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Abstract

Functionalized core–shell latexes were prepared by copolymerization of butyl acrylate and methyl methacrylate with 2-hydroxyethyl

methacrylate (HEMA) or methacrylic acid (MAA), which were added during the first or second stages of polymerization, respectively. The

HEMA and MAA concentrations were increased while the equivalent ratio of functional groups remained constant. Colloidal stability, particle

size, particle size distribution, film properties and morphology were studied as functions of functional monomer content. The upper limit

functionality content was limited by the stability of the system during synthesis. A bimodal particle size distribution was observed for high

concentrations of functional monomers. Increase in carboxyl and hydroxyl functionalities improved tensile strength and modulus for un-

crosslinked films, and generally higher tensile strength, tensile modulus and storage modulus at high temperature were obtained after the

functional latexes were crosslinked with a cycloaliphatic diepoxide.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Environmental regulations have been continuously restrict-

ing the amount of volatile organic compounds (VOCs) in

coatings formulations. As a consequence waterborne systems

have developed, and will continue to do so as the logical choice

for many applications in the coatings industry [1]. Latex based

and water-reducible coatings are two major classes of

waterborne coatings replacing solvent-borne applications.

Latex dispersions form films at ambient temperatures by

coalescence of relatively soft particles containing solid

polymer. Cohesive strength development occurs during

coalescence when interdiffusion of polymer chains takes

place, but also by crosslinking of the polymer prior to or

during film formation [2,3,5]. Generally, crosslinking is

introduced into thermoplastic latex dispersions for improve-

ment of mechanical properties and solvent resistance. Several

types of thermosetting latexes have been reported in the

literature in which functional monomers have been added

during synthesis and then chemically crosslinked [4–14].
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Previous studies in this group have shown that dispersions

of latex particles containing hydroxyl-functional core and

carboxylic-functional shell were successfully crosslinked with

a cycloaliphatic diepoxide [15,16]. A schematic representation

is shown in Scheme 1. The crosslinking reactions for the

system were influenced by several factors including the amount

and addition mode of diepoxide, location of functional

monomer, type and amount of catalyst, among others. Soucek

et al. [17] investigated epoxide addition in terms of

morphology and film properties obtained from the latex

system. When cycloaliphatic diepoxide was added in the

form of solution, increase in hardness and tensile modulus was

observed possibly due to more uniform adsorption of the

diepoxide on the particles surface, whereas addition of

emulsified diepoxide showed lower hardness and tensile

modulus. This was postulated to be a result of decreased

interaction of emulsified epoxide with the latex particles [17].

In a separate study, the effect of location of hydroxyl

functionality was investigated [18]. Phase inversion of the

core–shell structure did not occur when hydroxyl functionality

was introduced during the first stage of polymerization,

indicating concentration of hydroxyl groups within the core.

When hydroxyl functionality was located in the core, it

promoted hardness and tensile modulus, and when it was

present in the shell of the particles, higher crosslink density was

observed. Distribution of functionality between both stages did
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Scheme 1. Crosslinking reaction of carboxyl and hydroxyl groups with cycloaliphatic diepoxide in a latex system.
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not generally improve film properties [18]. The effect of type

and concentration of catalyst was studied previously for latexes

with both hydroxyl and carboxyl functional groups as sole

functionality (monofunctional systems). Strong acid catalysis

was required for crosslinking of hydroxyl functional latexes

with cycloaliphatic diepoxide, whereas it did not necessarily

improve the coating properties of latexes containing carboxyl

groups [19]. It was postulated that the conjugate base of the

strong acid catalyst did not undergo re-protonation under the

curing conditions.

Purposeful design of these thermosetting latexes relies on

the evaluation of composition variables such as addition mode

of the crosslinker, type of catalyst and functionality concen-

tration. It is desirable to have 10–20 wt% of total monomer

available as functional groups to participate in crosslinking

reactions; however, other properties could also be affected by

increase in functionality content. Polymerization pathways,

particles structure and ultimately film properties might be

influenced by such change in composition. In many of

previously studied formulations in the literature, functionality
varies between 2 and 8-wt% based on total monomer weight.

