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Abstract

Electrosterically stabilized polystyrene latexes with a poly(acrylic acid) hydrophilic layer with either perdeuterated core or perdeuterated

hydrophilic layer were prepared in situ in a styrene/acrylic acid copolymerization, in a manner similar to that commonly employed

industrially. Small angle neutron scattering (SANS) measurements were made over a range of contrasts for three latexes at high and low pH.

Parameters obtained by fitting to standard core/shell models were consistent with the shell being highly hydrated (about 89% at low pH and

about 94% at high pH). The core was found to contain about 3% acrylic acid. Doubling the proportion of acrylic acid in the recipe increased

shell thickness by about 20%, slightly reduced particle size and slightly increased the proportion of acrylic acid incorporated into the core.

The maximum degree of polymerization (DOP) of the entering (and therefore grafted) species was estimated from the shell thickness to be

about 44 monomer units for 0.02 M acrylic acid and 66 for 0.04 M. The observed dependence of hairy layer (shell) thickness on the initial

amount of acrylic acid suggests that the critical DOP for entry (and therefore true grafting) of the electrosteric stabilizer is

thermodynamically (not kinetically) controlled.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The general understanding of the mechanisms, rate

coefficients and outcomes of emulsion polymerizations with

relatively hydrophobic monomers (e.g. styrene and MMA)

is at a moderately advanced level [1] but one area where

significant understanding is needed is for systems contain-

ing hydrophilic monomers. The use of hydrophilic mono-

mers (as co-monomers in conjunction with hydrophobic

monomers) is common in industrial emulsion polymeriz-

ations [2]. A generic industrial surface-coating ‘recipe’

might comprise methyl methacrylate and butyl acrylate as

hydrophobic monomers, a few percent of acrylic acid (AA)

as the hydrophilic co-monomer [3] plus varying types of

steric and/or electrostatic stabilizer(s). The resulting

colloids are electrosterically stabilized with good colloidal

stability and desirable film-forming properties. However,

there is little fundamental scientific understanding of the

effects of hydrophilic monomers on the polymerization

process and products. This is not surprising: even in the

absence of the hydrophobic monomers, the aqueous-phase

polymerization of hydrophilic monomers is extremely

complex (e.g. [4–6]). However, hydrophilic monomers

have profound effects: for example, we have shown [7] that

models which have been successful in predicting the rate

coefficients for free-radical entry and exit, and particle

formation, in emulsion polymerization of hydrophobic

monomers fail for latexes heavily coated with electrosteric

stabilizers (the ‘hairy layer’) containing a hydrophilic

monomer (acrylic acid).

In emulsion polymerizations in Interval II (in the absence

of particle formation), it is well established [8–12] that for

electrostatically stablized latexes, the entry mechanism is
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aqueous-phase propagation of an oligomeric radical derived

from initiator until a degree of polymerization (DOP) z is

achieved, so that the resulting species (e.g. (styrene)3SO4
2 in

the case of styrene with persulfate initiator) becomes

surface-active and irreversibly enters a particle; entry is

only through these z-mers (and any larger species). The

entry rate of a z-mer in electrostatically stabilized systems

has been found to be proportional to particle radius [13],

strongly suggesting that this process is diffusion controlled;

the actual entry of a z-mer is supposed to be so fast as not to

be rate-determining in electrostatically stabilized systems.

For exit, it is well established [1,14] that the mechanism is

transfer to monomer to form an oligomeric radical which

can rapidly diffuse through the particle and into the water

phase, with diffusion away from the particle being one of the

rate-determining steps. However, in systems with a heavy

coating of an electrosteric stabilizer, it has been found [7]

that there is a significant reduction in both the entry and exit

rate coefficients. This is consistent with movement of both

an entering z-mer and an exiting monomeric radical through

the hairy layer being slowed down by diffusion through this

viscous region. Moreover, these diffusive events are rate-

determining in particle formation [1]. Hence, it is important

for qualitative and quantitative understanding of entry, exit

and nucleation that there are means to characterize this hairy

layer: (i) its spatial extent, (ii) the distribution of hydrophilic

monomer units as a function of distance from the particle

surface, and (iii) diffusion coefficients of small species

within this hairy layer. This paper establishes the method-

ology to determine the first of these, and to obtain semi-

quantitative information about the second.

The main objective of this work was to determine the

thickness and density (and the pH dependence of these

properties) of a poly(acrylic acid) shell on polystyrene

latexes. To the best of our knowledge, this is the first time

the internal structure of an in situ hairy layer has been

measured directly in a system which is representative of that

used to provide freeze-thaw colloidal stability in an

industrial surface coating.

