; w0 repre-

sents the initial grams of monomer; qP and qM are the polymer

and monomer densities, respectively. Density values used in eq.

(1) were: qMMA 5 0.94 g/cm3, qEMA 5 0.9158 g/cm3, qBMA 5

0.895 g/cm3, qHMA 5 0.863 g/cm3, and q2-EHMA 5 0.885 g/cm3,

respectively; whereas for the corresponding homopolymers were

qPMMA 5 1.18 g/cm3, qPEMA 5 1.119 g/cm3, qPBMA 5 1.053

g/cm3, qPHMA 5 1.007 g/cm3, and qP2-EHMA 5 0.979 g/cm3,

respectively.

In eq. (1), DV is the change in the volume of capillary, V0 is

the initial volume and k is known as the contraction factor

given by (qP 2 qM)/ qP. Equation (1) can be also expressed as

follows:
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where h1 is the capillary height at full conversion (t!1). In

this article, we used eq. (2) in the calculation of conversions by

dilatometry.

In order to obtain enough polymer and samples of latices to

determine final properties, batch polymerizations were carried

out using a spherical glass-jacketed reactor (250 mL) with two

inlets and one port at the bottom for sampling. Magnetic stir-

ring (cylindrical stirring bar of 1 in. 3 1=4 in. and 200 rpm) was

used in all reactions. A condenser with reflux was mounted in

one neck of the reactor. Water (137.5 or 136.1 g for 2.5 or 3.5%

of monomer concentration, respectively), SDS (8.8 or 8.7 g for

2.5 or 3.5% of monomer concentration, respectively), and

monomer (3.75 or 5.25 g for 2.5 or 3.5% of monomer concen-

tration, respectively) were charged to the reactor and bubbled

with argon for 1 h. After this period, the temperature was raised

to 60�C by passing water from a bath through the jacket of the

reactor. To start polymerizations, KPS (1% respect to mono-

mer) dissolved in 2 mL of water was added in one shot using a

syringe. Samples were taken at different times and dried at 60�C
in an oven during 48 h to determine conversions by gravimetry

from mass balances.

Characterization

PSD and Dp were determined at 25�C by Dynamic Light Scat-

tering (Nano S-90, Malvern) at an angle of 90�. Intensity corre-

lation data were analyzed by the method of cumulants to

provide the average decay rate, hCi (5q2D), where q is the scat-

tering vector and D is the diffusion coefficient. The measured

diffusion coefficients were represented in terms of apparent

radii by using Stokes law and assuming the solvent has the vis-

cosity of latex.11 Dried polymer samples were washed with hot

water in order to remove the remaining initiator and surfactant.

The washed samples were dried for 48 h at 60�C and analyzed

by gel permeation chromatography (GPC). All samples were

dissolved in tetrahydrofuran (Aldrich, HPLC-grade). A GPC

Hewlett-Packard HP series 1100 apparatus equipped with a

refraction index detector and three PL Gel serial columns (pore

sizes 103, 105, and 106 Å) was used to determine molecular

weight distributions. The molecular weights were determined

on the basis of a calibration curve constructed with narrow

polystyrene standards. Glass transition temperatures of the

homopolymers were determined by differential scanning calo-

rimetry (DSC) (TA Instruments DSC Q200) using aluminium

pans (TzeroVR ) with nitrogen flux at 100 mL/min. Temperature

scans were made between 10 and 200�C for homopolymers of

MMA, EMA, and BMA and from 230 to 60�C for the homo-

polymers of HMA and 2-EHMA. A heating rate of 10�C/min

was used in the DSC analysis.

The tacticity of final polymers in terms of triads was deter-

mined by 13C-NMR (Varian Gemini 2000 Spectrometer, 200

MHz). Washed and dried samples of polymers were dissolved in

deuterated chloroform (CDCl3) and analyzed at carbon fre-

quency of 50.28 MHz. Tacticity was determined by integration

of spectra signals corresponding to carbonyl groups and the

quaternary carbon. From the RMN spectrum it was possible to

evaluate the type of each stereochemical configuration: [syndio-

tactic (rr), heterotactic (rm), and isotactic (mm)] of the final

polymers. Calculation of syndiotacticity percentage (RR) in

each polymer was calculated using the following eq. (3):