Although such films show improved solvent resistance and

enhanced mechanical properties, there is no specific infor-

mation on the extent of crosslinking [4,14]. In the present

study, optimization of the total amount of functional monomers

was investigated, as well as consequent effects on latex and

film properties. Two series of latexes were prepared with

different glass transition temperatures (TgZ10 8C and TgZK
5 8C) and with increasing content of carboxyl and hydroxyl

functional groups. The effects of the reacting system on

colloidal stability and on particle size distribution were

evaluated with varying functionality. Tensile, thermo-mech-

anical properties and film morphology were also evaluated.
2. Experimental

2.1. Materials

Butyl acrylate (BA), methyl methacrylate (MMA), hydro-

xyethyl methacrylate (HEMA), methacrylic acid (MAA),
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benzyl methacrylate (BzMA), ammonium persulfate (APS),

sodium bicarbonate and isopropanol were technical grade

chemicals purchased from Aldrich Chemical and used as

received. Dow Chemical supplied the cycloaliphatic diepoxide

(UVR-6105) and surfactants Triton-200 (sodium alkylaryl

polyether sulfonate) and Tergitol XJ (polyalkylene glycol

monobutyl ether). Sulfoethyl methacrylate (SEM) was

supplied by Hampshire/Dow Chemical. Deionized water was

used in the preparation of the latexes.
2.2. Preparation of latexes

Latex dispersions were prepared by seeded semi-continuous

emulsion polymerization with a monomer emulsion feed. All

seeds used in the latexes synthesis were obtained from single

seed latex prepared batch-wise.
2.2.1. Seed

A solution of NaHCO3 (1.5 g) and Triton-200 (0.5 g) in

water (150 g) was charged to a 500 mL flask equipped with a

condenser, stirrer and a nitrogen atmosphere. After reaching

75 8C, a pre-emulsion of BA (41.68 g, 0.326 mol) and MMA

(38.32 g, 0.3832 mol) with NaHCO3 (0.1 g) and Triton-200

(3.6 g) was charged in the flask followed by addition of a

2 wt% aqueous solution of ammonium persulfate (102.2 g).

Polymerization continued for 30 min at 75 8C. The same

experimental apparatus for seed preparation was used for the

core and shell stages.
2.2.2. Core

The seed (20 wt% of the weight of the pre-emulsion) was

charged in the reactor and heated to 75 8C. A pre-emulsion of
Table 1

Composition for core and shell compositions for latexes with different percentages

Component T(10) F7a (7.5 wt%)b T(10) F15a (

Core weight (g) Shell weight (g) Core weight

BA 35.75 37.89 35.32

MMA 37.10 37.38 30.28

HEMA 7.14 14.4

(0.055 equiv) – (0.11 equiv)

MAA 4.73

– (0.055 equiv) –

SEMc – 0.57 –

NaHCO3 0.1 0.1 0.1

Triton-200 3.6 3.6 3.6

Tergitol-XJ 0.4 0.4 0.4

Water 80.0 80.0 80.0

Diepoxided 13.86

Isopropanol 13.86

Coagulum in

gramse

0.05 1.09

Solid content (%) 38.5 37.3

a T stands for formulated Tg in degrees centigrade (8C); F stands for functionality

content.
b Total functional monomers weight percentage based on total monomer content
c SEM stands for sulfoethyl methacrylate.
d Crosslinker was added after latex synthesis.
e Coagulum formed during reaction.
BA, MMA and HEMA along with an initiator solution, were

fed continuously for 180 min. Tables 1 and 2 list the

components and amounts for each latex formulation. Contents

were heated and stirred for additional 180 min to ensure

monomer consumption. For Scanning Transmission Electron

Microscopy, BzMA was used instead of MMA in those latexes

prepared for the differential staining.
2.2.3. Shell

Following the core preparation, continuous addition of a new

pre-emulsion (BA, MMA and MAA) along with fresh initiator

solution proceeded over a period of 240 min. During the same

time a SEM aqueous solution (5 wt%) was fed as well (this

monomer was added in order to incorporate sulfonic acid groups

for catalysis of crosslinking reactions after film casting).

The emulsion was allowed to react for another 240 min after

addition was complete. The latexes were then filtrated through a

woven polymer micro-filtration mesh (20 mm mesh opening)

followed by coagulum and solid contents measurements.