Previous studies have shown that the effects of hydro-

philic monomers are complex, even when attempts are made

to vary only a single parameter at a time. Even with the best

of these studies (e.g. [15]), there have been no unambiguous

mechanistic conclusions, because if, for example, one

changes the amount of a hydrophilic monomer in a recipe,

then particle size and particle number will change, as well as

entry and exit rate coefficients.

Techniques employed to study hairy layers include

sedimentation [2], photon correlation spectroscopy (PCS)

[16], dynamic light-scattering (DLS) [17] and conducto-

metric titrations [7,18,19].

Bassett and Hoy were the pioneers in this field. Their

sedimentation studies on electrosterically stabilized acrylate

latexes [2] showed that the expansion of the hairy layer is

very sensitive to high pH, increasing dramatically from 8 to

10, then decreasing almost as rapidly from pH ¼ 10 to 12.

The decrease at high pH is probably due to the concomitant

increase in electrolyte concentration (they also showed that

expansion is approximately halved at 0.01 M NaCl and

halved again at 0.1 M NaCl). They found maximum

expansions of 50–120 nm. When the same methodology

was applied to a styrene/AA latex no expansion was

observed and at high pH the apparent shell thickness

actually decreased by about 7 nm. This surprising result was

accredited to backbone stiffness; however, in light of the

work presented herein it seems more likely that the hairy

layer in the styrene/AA system is too small and/or hydrated

to be measured accurately by the sedimentation technique

employed. Another limitation of sedimentation is that it

yields little information regarding internal structure.

The same can be said for light-scattering techniques,

although one interesting exception is the work of Guo et al.

[17]. These authors grew a hairy poly(acrylic acid) (pAA)

layer on polystyrene latexes coated with a photoinitiating

ester. After characterizing the hairy layer by DLS (diameter

as function of [AA] and [electrolyte]), they hydrolyzed the

ester and characterized the pAA chains independently. They

found typical hairy layer thickness of about 60 nm and

average MW of 56,400 with each ‘hair’ occupying a surface

area on the particle of ,43 nm2. This gives an inter-grafting

site distance of about 7 nm. A pAA chain of this MW should

have a hydrodynamic radius greater than 15 nm under their

experimental conditions so clearly the chains are being

‘squeezed’ onto the particle and thus the shell thickness is

several times the hydrodynamic radius of the equivalent

MW random coil. This has implications for the interpret-

ation of the shell thickness data acquired in this work (see

below). Recent work by Fritz et al. [20] gains additional

information by combining light-scattering with viscosity

data.

Conductometric titrations reveal the distribution of

carboxylic acid groups between the aqueous-phase, particle

surface and particle interior but tend to give conflicting

results [21]. Small angle neutron scattering (SANS) gives an

independent and much more reliable measure of incorpor-

ated pAA (see below).

Small-angle X-ray scattering (SAXS) has been used to

good effect to characterize core/shell particles [22]. Contrast

matching is possible (see below) by dissolving a high

electron density substance, such as D-glucose, in the

continuous-phase [23]; however, the contrast between a

highly swollen hairy layer and the continuous-phase

(especially after the continuous-phase has been contrast-

matched to the core) is too low to produce useful results.

Furthermore, the presence of high concentrations of glucose

may affect the characteristics of the hairy layer.

Small-angle neutron scattering (SANS) is the only

technique that permits the in situ characterization of the

thickness and hydration of a hairy layer grown in situ. In

SANS, neutrons penetrate latexes with little loss of intensity

(typical sample-cell path length ,1 mm) allowing direct

measurement of latex particles in suspension. Thermal

H.D. Bruyn et al. / Polymer 44 (2003) 4411–44204412



neutron wavelengths are similar to those of X-rays

(typically 0.2–1 nm), providing resolution of the order of

0.1 nm. In soft-condensed materials such as polymers,

SANS has several advantages.

Contrast variation is a useful SANS tool for inferring the

composition of colloidal particles [24]. This approach takes

advantage of the distinctive scattering length densities of

different atoms (or in the case of SAXS, differences in

electron densities), particularly the large difference in

scattering length densities (SLDs) of hydrogen and

deuterium. In the present work, two contrast variation

methods are employed: internal and external contrast

variation. Internal contrast variation involves the selective

deuteration of a particular component, and in this study

perdeuterated styrene and perdeuterated acrylic acid were

used to produce latexes with either a perdeuterated core or a

perdeuterated hairy layer. In external contrast variation, the

scattering length density of the solvent is varied by using

mixtures of D2O and H2O.