RR5
A rrð Þ1

1
2

A rmð Þ
AT

3100 (3)

where A(rr) and A(rm) represent the values of integrated area of

the signals corresponding to syndiotactic and heterotactic con-

figurations, respectively. AT is the sum of all areas that comprise

the tacticity of the polymer in each region of spectra

[A(rr) 1 A(rm)1 A(mm)].12

RESULTS AND DISCUSSION

It was observed in the dilatometer that at 60�C MMA and EMA

formed microemulsions before the initiator was injected. On

one hand, BMA, HMA, and 2-EHMA formed emulsions very

near to the limit of single phase microemulsions and, upon

polymerization, the reaction mixture turned bluish and translu-

cent as with MMA and EMA monomers. On the other hand, it

was observed that experimental conversion data determined by

dilatometry and gravimetry were in good agreement with each

other (Supporting Information).

Before polymerization starts, the systems consist of monomer

dissolved in the aqueous phase and inside the swollen monomer

micelles (in the case of MMA and EMA monomers giving

microemulsions) and inside monomer droplets (in the case of

BMA, HMA, and 2-EHMA monomers giving emulsions). When

polymerization is initiated, some of the swollen monomer

micelles become particles by capturing radicals propagating in

the aqueous phase (micellar nucleation). Particle formation can

also occur by homogeneous nucleation when radicals in the

aqueous phase grow until a critical size is reached, precipitating

from the aqueous phase; these precipitated radicals can absorb

surfactant and self-stabilize, giving a stable polymer particle as a

result. In this article, high reaction rates (Rp) were observed in

all polymerizations. Figure 1 shows the effects of the alkyl ester

group of each monomer on the kinetics of microemulsion

homopolymerization at two monomer contents (2.5 and 3.5%).

Different marks represent the experimental data, while the con-

tinuous curves are predictions using the model reported by

Morgan et al.3:

x51 expð1=2bt2Þ (4)

where t is the time of reaction and b is given by the following

expression:

b5
2KdKpC0 I½ �

M0

(5)

In eq. (5), Kd 5 1.86 3 1024 min21and [I] 5 1.01 3 1023 mol/

L, represent the dissociation constant and the initiator concen-

tration, respectively. Kp is the propagation constant of mono-

mer. C0 and M0 are the initial monomer concentration inside

the particles and the initial macroscopic concentration of

monomer in the reaction mixture in mol/L, respectively.

It can be seen from Figure 1 that for runs with 2.5% of mono-

mer concentration, at 4 min of reaction, conversions higher
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than 90% were obtained for BMA, HMA, and 2-EHMA,

whereas only 63 and 53% conversion for EMA and MMA were

observed. For 3.5% monomer concentration, conversions higher

than 90% were observed for BMA, HMA, and 2-EHMA after 4

min of reaction, and only 85 and 61% conversions were

observed for EMA and MMA, respectively. This behavior can be

ascribed to the higher water solubility of EMA and MMA.

Figure 2 shows the polymerization rates obtained from the

derivative of the experimental smoothed conversion data

obtained by dilatometry. For 2.5 wt % of monomer concentra-

tion [Figure 2(a)], the order of polymerization rate was

RpHMA>RpBMA>Rp2-EHMA>RpEMA>RpMMA, whereas for 3.5

wt % of monomer concentration, the order of polymerization

rate was RpBMA>RpHMA>Rp2-EHMA>RpEMA>RpMMA [Fig-

ure 2(b)]. Two periods of polymerization rate were observed,

which is typical in microemulsion polymerization.

From Figure 1, it can be observed a deviation of the model

from experimental data; therefore, the modeling of a complex

reaction system with a single lumped parameter (the b values)