Nomenclature is as follows: latex with formulated Tg of

K5 8C and 7.4 wt% functional monomers (4.4 wt% HEMA

and 3 wt% MAA) based on total content of monomer is

designated as T(K5) F7 (Tables 1 and 2 show other

compositions). It should be noted that actual latexes glass

transition temperatures are expected to differ from the values

formulated, which were used for nomenclature purposes.
2.3. Latex characterization

Latexes were cleaned using an ion-exchange resin (AG-501-

X8) to remove water-soluble ionic materials. Twice the weight

of resin (based on latex solids) was added to dilute latexes
of functional monomer (based on total monomer) and designed TgZ10 8C

15 wt%)b T(10) F17a (17.5 wt%)b

(g) Shell weight (g) Core weight (g) Shell weight (g)

39.66 35.18 40.23

30.74 27.98 28.62

16.9

– (0.13 equiv) –

9.6 11.2

(0.11 equiv) – (0.13 equiv)

0.57 – 0.57

0.1 0.1 0.1

3.6 3.6 3.6

0.4 0.4 0.4

80.0 80.0 80.0

27.72 32.76

27.72 32.76

1.91

36.7

; the last number shows total functionality percentage based on total monomer

.



Table 2

Composition for core and shell compositions for latexes with different percentages of functional monomer (based on total monomer) and designed TgZK5 8C

T(K5) F7a (7.5 wt%)b T(K5) F15a (15 wt%) T(K5) F21a (21 wt%)

Component Core weight (g) Shell weight (g) Core weight (g) Shell weight (g) Core weight (g) Shell weight (g)

BA 44.14 46.29 43.71 48.06 40.48 46.53

MMA 28.71 28.98 21.89 22.34 19.52 20.09

HEMA 7.14 14.4 20.0

(0.055 equiv) – (0.11 equiv) – (0.154 equiv) –

MAA 4.73 9.6 11.2

– (0.055 equiv) – (0.11 equiv) – (0.154 equiv)

SEMc – 0.57 – 0.57 – 0.57

NaHCO3 0.1 0.1 0.1 0.1 0.1 0.1

Triton-200 3.6 3.6 3.6 3.6 3.6 3.6

Tergitol-XJ 0.4 0.4 0.4 0.4 0.4 0.4

Water 80.0 80.0 80.0 80.0 80.0 80.0

Diepoxided 13.86 27.72 38.81

Isopropanol 13.86 27.72 38.81

Coagulum in

gramse

0.21 1.63 3.72

Solid content (%) 39.3 37.4 36.8

a T stands for formulated Tg in degrees centigrade (8C); F stands for functionality; the last number shows total functionality percentage based on total monomer

content.
b Total functional monomers weight percentage based on total monomer content.
c SEM stands for 2-sulfoethyl methacrylate.
d Crosslinker was added after latex synthesis.
e Coagulum formed during reaction.

E.P. Pedraza, M.D. Soucek / Polymer 46 (2005) 11174–11185 11177
(10% solids); the mixture was stirred at ambient temperature

for 2 h, and then vacuum filtered. The process was repeated

twice. Particle morphology was examined by STEM using a

FEI Tecnai 12 Microscope. Particle sizes and particle size

distributions were measured by dynamic light scattering using

a PSS NICOMP (Santa Barbara, CA) equipped with a He–Ne

laser operating at 652 nm and a triple detector. Measurements

were carried out at 23 8C and at a fixed angle of 90 8C on very

diluted emulsions (!0.1 vol%). Molecular weight was

determined by gel permeation chromatography (GPC) using

high-resolution Waters columns with THF at 1 mL/min. A

triple detector was used comprising a Viscotek viscometer, a

Waters differential refractometer and a Wyatt Dawn EOS light

scattering detector at 908. Particle morphology was evaluated

for latexes containing benzyl methacrylate. This monomer was

introduced during the first stage of the polymerization to

differentiate between the core and shell via RuO4 staining. For

STEM sample preparation, a drop of clean and very dilute latex

(0.5 wt%) was placed onto a carbon coated copper grid and set

to dry for 2 h at ambient temperature. Samples on grids were

exposed to RuO4 vapors for 15 min and dried under ambient

conditions for 24 h prior to imaging.
2.4. Film formation and characterization

Cycloaliphatic diepoxide was dissolved in isopropanol

(50 wt%). Latexes were neutralized with ammonia at ambient

temperature to pHZ7. Stoichiometric amounts of the

diepoxide solution were added, and mixtures were stirred for

15 min (Table 1). Then, latexes were cast on glass and

aluminum substrates using a draw down bar #8 (8 mil for wet
thickness). The final thickness of the samples was between 40