This versatility is employed in a well-established

technique called ‘contrast matching’ wherein the solvent

SLD is adjusted to match one of the components of the

system to be studied. That component is then said to be

‘matched out’ and scatters like solvent. Consequently, those

components, which may be present at low concentrations, or

simply scatter weakly, may be more readily measured. This

is crucial in this work as the object of our inquiry, the hairy

layer, suffers from both these deficiencies—it represents

only about 5% of the total polymer incorporated into the

latex (i.e. only about 0.05% of sample mass) and, as it is

likely to be highly hydrated, the contrast between hairy

layer and the continuous-phase is minimal; hence it scatters

weakly.

2. Materials and methods

The first consideration in this work was to produce

electrosterically stabilized latexes representative of those

used in typical industry preparations, i.e. with a shell of

pAA grown in situ by copolymerizing AA with styrene. The

second consideration was that for reliable quantitative

fitting of SANS data, it is essential to minimize poly-

dispersity. Thirdly, it was desirable to use as little deuterated

monomer as possible. The following recipes satisfied all

these criteria.

Deuterated stock latexes were prepared using the

quantities detailed in Table 1. AMA-80 (sodium dihexyl

sulfosuccinate and a few branched isomers thereof,

Cyanamid), acrylic acid (Sumika Glacial Acrylic Pte Ltd)

or perdeuterated acrylic acid (Aldrich), styrene (Aldrich) or

perdeuterated styrene (Aldrich, 98% þ ) (all used as

received) were added to thoroughly deoxygenated water,

flooded with high purity argon (BOC Gases) and sealed in

250 ml glass flasks (equipped with crown seals and septa).

The flasks were then placed in a bath at 908C and tumbled at

45 rpm for 30 min, whereafter a solution of recrystallized

potassium persulfate (Merck) was injected. The reaction

was maintained at 908C for two hours (final pH 2.7). The

latexes were dialyzed for three days with six changes of

water then centrifuged and resuspended three times (2 h at

20,000 rpm then 2 h at 40,000 rpm twice) with the final

resuspension being in D2O (Aldrich 99.9%D) (for latexes A

and B) and H2O for latex C (perdeuterated acrylic acid

‘hairy layer’). The centrifugate was a ‘gel pellet’ which

contained about 50% H2O; this must be taken into account

when calculating SLDs of the aqueous-phase (latex A: 46%,

B: 51%). The final pH was 6.4 for stock latexes A and C, pH

5.6 for B. MilliQ water, 18.2 MV cm21 was used through-

out. A typical micrograph of the latexes so produced is

shown in Fig. 1.

It is expected that the particles will have a smooth

surface, because the synthesis was performed at 90 8C, only

10 8C below its glass transition temperature, and hence the

particles will be above the glass transition temperature of

the monomer-swollen polymer during virtually all of the

batch synthesis process.

2.1. Critical coagulation concentration experiments

The pH dependence of the stability conferred on latexes

by the hairy layer was determined by turbidimetry according

to the method of Overbeek [25]. The turbidity of the latexes,

after removal of surfactant by dialysis and centrifugation,

was measured in a spectrophotometer cell (680 nm) as a

function of time and [KCl] at low and high pH. (Fig. 2). The

stability ratio, W ; is defined as the initial slope of the

turbidity vs time curve at high [KCl] over the initial slope at

a given [KCl]. A log–log plot of W vs [KCl] then gives the

critical coagulation concentration (CCC) as the [KCl] above

which W ¼ 1 (Fig. 3). It can be seen in Fig. 2 that at high pH

the electrosterically stabilized polystyrene latex is extre-

mely stable to electrolyte. At pH 2 the same latex had a

slightly lower CCC (0.6 M KCl) than an anionically

Fig. 1. TEM micrograph of latex A (deuterated core). Note hexagonal

packing-indicative of low polydispersity.
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stabilized (AMA80) polystyrene latex (Fig. 3). At high pH

the electrosterically stabilized polystyrene latex showed no

turbidity even at the highest [KCl] (2.5 M); consequently no

CCC could be determined for it at this pH. This pH

dependence demonstrated quite clearly that the latexes

produced by the batch polymerization described above were

electrosterically stabilized.

2.2. SANS experiments

Aliquots of latexes A, B and C were added to blends of

7 mM solutions of sodium phosphate in H2O and D2O to

give samples of equal electrolyte concentration over a range

of contrast variations at pH ¼ 8.5 (at which a significant

degree of ionization of the carboxylate groups would be

expected [2]). Electrolyte at this pH and similar concen-

tration has been shown to expand the hairy layer slightly,

presumably because the higher ionic strength facilitates

ionization of the weak acid groups. Complete ionization of

the carboxylate groups [2] requires pH , 10; however, at

pH 10 the hairy layer would probably be so hydrated as to be

indistinguishable from the continuous phase. Similarly,

0.03 M hydrochloric acid was used for pH 2 samples, which

would be expected to be completely deionized.