is not reliable. This behavior is because of the model used here

is a limiting case in which it was assumed that: (1) there is no

bimolecular termination, neither in the aqueous phase nor in

the particles, (2) capture of aqueous free radicals is fast (the

pseudo-first-order rate coefficient for capture of aqueous free

radicals by micelles or particles is large and hence the concen-

tration of radicals in the aqueous phase is negligible). Conse-

quently, all radicals generated in the aqueous phase, either that

obtained from initiator decomposition or those that exit from

particles, are passed immediately to a swollen monomer micelle

or to a dead particle, resulting in an active particle, and (3) the

monomer concentration at the polymerization loci (generated

active polymer particles) is proportional to the value of unity

minus conversion x. The assumption implies that all unreacted

monomer molecules reside homogeneously with generated poly-

mer. These assumptions justify the assumption that the radical

entry into growing particles is negligible compared to entry into

swollen monomer micelles or dead particles, so that bimolecular

termination in the particles can be neglected. As reported by

Morgan et al.,3 this model fits well the experimental data for

HMA. From eq. (5), it can be observed that b value for a par-

ticular monomer is a direct function of the C0/M0 ratio (mol

fraction of monomer into the polymer particles with respect to

the total monomer in the system); then, the slight independence

of the b values with the monomer concentration for the hydro-

phobic monomers, can be due to the fact that monomer parti-

tioning between the aqueous and organic phases in the system

is negligible for hydrophobic monomers. However, the deviation

Figure 1. Conversion fractions vs. time for the different methacrylates

homopolymerized in microemulsions at two different monomer concen-

trations. (a) 2.5% and (b) 3.5%. Symbols are experimental data obtained

by dilatometry and the continuous curves are model predictions.

Figure 2. Polymerization rates as a function of time for the different

methacrylates homopolymerized in microemulsions at two different

monomer concentrations. (a) 2.5% and (b) 3.5%.
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of the model from experimental data can be attributed not only

to the monomer partitioning but also to other factors, such as

different chain termination mechanisms (transfer reactions to

monomer and to polymer), competing particle formation

mechanisms (homogeneous and micellar nucleation), etc.

The number of particles (Np) was calculated using eq. (6):

Np5
6M0X

pDp3qp

(6)

where Np is the number density of particles, [M]0 is the initial

monomer concentration in the reactor, X is the conversion, Dp

is the experimental average diameter of the particles (with the

assumption that they are spherical and mono-disperse) and qp

is the density of the polymer.

Table I shows Dp and Np of the final latices obtained from

polymerization of the different methacrylates at two monomer

concentrations (2.5 and 3.5%). It can be observed that, Dp val-

ues are in the range of 42–65 nm. These values increased with

the monomer concentration (more monomer solubilized with

the same surfactant amount) and the hydrophobicity of mono-

mers, because swelling of the micelles increases (less monomer

in the aqueous phase). Figure 3 shows the corresponding

(PSDs). Narrower PSD were obtained for the hydrophilic

monomers than for the hydrophobic monomers. Also, it can be

observed from Table I that Np decreases with the length of the

alkyl ester group of monomers and increases with the monomer

concentration. These results confirm that homogeneous nuclea-

tion predominates in the polymerization of hydrophilic mono-

mers. In order to compare Np with the kinetic behavior, the

polymerization rates per particle (Rpp) were calculated as Rp/

Np (Table I). Rpp values can be taken as a semi-quantitative

equivalent of the average number of radicals per particle.12

Therefore, for both monomer concentrations studied, the num-

ber of radicals per particle increased with the length of the alkyl

ester group of methacrylates, except for 2-EHMA. This is a con-

sequence of the monomer hydrophobicity (less radical desorp-

tion from polymer particles), giving bigger particle diameters as

a result and also the propagation rate constants for the mono-

mers used are not so different from each other.

Table II shows the weight average molecular weight (Mw) and

polydispersity (PDI) of polymers obtained from homopolymeri-

zation of the different methacrylates with 2.5% of monomer

concentration. Values of Mw were in the range of 453,200–

Figure 3. Particle size distribution of final latices obtained for the different runs and different monomer concentrations.

Table I. Average Particle Diameters (Dp) and Number of Particles (Np) of

Final Latices Using Different Concentrations of Alkyl Ester Methacrylates

Dp (nm)
Np 3 10217

(#/L)

Rpp 3 10215

[mol/(min*
particle)]

Monomer 2.50% 3.50% 2.50% 3.50% 2.50% 3.50%

MMA 42 46 4.7 5.4 0.88 1.24

EMA 50 54 3.1 4.1 2.04 2.14

BMA 56 60 2.8 3.2 2.80 3.74

HMA 64 65 1.9 2.6 5.20 4.27

2-EHMA 59 64 2.6 2.9 4.50 3.76

Rpp 5 polymerization rate (maximum) per particle.