and 60 mm. Dry films were obtained either after 48 h of drying

at ambient temperature or after drying 2 h at ambient

temperature followed by heating at 170 8C for 1 h. Films cast

on glass were removed with a razor blade and cut (80!16 mm

or 25!5 mm) for tensile testing on an Instron Universal

Electromechanical Tester 5567 and dynamic mechanical

thermal analysis using a Rheometrics Scientific analyzer.

Tensile testing was performed with a load cell of 100 N and a

crosshead speed of 20 mm/min. More than 10 specimens were

tested and those with closest values were selected to obtain

average values (selection criteria according to ASTM standard

D2370-98). Dynamic mechanical thermal analyses were

carried-out with a constant temperature ramp (3 8C/min), a

fixed oscillating frequency (1 Hz) and a controlled strain

(0.5%). Films cast on aluminum were used for coatings testing

such as pencil hardness (D 3363-00), impact resistance (ASTM

G 14), flexibility (conical mandrel testing ASTM D 522) and

MEK double rubs (ASTM D 4752-98). Latexes were spin-

coated onto pre-treated silica wafers and examined for dry film

morphology in a Multimode Scanning Probe Microscope

(Digital Instruments) set to tapping mode.
3. Results

The primary objective of this study was to investigate the

effect of functional monomers concentration and concomitant

equimolar addition of crosslinker on stability and film

properties of crosslinkable latexes. Reactions of attached

carboxyl and hydroxyl functionalities with cycloaliphatic

diepoxides are influenced by the concentration of reacting



Fig. 1. STEM image of core–shell latex with 9 wt% HEMA and 6 wt% MAA.
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groups, by mobility of the polymer segments and by acid

catalysis during crosslinking. Increasing functional monomer

concentration is not only expected to affect crosslinking

reactions, but it can also introduce changes during synthesis

and to latex properties [4]. Moreover, it is anticipated that

increasing hydroxyl functionality in the core and carboxyl

functionality in the shell would bring dissimilar chemical and

physical properties. The relationship between monomer

composition (including functional monomers) and glass

transition temperature was taken into account in designing

the latexes. Consequently, two series of latexes were prepared

with different Tg and increasing equimolar content of HEMA

and MAA varying from 7.4 to 21 wt%. Glass transition

temperatures of K5 and 10 8C were calculated by the Fox

equation [20].

The double functionality approach was preferred due to

superior film properties obtained through crosslinking,

compared to mono-functional systems [15]. The choice of

placement of functional groups was based on two reasons.

First, previous studies in this group showed that HEMA-

containing copolymer located in the core of particles did not

cause core–shell inversion of the latex particles under the

polymerization conditions used [18]. Second, when carboxylic

acid groups were added during the core stage and hydroxyl

groups during the shell stage, latexes were unstable [16]. As a

result, the preferred morphology in terms of latex stability and

films performance consisted of hydroxyl groups located in the

core and carboxylic acid groups placed in the shell.

The addition of diepoxide to the latex was performed in the

form of a solution, due to the very low solubility of the epoxide

in water. As investigated previously [17], addition of the

crosslinker as a solution resulted in overall best films

properties. This result was attributed to increased adsorption

on particles surface. Atom Force Microscopy(AFM) images

supported such consideration. Additionally, in a previous study

[18], successful crosslinking was obtained for latexes contain-

ing only hydroxyl functionality incorporated during the core

stage. The extent of crosslinking was lower than in the case of

hydroxyl groups located in the shell, but crosslinking was

achieved. Furthermore, films properties were enhanced

compared to uncrosslinked systems. Such results suggested

that a small portion of epoxide migrates within the polymer

during film formation. It is then expected that a portion of

diepoxide, located in the proximity of particles in the emulsion,

are driven towards the surface of particles by its low water

solubility. It is also expected that a small portion of epoxide

might continue to move inside the particle. Consequently,

addition of epoxide as a solution in isopropanol was considered

highly beneficial in terms of film property development.