SANS experiments were performed on the NG7 30 m

SANS instrument at the NIST Center for Neutron Research

in Gaithersburg, MD [26]. Neutrons of wavelength l ¼ 1

nm with a distribution of Dl=l ¼ 11% were incident on

samples contained within quartz cells. A sample-to-detector

distance of 13.2 m was used to acquire data over a Q range

of 0:0337 , Q , 0:33 nm21; where Q is the magnitude of

the scattering vector, defined below. Sample scattering was

corrected for background and empty cell scattering, and

individual detector pixel sensitivity. The corrected data sets

were circularly averaged and placed on an absolute scale

using standard samples and software supplied by NIST [27].

The structure of the model individual particle consisted

of an impenetrable polystyrene spherical core and a

concentric surface layer of poly(styrene-acrylic acid) into

which solvent could freely penetrate. The SANS intensity

IðQÞ from such an ensemble of particles in solution for a

given value of the momentum transfer vector Q ¼ 4p=l

sinðu=2Þ is given by Ref. [28]:

IðQÞ < nPðQÞSðQÞ ð1Þ

where u is the scattering angle, l is the neutron wavelength,

n is the number density of particles, PðQÞ is the intraparticle

form factor and SðQÞ is the interparticle structure factor. For

dilute samples where interparticle interactions are negli-

gible, the structure factor approaches unity ðSðQÞ < 1Þ;

permitting a simplified expression for the scattered intensity

Table 1

Latex recipes. Molarities based on water content of latexes

Latex A Latex B Latex C Undeuterated

g M g M g M g M

Deoxygenated water 150.0 150.0 150.0 150.0

AMA-80 1.01 0.019 1.00 0.019 1.00 0.019 1.00 0.019

Acrylic acid 0.45 0.042 0.88 0.081 – – 0.45 0.042

Perdeuterated styrene 1.02 0.061 1.13 0.067 – –

Perdeuterated acrylic acid – – 0.42 0.037

Styrene – – 1.12 0.072 1.00 0.065

Potassium persulfate 0.063 0.0015 0.069 0.0017 0.07 0.0017 0.067 0.0016

Fig. 2. pH and [electrolyte] dependence of turbidity as function of time for

electrosterically stabilized polystyrene latex. Solid markers: pH 2;

[KCl]/M: B 0.8; X 0.6; O 0.4; P 0.2; open markers: pH 11; [KCl]/M: A

0.8; W 2.5.

Fig. 3. CCCs measured by turbidimetry. B poly(styrene-co-AA), pH 2; W

polystyrene/AMA-80, pH 2; L polystyrene/AMA-80, pH 11.
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[28]:

IðQÞ < nPðQÞ ð2Þ

Model calculations were performed for a spherical particle

with a core-shell structure form factor (i.e. the density being

a step function) [29], which is averaged over a Schulz

distribution of sphere radii. The Schulz distribution is

characterized by a polydispersity p ¼ sR=R; where s2
R is the

variance of the distribution and R is the number-averaged

particle radius. The shell thickness is considered to be a

constant ratio of the core radius. Model fitting was

accomplished using a standard non-linear least squares

fitting routine.

3. Results and discussion

Six sets of data were acquired for three latexes at high

and low pH (8.5 and 2, respectively). Figs. 4 and 5 are

typical of the scattering from latexes A and B (perdeuterated

styrene/protonated AA). The obvious features are the

decrease in intensity and the change in shape of the

scattering curves as the contrast-match point is approached.

Fig. 6 is typical of the scattering arising from latex C

(perdeuterated AA/protonated styrene). This is a little more

complex as the contrast-match point is in the middle of the

range of continuous-phase SLDs. However, it is clear that

the curves change shape significantly with changing

continuous-phase SLD and thus provide the variation

required for reliable data fitting and parameterization

thereby for latex C.

It can be seen in this work (Fig. 5) that near the contrast-

match point the curves change shape dramatically. In fact at,

or near, the contrast match point for latexes A and B it is

clear that the scattering curve is almost the ‘inverse’ of the

scattering curves at higher core/continuous-phase contrast

in that the minima in the contrast-matched scattering curves

are seen at approximately the same scattering angle as the

maxima of the scattering curves at higher core/continuous-

phase contrast. This confirms that the continuous-phase

SLD is very close to the core SLD in these experiments and

is a ‘model-independent’ means of estimating the core SLD.