Table II. Weight Average Molecular Weight and Polydispersity Index of

Polymers Obtained From Homopolymerization of Different Methacrylates

with 2.5% of Monomer Concentration

Monomer Mw (g/mol) PDIa

MMA 453200 2.85

EMA 847000 3.05

BMA 1173000 1.83

HMA 2784000 1.65

2-EHMA 1928000 2.21

a PDI 5 Mw/Mn.
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2,784,000 g/mol increasing with the hydrophobicity of the

monomers. PDI values were between 1.6 and 3.0, which indi-

cates that more than one chain termination mechanism occurs.

Figure 4 shows the experimental molecular weight distributions

(MWD) data (dotted curves) of the polymers at the end of

polymerization and the corresponding deconvolutions using

Gaussian fits (continuous curves). The MWD are relatively

narrow in all cases with three populations for the MMA and

EMA. Concerning to BMA, HMA, and 2-EHMA, only two pop-

ulations can be observed. In batch heterophase polymerization

bimolecular termination is almost absent because of the com-

partmentalization effect. Consequently, Mw is high because

transfer to monomer is the dominant mechanism for termina-

tion of chains’ growth.14 The first population corresponding to

low molecular weights can be related with bimolecular termina-

tion in the aqueous phase (which agrees with the hydrophilicity

of MMA and EMA). The second population is due to chain

transfer to monomer or bi-molecular termination (due to the

0–1 kinetics), and finally the third population, corresponding to

high molecular weights, is usually observed when events as

chain transfer to polymer are present. This behavior observed

here is associated with the particles’ sizes. That is, the smaller

the Dp, the higher the bi-molecular termination, because when

a growing particle captures a radical from the aqueous phase,

the particle becomes inactive. Nevertheless, for higher Dp val-

ues, a radical entering to a growing particle can start a new

polymer chain instead of the generation of an inactive particle,

giving as a result higher Mw.

Tg is a valuable characterization parameter associated with the

material properties and can provide very useful information

regarding the end-use performance of a product. In general, fac-

tors increasing the stiffness of the polymeric molecular segments

will tend to increase Tg .15 Moreover, Tg is commonly related to

the stereochemistry of polymer chains (tacticity) as well as the

molecular weight (Tg increases proportionally with the molecu-

lar weight). A semicrystalline polymer is composed of two main

phases: amorphous and crystalline. In general, the Tg value will

increase somewhat as the crystalline phase of the polymer

increases. As explained by Tang et al.,4 the rich-syndiotacticity

of the resulting polymers may be caused by the effect of volume

restriction in nanoparticles. It is considered that in a confined

volume of a latex particle formed in microemulsion, the propa-

gating polymer chains must be organized in a gauche confor-

mation than in its unperturbed state (mainly near the surface

of the particle), the path of its random walk would be forced to

fold back into the particle. For a polymer with final Tg above of

the reaction temperature, at the beginning of chain propagation,

the propagating chains have low molecular weights and low Tg

values, accordingly, therefore, the restricted volume effect is rel-

atively not so obvious at this stage. As the molecular weights

and Tgs of the propagating chains increase, the Tgs exceed the

reaction temperature, and then propagating chains pass a glass

transition process and their free walks are more restricted. So

the restricted volume effect became obvious, resulting in prod-

ucts with high syndiotacticities and higher glass transition

temperatures.

Tacticity properties of the different polymethacrylates were eval-

uated by 13C-NMR spectroscopy. All spectra were analyzed in

two signal regions: one that covers the signals corresponding to

the carbonyl groups between 180 and 175 ppm (Figure 5) and

the second that corresponds to signals belonging to the quater-

nary carbon between 46 and 43 ppm (Figure 6). The areas

under the curves of the different signals in each region were

calculated according to the signals to 13C attributed to mm

Figure 4. Molar masses distributions (MWD) of the polymers at the end

of reaction for 2.5% of monomer concentrations. Dotted curves are exper-

imental data and the continuous curves are deconvolutions using Gaus-

sian’s fits.
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(isotactic), rm (atactic), and rr (syndiotactic) triads.16,17 From

the carbonyl and quaternary carbon regions (Figures 5 and 6,

respectively) the signals of the three possible polymer configura-

tions (mm, mr, and rr) are observed. Furthermore, the highest

signal intensity (area) in both spectra is denoted for syndiotactic

(rr) configuration in all polymers. The area of rr signals was

used to calculate the syndiotacticity percentage by means of eq.