Total maxima of 17.5 and 21 wt% functional monomers

were successfully incorporated in the formulation of series

T(10) and T(K5), respectively. The upper functionality limit in

these latexes was determined by the maximum HEMA

concentration introduced during the first stage of polymeriz-

ation without causing instability of the emulsion. For series

T(10), adding more than 10 wt% HEMA in the co-monomer

feed led to disruption of colloidal stability during the first stage
of polymerization. However, for series T(K5), it was possible

to add up to 12.5 wt% HEMA without emulsion break-up.

Coagulum measured after polymerization increased upon

addition of larger functionality amounts in the co-monomer

feed, which indicated some degree of instability in the system

during reaction.

3.1. Latex properties

During the synthesis process or afterward it is possible that

the desired core–shell structure of the particles might have not

been obtained, since particle morphology is highly affected not

only by thermodynamic parameters but also by kinetic factors

[21–28]. In this particular case, it was anticipated that

increments in functional monomer concentration might have

interfered with the equilibrium morphology of the system. For

this reason, the morphology of the latexes was evaluated by

STEM. During synthesis of some of the latexes, a fraction of

non-functional monomer mixture was replaced by benzyl

methacrylate in the core polymerization stage. Benzyl

methacrylate (BzMA) was introduced to achieve facile staining

with RuO4 and was preferred over styrene because it is less

chemically dissimilar to the acrylic system. An image of latex

particles with TgZK5 8C and 15 wt% functional monomers is

shown in Fig. 1. The first stage polymer seems to be located at

the centre of the particle as evidenced by dark domains. This

suggests that the core–shell structure was not disrupted by

increased fractions of HEMA and MAA during

polymerization.

Together with changes in particle structure, other latex

properties might have been altered upon increasing function-

ality content. As general latex characterization, molecular

weight and particle size were evaluated. For molecular weight

measurements, dry films were immersed in THF for several

days; still, complete dissolution was not achieved. A few

minutes under sonication dissolved the remaining gel. Same

sonication time was allowed for all samples; however, the

sample with 0 wt% functional monomers retained a small



Table 3

Molecular weight and particle size for latexes with designed TgZK5 8C

Name Function-

ality (wt%

total mono-

mer)

Molecular

weight (g/

mol) Mw

Particle size (nm)

Peak 1/stan-

dard devi-

ation

Peak 2/stan-

dard devi-

ation

T(K5) F0 0 1,328,300 364.0/57.9 –

T(K5) F7 7.4 835,900 348.0/55.0 –

T(K5) F15 15.0 562,400 345.6/12.1 –

T(K5) F21 21.0 440,400 215.8 (51.

7%)a

704.0 (48.

3%)

a Standard deviation not available. Proportion of particles for each size

reported as percentage.
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amount of gel that plugged the filter prior to injection. For such

reason these values are considered as relative in this case.

Molecular weight and particle size of latexes from series T(K
5) are presented in Table 3. Weight-average molecular weight

values showed a decreasing trend as HEMA and MAA

concentrations increased. Latexes with up to 15 wt% function-

ality showed similar particle size (around 350 nm). In the case

of maximum functionality content (21 wt%) two populations

of particles with different sizes were observed.

3.2. Film properties

Films were evaluated for typical coatings tests, tensile

properties and dynamic mechanical properties. Table 4

presents coatings properties for films obtained from mixtures

of latexes series T(10) and cycloaliphatic epoxide solution

(films were cast and dried under ambient conditions for 2 h

followed by heating at 170 8C for 1 h). As seen from the table,

typical coating tests such as pencil hardness, impact resistance,

conical mandrel flexibility and MEK double rubs exhibited

only small variations for these films. For instance, all films

showed conical mandrel flexibilities superior to 32% and MEK

double rubs above 200. For this reason, tensile testing and

dynamic mechanical analysis were preferred for evaluation and

contrast of film properties.