Allowing 1% for weighing and material transfer errors due

to the small aliquots of stock latex (,30–50 mg), H2O and

D2O (0–300 mg) used to prepare the samples, the SLDs of

latexes A and B determined by this method were both

6.25 ^ 0.06 £ 1010 cm22. It is then a trivial matter to

calculate the proportion of AA incorporated into the

perdeuterated polystyrene latexes as 3.5 ^ 1.5%.

For latex C there were no data close enough to the match

point to estimate the core SLD by this means (and

insufficient beam time for the extra experiments required

to obtain such data).

Under appropriate experimental conditions (i.e. dilute

enough to avoid significant multiple scattering and structure

factor effects) and in the Guinier region (i.e. Q , 1=R and

the approximations invoked by Guinier to derive an analytic

Fig. 4. IðQÞ vs Q; Latex A, deuterated core, pH 2. SLDs ( £ scaling): X:

5.89 ( £ 1); B: 5.65 ( £ 5); O: 5.47 ( £ 20); P: 4.85 ( £ 30); V: 3.93

( £ 50); W: 2.98 ( £ 100); A: 2.06 ( £ 200); K: 1.15 ( £ 500); L: 0.33

( £ 1000).

Fig. 5. IðQÞ vs Q; Latex B, deuterated core, pH 2. SLDs ( £ scaling): X:

5.96 ( £ 1); B: 5.75 ( £ 5); O: 5.56 ( £ 20); P: 4.95 ( £ 30); V: 4.04

( £ 50); W: 3.11 ( £ 100); A: 2.23 ( £ 200); K: 1.28 ( £ 500); L: 0.44

( £ 1000).

Fig. 6. IðQÞ vs Q; Latex C, deuterated shell, pH 8.5. SLDs ( £ scaling): X:

0.06 ( £ 15,000); B: 1.06 ( £ 10,000); O: 2.21 ( £ 6,000); P: 2.88 ( £ 1, W:

20 ( £ 1); A: 3 ( £ 1), K: 40 ( £ 1).
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solution are deemed to be acceptable), one has [28]:

IðQÞ / ðrsample 2 rcontphaseÞ
2 ð3Þ

where rsample is the sample SLD and rcontphase is the

continuous-phase SLD. Thus, for a dispersion of homo-

geneous particles a plot of
p

IðQÞ vs rcontphase is linear and

has an intercept (with the rcontphase axis) that is equal to the

SLD of the sample (Fig. 7). In this work there are several

complications to consider. Firstly, the particles are not

homogeneous. However, noting that IðQÞ / Dr2; it can be

seen in Fig. 7 that, except at the lower continuous-phase/

core contrasts, scattering from the shell is negligible, and

thus at the higher contrasts the latexes appear almost

homogeneous to a neutron (at least for latexes A and B).

Secondly the SLD of the shell varies with the SLD of the

continuous-phase (mainly because of the hydration of the

shell but also due to proton/deuteron exchange between

the pAA carboxylate and the continuous-phase). Conse-

quently the SLD of the sample is also a weak function of the

continuous-phase SLD. Once again, except at the lower

continuous-phase/core contrasts, scattering from the shell is

negligible and a linear fit to the rest of the data is valid.

Thirdly, the condition that Q , 1=R implies that this relation

is truly valid for latexes A and B (radii ,30 nm) only when

Q , 0:033 nm21 and for latex C (radii about 40 nm) when

Q , 0:025 nm21: In this work, the smallest reliable Q is

0.0337 nm21, which is outside the Guinier region. Never-

theless, it can be seen (Fig. 7) that
p

IðQÞ remains proportional

to the continuous-phase SLD. Thus a linear fit to
p

IðQÞ at

Q ¼ 0:0337 nm21 yields a second, model-independent,

estimate of the core SLDs, at least for latexes A and B. Once

again, allowing 1% for weighing and material transfer

errors, SLDlatex A ¼ 6.23 ^ 0.06 £ 1010 cm22 and SLDlatex

B ¼ 6.25 ^ 0.06 £ 1010 cm22. In the case of latex C,

scattering from the shell is significant over much of the

range of continuous-phase SLDs and thus the homogeneous

assumption does not hold (Fig. 7). Hence, a Guinier fit is

inapplicable here.

3.1. Model fitting

Data were least-squares fitted to a standard core/shell

model ‘smearpolycoreshellratio’ provided by NIST.