(3). Table III shows the percentage values and their average of

syndiotacticity of each polymer calculated from the two regions

of 13C-NMR spectra. In the same Table III are listed the Tg val-

ues calculated from DSC analysis (shown in Figure 7) for the

different homopolymers studied. From Table III it is possible to

observe that syndiotacticity values calculated from the carbonyl

and quaternary carbon groups were similar and also increased

with the length and steric effect of the alkyl pendant group in

the polymer chain, while Tg values decrease, as can be also seen

from Figure 7. Changes in the slopes of the heat flow curves are

less noticeable by increasing the length of the alkyl group of the

polymethacrylates.

The Tg and syndiotacticity exhibited by a polymer is dependent

upon the synthetic route of the material. For example, Tang

et al.7 reported the polymerizations of MMA, EMA, CHMA,

iBMA, and BzMA in a seeded semicontinuous regime, finding

syndiotacticities between 51 and 72%, decreasing with the reac-

tion temperature. The Dp values of the corresponding latices

were in the range of 13–31 nm. In our case, polymerizing in

batch mode, high syndiotacticity percentages were obtained

(80–87%) and latices with Dp between 42 and 65 nm. This dif-

ference in syndiotacticities is explained as follows: in a batch

polymerization, the system is monomer flooded, giving as a

result bigger particles’ sizes than those obtained in a semicon-

tinuous regime, in which polymeric nanoparticles growth is

controlled with the monomer addition rate resulting in smaller

Dp values. As previously discussed, bigger Dp gives higher

molecular weights because of chain transfer to monomer events

are accompanied with chain transfer to polymer and because

bimolecular termination by capturing a second radical from the

aqueous phase is less frequent; then, for higher molecular

weights, steric hindrance forces the polymer chain to acquire

syndiotactic configurations, preferentially.

Figure 5. 13C-NMR spectra in the zone of the carbonyl group showing

the signals corresponding to rr, rm, and mm triads (syndiotactic, atactic,

and isotactic, respectively) of methacrylate polymers synthesized with

3.5% of monomer concentrations.

Figure 6. 13C-NMR spectra in the zone of the quaternary carbon showing

the signals corresponding to rr, rm, and mm triads (syndiotactic, atactic,

and isotactic, respectively) of methacrylate polymers synthesized with

3.5% of monomer concentrations.

Table III. Syndiotacticity and Tg Values of Polymers Determined from the

Areas Corresponding to Carbonyl and Quaternary Carbon Signals of Sam-

ples with 3.5% of Monomer Concentration

Monomer
Carbonyl
C@O (%)

Quaternary
carbon (%)

Averagea

(%)
Tg
(�C)

MMA 81 79 80.0 120

EMA 83 83 83.0 71

BMA 82 83 82.5 30

HMA 84 85 84.5 3

2-EHMA 87 87 87.0 27

a Calculated as the simple arithmetic average of values obtained from the
carbonyl group and the quaternary carbon.

Figure 7. Heat flow versus temperature obtained from DSC analysis of

the polymers at the end of reaction for 2.5% of monomer concentrations

used.
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CONCLUSIONS

MMA, EMA, BMA, HMA, and 2-EHMA were homopolymer-

ized in heterophase systems in a batch mode. The kinetics study

revealed that for 2.5 wt % of monomer concentration, the order

of polymerization rate was RpHMA>RpBMA>Rp2-EHMA>RpE-

MA>RpMMA, whereas for 3.5 wt % of monomer concentration,

the order of polymerization rate was RpBMA>RpHMA>Rp2-

EHMA>RpEMA>RpMMA. The mathematical model used to rep-

resent the kinetics was not able to represent experimental

kinetic data, which was ascribed not only to the monomer par-

titioning between the phases but also to factors, such as differ-

ent chain termination mechanisms (transfer to monomer and

to polymer) and particle formation mechanisms (homogeneous

and micellar nucleation).

Dp values were in the range of 42–65 nm, increasing with the

monomer concentration and the hydrophobicity of monomers.

Values of Mw were in the interval of 453,200–2,784,000 g/mol

increasing also with the hydrophobicity of the monomers. The

PDI were high, ranging between 1.6 and 3.0, which can indicate

more than one chain termination mechanism. Polymers with

very high syndiotacticities were obtained (80–87%) because the

higher molecular weights from batch mode polymerization

(compared with the previously reported in the literature for

seeded semicontinuous regime) forces the polymer chain to

acquire syndiotactic configurations preferentially as a result of

the higher steric hindrance.
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