Tensile testing is a very useful tool for evaluation of

mechanical properties in free films. Tensile properties of

latexes from series T(K5) (TgZK5 8C) are summarized in

Figs. 2 and 3. Fig. 2 clearly shows that tensile strength and
Table 4

Coatings testing for latexes with designed Tg of 10 8C and total functionality

from 7.4 to 17.5 wt% (series T(10)) crosslinked with cycloaliphatic diepoxide

Test T(10) F7 T(10) F15 T(10) F17

Pencil hardness 2H 4H 3H

Conical mandrel

(% elongation)

O32 O32 O32

Impact resistance (direct/

inverse)

O40/O40 30/O40 O40/O40

MEK double rubs O200 O200 O200
tensile modulus values uniformly increased upon introduction

of increasing levels of HEMA and MAA for films cast from

latexes without crosslinker. Conversely, elongation-at-break

was severely reduced as functionality content was increasing in

the latex formulation. When crosslinker was introduced, tensile

strength and modulus were improved significantly as expected

with respect to films without crosslinker especially at very high

functionality content. Elongation-at-break reduction was not as

severe for crosslinked films as compared to films without

crosslinker, for which elongation decreased from approxi-

mately 500 to 100% or lower.

Dynamic mechanical thermal analysis was performed on

films cast from latex series T(K5) (TgZK58C). The storage

modulus E 0 at the rubbery equilibrium region above Tg is related

to the crosslink density by the classical expression [29,30]

ne Z
E 0

3RT

where ne is the crosslink density expressed as moles of

elastically effective network chains per cubic meter of sample.

E 0 is the storage modulus at the equilibrium plateau, R is the gas

constant (8.3145 Pa m3/mol K) and T is the temperature in

Kelvin. Figs. 4 and 5 show the temperature dependence of

storage modulus E 0 and loss tangent (tan d) for films without

crosslinker dried at ambient temperature. It was observed that as

concentration of functional monomers increases in the films,

there was progressive broadening in the transition region

detected on both, storage modulus E 0 and tan d peak signals.

In the same way, the maximum value for tan d decreased and the

temperature at that point shifted toward higher temperatures as

functionality content was increased. Figs. 6 and 7 show storage

modulus E 0 and tan d responses for the same type of films

(without crosslinker) dried at ambient temperature for 2 h and

heated at 170 8C for 1 h. Heating did not seem to cause much

effect on the broadening of the transition region observed for

films just dried at room temperature. However, the storage

modulus signal reaches a plateau above the glass transition

temperature for latex T(K5)F21, which holds the maximum

functional monomer content possible for this series.

Storage modulus and loss tangent plots for films cast from

mixtures of latexes T(K5) with cycloaliphatic epoxide solution

are shown in Figs. 8 and 9. As similarly observed for

uncrosslinked films, the relatively sharp drop in storage

modulus characteristic of the glass transition region was

broader as functional monomers concentration was incremen-

ted. It was also observed that upon increments in the

functionality content the one tan d peak originally detected

developed into two broad and indistinct peaks. Table 5 presents

a summary of the characteristic dynamic properties obtained

for these films. Glass transition temperatures, storage moduli at

the rubbery plateau and crosslink densities were observed to

increase as HEMA and MAA contents were augmented.

Morphology of films obtained through AFM imaging is

shown in Fig. 10. Latexes T(K5) with 0 and 7.4 wt%

functional monomers (Fig. 10(a) and (b), respectively) showed

similar average particle size. However, Fig. 10(c) evidenced



Fig. 2. Tensile properties of films from latex with designed TgZK5 8C.
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two different populations of particles: one of small particles

and one of larger particles. Such observation appeared in

agreement with particle size measurements. Images from films

dried at 25 8C during 2 h and heated for 1 h at 170 8C showed

reduced presence of discrete particles, although incomplete

coalescence was observed.
4. Discussion

Several reasons motivated the study of functionality content

in thermosetting acrylic core–shell latexes. Initially, optimiz-

ation of the upper limit functionality concentration was basic to

achieve maximum strengthening in these types of films.

Additionally, it was anticipated that the polymerization process

and latex characteristics could also be affected by incorporation

of increasing content of functional monomers. For instance, the
pathway of polymerization is often dependent on the type of

monomers involved, affecting molecular weight and particle

size. Consequently, it was necessary to evaluate the effect of

increasing co-monomer functionality content on latex stability

and films properties.

The larger fraction of HEMA (and total HEMA and MAA

content) successfully incorporated in series T(K5) compared

to series T(10) and its effect on latexes particle populations can

be explained by monomer solubility and copolymerization

effects. It should be considered that as the fraction of HEMA in

the monomer mixture was increased, the concentration of this

monomer in the aqueous phase was higher due to its increased

water solubility compared to MMA or BA (solubilities in

water: 81, 1.6 and 0.2 g/100 mL, respectively) [31–33].