It should be emphasized that models for SANS employ

many parameters, in this case eight—solids content, core

radius, shell thickness, polydispersity, core SLD, shell SLD,

continuous-phase SLD and background. However, many of

these can be determined, or at least narrowly constrained, by

independent means. Thus, solids content of samples may be

measured gravimetrically, core radius and polydispersity

estimated from TEM (Fig. 1, Table 2), core SLD estimated

from
p

IðQÞ as a function of continuous-phase SLD (Fig. 7),

continuous-phase SLD calculated from weighed inputs and

background neutron flux taken from the high-Q region of the

SANS data (Figs. 5 and 6), leaving only the shell SLD and

thickness as free variables.

Continuous-phase SLDs were allowed to float 1% about

the values calculated from weighed inputs to allow for

weighing uncertainties (as described above) and likely

isotopic impurity of the D2O, which is extremely hygro-

scopic and which exchanges with atmospheric H2O during

sample preparation and storage.

Unfortunately, gravimetry performed on the small

quantities of material available was found to be unreliable

and a less direct method had to be employed to determine

solids content of the samples. For example, in Fig. 8

experiments 5–9 (noting that IðQÞ / Dr2Þ; it is clear that the

contribution to IðQÞ from the shell is negligible. As

scattering from the core is proportional to solids content

and also proportional to Dr2; a reliable value for the solids

content was obtained from these data. The accuracy of this

method depends on the accuracy of the calculated

continuous-phase SLDs (about 1% as described above);

consequently in the data fitting the solids content was also

allowed to float by a maximum of 1%. Ultimately, best fits

were obtained with a variation from the calculated values

much smaller than 1% for most samples.

3.2. Application of contrast variation

For the perdeuterated core latexes, shell thickness and

SLD were determined from best fits to the SANS data

obtained at or near the contrast match points (e.g. Expts 1, 2

and 3 in Fig. 8,). Experiments 5–7 are clearly insensitive to

scattering from the shell and so are useful for characterizing

the core. Thus the core radii and polydispersity were refined

from the TEM estimates by fitting to the SANS data

Fig. 7.
ffiffiffiffiffiffi

IðQÞ
p

vs SLD media. B deuterated core, pH 8.5; X deuterated core

pH 2; O deuterated shell, pH 8.5; P deuterated shell, pH 2.

Table 2

Latex core diameters (nm) determined by TEM and SANS

Latex A Latex B Latex C Undeuterated

SANS 63.6 60.6 80.8 n/a

TEM 61 58 80 70
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corresponding to experiments such as experiment 7 in Fig.

8.

Similarly, for the perdeuterated shell latexes the core

radii and polydispersity were refined from the TEM

estimates by fitting to the SANS data corresponding to

experiments such as experiment 7 in Fig. 9. Shell thickness

and SLD were obtained from SANS data corresponding to

experiments such as experiment 2 in Fig. 9.

From the shell SLDs it is a trivial matter to calculate the

degree of hydration, taking into account the specific volume

of pAA in aqueous solution, (0.73 cm3 g21 at 20–228C)

[30], continuous-phase SLD and exchange of deuterium on

the carboxylates.

All fifty datasets were then modelled with the parameters

determined as described above and listed in Tables 3 and 4.

Typical fits are shown in Figs. 4–6.

It is clear (Figs. 8 and 9) that there is significant

scattering from the shell for at least the three lowest

contrasts in each set of data. Furthermore, the minima of the

four lowest contrast curves in Figs. 4 and 5 clearly shift in a

fashion that can only be ascribed to scattering from the shell.

Thus the refinement of the parameters to achieve a best fit to

four sets of data for each latex at both high and low pH

should be quite reliable.

4. Inferences and conclusions

Before any conclusions may be drawn regarding the

perdeuterated latexes it is necessary to consider what effects

perdeuteration may have on the formation of these latexes.

Perdeuteration is known to increase the propagation rate

coefficient kp by less than 50% [31]. This in turn affects

reactivity ratios so that the proportion of a given monomer

in a copolymer increases upon perdeuteration. Conse-

quently, in a perdeuterated styrene/protonated AA latex,

more styrene would be expected to be incorporated into the

‘hairs’ than in an otherwise similar protonated styrene/

perdeuterated AA latex, resulting in shorter ‘hairs’ as the

critical DOP for entry decreases with increasing styrene.

This is consistent with the observation that latex A has a

slightly thinner shell than latex C (Table 3), though clearly

the effect on the hairy layer is small.

The first conclusions to be drawn from the experiments

described herein are in accord with what one might expect

from the known chemistry of pAA. These are that the hairy

layer is highly hydrated and that the degree of hydration is

pH-dependent, being approximately 94 ^ 2% at low pH

and 89 ^ 2% at high pH. This high degree of hydration is

consistent with the findings of Fritz et al. [20], who used

very different techniques to show that electrosteric stabil-

izers (poly(methacrylic acid) in their case) have relatively

high hydrodynamic permeability.

The composition of the hairy layer (i.e. the proportion of

styrene in the AA/styrene hairs) could not be determined

from these experiments because, in the experiments that

were sensitive to the hairy layer, styrene was ‘matched out’.

Fig. 8. Typical SLDs for deuterated core experiments, Latex B, pH 2.

Fig. 9. Typical SLDs for deuterated shell experiments, Latex C, pH 2.

Table 3

Effect of pH on latex characteristics estimated from fits to SANS data

Latex pH Shell thickness (nm) Shell hydration (Volume % H2O)

A 2 3.5 89 ^ 2

A 8.5 5.0 96 ^ 2

B 2 4.3 91 ^ 2

B 8.5 7.0 96 ^ 2

C 2 4.4 87 ^ 2

C 8.5 6.0 92 ^ 2

Table 4

pH-independent parameters determined from best fit to model. Volume %

solids is the total core volume as a percentage of the total sample volume

Parameter Latex A Latex B Latex C

Volume % solids 0.81 ^ 0.04 0.83 ^ 0.06 0.54 ^ 0.02

Polydispersity 0.05 0.04 0.02

Core SLD/1010 (cm22) 6.27 6.24 1.43

Core radius (nm) 31.8 30.3 40.4
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A sensitivity analysis demonstrated a very small depen-

dence of the fitted degree of hydration on the assumed

proportion of styrene incorporated into the hairy layer. From

best fits to all the data the degree of hydration varied by only

about 2% when the assumed proportion of styrene was

varied from 0–30%.

Secondly, the amount of AA incorporated in the core of

the particles is 3.5 ^ 1.5% of the total core volume. This is

comparable to literature values determined by titration and

mass balance. Thus in the most similar latex preparation

found in the literature for which such data are available,

Slawinski et al. [32] found that ‘buried’ AA comprised

about 1% of the core volume in a styrene/AA latex prepared

at 808C and pH 2.5 [32]. Similarly, Dos Santos, McKenna

and Guillot [33] reported that ‘buried’ AA comprised about

2% of the core volume in a styrene/BA/AA emulsion

prepared at 608C and pH 2.2 [33].

Thirdly, the pAA/styrene layer grown under the

conditions of these experiments was about 3.5–7 nm

thick, depending on pH and initial [AA]. This is an

interesting result as it allows for a crude estimate of the

DOP of the entering species in a styrene/AA copolymeriza-

tion and supports speculation regarding the entry mechan-

ism as follows. The most simplistic treatment would be to

assume that the length of the hairs would be the critical DOP

at which an aqueous-phase oligomer, of composition SO4
2-

poly(AA)-random-polystyrene, becomes surface-active,

analogous to what is seen in electrostatically stabilized

systems. Now, the DOP of the entering species may be

estimated from the shell thickness from the relation:

n ¼ 6s2
=C1l2 ð4Þ

where n is the DOP, s is the radius of gyration of the

polymer coil (i.e. 3/5 of the hydrodynamic radius and

therefore 3/10 of the shell thickness), C1 is the character-

istic ratio (assigned a value of 6.7, this being a copolymer of

hydrophilic and hydrophobic monomers, for which C1

values range from 3–8 in a range of solvents) and l is the

carbon–carbon bond length. This gives the DOP as about 40

for latex A and 70 for latex B (which had double the [AA]aq

of latex A). If, as seems likely, the hairs are not simply

random coils but are packed tightly onto the particle surface,

the actual DOP would be somewhat less than that calculated

in this way.

These values, for a system with a synthesis temperature

of 90 8C, can be compared to the DOPs of the oligomers

found in the aqueous-phase by Wang and Poehlein [34] at

50 8C: ,7 and ,15 for styrene/acrylic acid ratios from 9:1

to 6:4. Although the trend with [AA]aq is the same, the

present values are greater. This difference may possibly be

due to the significant temperature difference.

Van der Maarel et al. [35] measured corona thickness in

polyelectrolyte diblock copolymer micelles with an acrylic

acid block of DOP 85. They reported shell thickness from

about 10–20 nm depending on degree of neutralization and

electrolyte concentration and concluded that the hairs had

adopted a rod-like configuration. As the hairs in the particles

in the present study incorporate styrene, a rod-like

configuration would be tempered by the hydrophobicity of

the styrene units (and the presumably lower packing density

of the hairs on a relatively large particle compared to that on

a micelle) and hence the smaller shell thickness measured

herein is consistent with a hydrophilic coil of similar DOP.