Additionally, taking into account reactivities for the three

monomers in Table 6 [34], it could be expected that HEMA



Fig. 3. Tensile properties of crosslinked films from latex series T(K5).

Fig. 4. Storage modulus of films from latexes with designed TgZK5 8C dried at

25 8C for 48 h (no crosslinker added).
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molecules were more prone to react with other HEMA

molecules than with MMA and BA molecules present in the

system.

It is commonly known that the initiation process during

most emulsion polymerizations usually occurs in the aqueous

phase with formation of hydrophilic oligomeric radicals. Upon

growth, these oligomeric radicals would not enter monomer-

swollen micelles until reaching a critical entry chain length for

which a hydrophilic-hydrophobic balance would be achieved.

These oligomeric radicals might or might not become soluble;

if not soluble, such oligomers precipitate out of solution and

are stabilized by adsorption of surfactant, forming new

particles (homogeneous nucleation) [35]. Such scenario is

represented in Scheme 2. In these systems, as BA/MMA ratio

was larger (1.13 in series T(10) to 1.87 in series T(K5) on

average), formation of oligomeric radicals was influenced by



Fig. 8. Storage modulus of crosslinked films from latexes with designed TgZK

5 8C.Fig. 5. tan d of films from latexes with designed TgZK5 8C dried at 25 8C for

48 h (no crosslinker added).
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the presence of the less water-soluble BA, possibly by

changing the solubility of oligomeric species at the critical

chain length at which such oligomers would either precipitate

out of solution or enter the organic phase.
Fig. 6. Storage modulus of films from latexes with designed TgZK5 8C dried at

25 8C for 2 h and heated at 170 8C for 1 h (no crosslinker added).

Fig. 7. tan d of films from latexes with designed TgZK5 8C dried at 25 8C for

2 h and heated at 170 8C for 1 h (no crosslinker added).
Poehlein [36] studied the emulsion polymerization of

styrene in the presence of water-soluble co-monomers and

found that for styrene-methacrylic acid systems, the entry size

and composition of oligomeric species changed as the ratio

between monomers varied. As more MAA was used, a higher

MAA/Styrene ratio was observed in the oligomers. Moreover,

the molecular weight of the species increased [36]. Corre-

spondingly, if increasing concentration of HEMA molecules in

the aqueous phase were determinant in the stability of the

system during polymerization, it would be most reasonable to

think that less-soluble oligomers led to formation of new

particles. This hypothesis would explain the two particle sizes

observed for the latex containing the maximum amount of

functional monomers (21 wt%). In fact, generation of particles

during polymerization of monomers with high water solubility

such as vinyl acetate (solubility 2.5 g/100 mL) has been shown

to occur via precipitation of aqueous oligomeric radicals [37].

Similarly, previous studies on polymerization of methyl

methacrylate in aqueous solution have shown particle

formation during reaction [38].

In the case of the latex with two particle populations that

was observed in this study (at 12.5 wt%), the presence of
Fig. 9. tan d of crosslinked films from latexes with designed TgZK5 8C.



Table 5

Dynamic properties and crosslink density for crosslinked films from latexes with designed TgZK5 8C

Tg (8C) Max. tan d Peak width (8C) E 0 (MPa) ne (mol/m3)

T(K5) F7 59.2 1.16455 44.99 1.4C106 146.8

T(K5) F15 69.7 0.44994 122.32 2.15C106 211.7

T(K5) F21 93.7 0.30816 128.19 8.94C106 859.8
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water-soluble HEMA molecules in the aqueous phase and its

prominent reactivity probably boosted homogeneous nuclea-

tion, which would not be very significant compared to micellar

nucleation in the polymerization of water-insoluble monomers.

When concentration of water-soluble HEMA was increased to

this level, more HEMA-rich oligomeric radicals could have led

to secondary nucleation of particles. Above 12.5 wt% HEMA

content, too many oligomeric radicals were probably gener-

ated, and stability of the colloidal system was compromised.

Stress–strain analyses as well as dynamic mechanical

analysis were performed on films obtained from latexes with

increasing functionality and crosslinker content. Upon addition

of crosslinker, films showed pronounced enhancement in
Fig. 10. Tapping mode AFM images (height mode) for latexes with 0, 7.4 and

21 wt% functional monomers dried at 25 8C for 48 h ((a)–(c), respectively).

Same latexes heated at 170 8C for 1 h ((d)–(f)).
tensile strength and tensile modulus as HEMA and MAA

concentrations were increased. This improvement is evidence

of cohesive strength development within films achieved

through crosslinking. Flexibility of the films was reduced, as

measured by elongation at the moment of breakage. Such

reduction in elongation was expected due to higher concen-

tration of joint sites between polymer chains, which restrict

movement upon stretching. More interestingly, tensile strength

and tensile modulus for films without crosslinker improved

uniformly upon increasing content of HEMA and MAA. Such

behavior might be the result of increasing interaction forces

between polar groups in polymer chains (i.e. hydrogen bonding

among carboxyl and hydroxyl groups).

The dynamic mechanical analysis of films with increasing

functionality concentrations showed two major trends. One

corresponded to broadening of the transition region and the

other represented the shift of the maximum tan d value toward

lower numbers and higher temperatures. Hidalgo and co-

workers found a similar broadening for polystyrene/poly(butyl

acrylate-methacrylic acid) core–shell latexes with increasing

content of MAA (MAA fractions were smaller than in this

study) [39]. It was considered as a result of composition drift

during copolymerization due to difference in reactivity ratios

that produced chains with wide composition distribution and

wide range of transition temperatures. This may also be the

case for latexes T(K5). Through the transition region, the

storage modulus values were larger as functional monomer

content was increased. The role of hydrogen bonding discussed

previously as being the reason for increased strength in

uncrosslinked films, may as well explain the increase in storage

modulus and the rubbery plateau observed for the sample

containing 21 wt% functionality. Additionally to the broad-

ening of the transition region, it was observed that a secondary

tan d peak developed upon increments in functionality fraction.

Broad transitions have been often related to samples that

undergo partial phase separation during crosslinking. Further-

more, the presence of two indistinct and broad peaks in the

tan d signal, as observed in this case, may indicate phase

separation (of the core–shell structure) with substantial mixing

at the boundaries between domains [29].
Table 6

Reactivity ratios for pairs of HEMA, MMA and BA (from Ref. [34])

M1 M2 r1 r2

BA MMA 0.13 0.92

BA HEMA 0.09 4.75

MMA HEMA 0.192 0.81
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Scheme 2. Representation of particle nucleation dependence on oligomeric

radicals solubility. (a) Water solubility of oligomeric radicals determine the

stability of the system. (b) Homogeneous nucleation may occur for many of the

HEMA-rich oligomeric radicals.
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Images from films dried at 25 8C during 2 h and heated for

1 h at 170 8C showed incomplete coalescence, since discrete

particles were still visible with some degree of deformation.

Polymer interdiffusion in systems with particles containing

hydrophilic shells such as this type of latexes has been

previously studied. It was shown that interdiffusion was

retarded at temperatures below the Tg of the polymer located

in the shell [40]. It is proposed that inter-particle crosslinking

may be the major factor favoring cohesive strength within these

films. Such crosslinking position accounted for large increases

in tensile strength, tensile modulus and thermo-mechanical

properties even tough interdiffusion across particle boundaries

was not complete when crosslinking reactions occurred.
The implications of increasing functionality, in particular

combinations of hydroxyl and carboxyl groups on latex

dispersions are complex. Before the consummate intention of

crosslinking, controlled preparation and stability of the system

may be compromised. Secondary nucleation, if controlled,

would have certain advantages with respect to enhanced

coalescence and separation of functional groups on a

mesoscale; thus, this is an area of further study at this point.

Optimum functionality content of a latex system that was

stable corresponded to 9 wt% hydroxyl functional monomer in

the core and 6 wt% carboxyl functional monomer in the shell,

for a total functionality of 15 wt% based on total monomer.
5. Conclusions

Latexes with high functionality content (HEMA and MAA

monomers) were synthesized by a two-stage emulsion

polymerization. The maximum possible content of functional

monomers incorporated was determined by colloidal stability

of the system. When large fractions of functional monomers

were copolymerized, presumed secondary nucleation occurred

during the first stage of polymerization. Pronounced increment

in films strength observed for uncrosslinked films was

explained as a consequence of increased interactions between

functional groups within the films.
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