The fourth point is the dependence of shell

composition and thickness on [AA]aq. One can crudely

estimate the effect of [AA]aq on copolymer composition

from published reactivity ratios [30] and aqueous-phase

monomer concentrations. There is considerable scatter

in the literature reactivity ratios [30], but the mean is

about r1 , r2 , 0:2; the composition of the ‘hair’ can

then be calculated from values of the aqueous-phase

concentrations of the two monomers, using the conven-

tional Mayo terminal model. This simple approach gives

the ‘hair’ composition as about 13% styrene for

[AA]aq ¼ 0.2 M and [styrene]aq ¼ 7 £ 1023 M (its

water solubility at 90 8C as estimated from a fit of the

van’t Hoff equation to published water-solubility data

over the range 7–65 8C [36]), and about half that for

[AA]aq ¼ 0.4 M. This accords with aqueous-phase copo-

lymer compositions determined experimentally by Wang

and Poehlein [34]. Furthermore, as is argued below, the

effect of [AA]aq on shell thickness can be used to

discriminate between entry models. Now, this calculation is

very simplistic. Clearly, the aqueous-phase monomer

concentrations change during the course of the polymeriz-

ation, and consequently so does the composition of the

copolymer species entering the particles. Moreover, several

poorly quantified factors affect the composition. Firstly, it is

well known that kp for AA is strongly dependent on

aqueous-phase concentration and on pH [4,5]. Secondly, the

isotope effect described above will also have a small effect

in experiments where deuterated monomers are used.

However, as the latexes were grown at low [AA] and low

pH where the AA is fully protonated, as a first approxi-

mation it is probably indicative of the composition of the

‘hairs’. The important inference is that under the conditions

of the polymerization, the ‘hairs’ are expected to incorpor-

ate a significant proportion of styrene (although the SANS

experiment would be insensitive to its presence). Theory is

starting to become available [37] which in the future might

enable thickness of electrosteric stabilizers to be calculated

from composition.

4.1. Kinetically controlled entry model

The ‘z-mer’ model for entry [8], so successful in

electrostatically stabilized systems, supposes that entry

occurs if and only if the aqueous-phase oligomeric radical

grows sufficiently (to a DOP z) to become surface-active. A

possible starting point to extend this to electrosterically

stabilized particles would be to assume that entry will occur
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when two hydrophobic units form a diad in the aqueous-

phase propagation process. If one assumes that entry is

likely upon formation of a styrene diad and that the grafted

‘hairs’ are configured as random coils, then shell thickness

will be proportional to [AA]aq as follows. The number of

AA units added per styrene addition is proportional to

[AA]aq. Concurrently, the probability of an aqueous-phase

oligomer with a styrenic radical endgroup adding a styrene

monomer unit to form a styrene diad is inversely

proportional to [AA]aq. Thus the DOP of the entering

species should increase with [AA]aq
2 . As can be seen from

Eq. (4), the radius of gyration (and hence the shell thickness)

is proportional to
p

DOP and therefore the shell thickness

would be proportional to [AA]aq. Thus this model is clearly

not applicable, as doubling [AA]aq resulted in an increase of

shell thickness of only about 20% (Table 3).

4.2. Thermodynamically controlled entry model

Dong and Sundberg [38] have put forward a thermodyn-

amic model for entry in copolymerization using lattice

theory to estimate chemical potential for aquation for

oligomers. Their model predicts critical degrees of polym-

erization ,10 for styrene/acrylic acid at 50 8C for

copolymers containing 90% acrylic acid. This value is

significantly less than that at 50 8C reported by Wang and

Peohlein for the largest DOP of aqueous-phase oligomers

[34], and much less than that implied here for 90 8C. Given

that Dong and Sundberg suggest that the temperature

dependence of the input parameters to the model is

small, their model does not seem to be in accord with the

present data.

We put forward here a supposition for the basis of an

alternative model, which supposes that addition of AA units

at pH 3 has little or no effect on the free energy of hydration

of the growing aqueous-phase oligomeric radicals and that

the hydrophobicity of the growing aqueous-phase oligo-

meric radical depends primarily on the total number of

styrene units incorporated. Doubling the [AA]aq would then

be expected to nearly double the DOP at which the growing

aqueous-phase oligomeric radical incorporates enough

styrene to attain sufficient hydrophobicity for its radical

center to irreversibly enter a particle. This is consistent with

the calculated increase (by a factor of 1.7) in the DOP of the

entering species of latex B compared to those of latex A as

determined from the shell thickness in each case.

In conclusion, the observed dependence of hairy layer

(shell) thickness on the initial amount of acrylic acid

suggests that the critical DOP for entry (and therefore

covalently grafted) electrosteric stabilizer is thermodyna-

mically (not kinetically) controlled.
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