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Hemiesters and hemiamides of maleic acid with different
chain lengths of the hydrophobic alkyl group (R = C8H17,
C10H21, C12H25, C16H33) have been synthesized and
used as surfactants in the emulsion polymerization of
styrene and butyl acrylate. The same polymerization
experiments were also carried out using nonreactive
surfactants with an analogous succinic structure. The
chemical structure of the surfactants was confirmed by
1H nuclear magnetic resonance. The melting point and
critical micelle concentration of the reactive surfactants
described herein were measured. All of the surfactants
studied provided good stability of styrene/butyl acrylate
latexes, when compared with a reference latex of a
styrene/butyl acrylate copolymer prepared with a
surfactant sodium dodecyl sulfate.

The amount of surfactant grafted onto the particles of
the final latex was estimated by conductimetric titration.
Between 33 and 68% of surfactant used in emulsion
polymerization was found on the surface of latex
particles. Electrolyte addition at high concentration and

freeze/thaw cycle cause flocculation of latexes. Copyright
Ó 1999 John Wiley & Sons, Ltd.
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The use of reactive surfactants in emulsion
polymerization should have several advantages,
as previously described [1, 2]. Surfactants derived
from maleic acid have a very important additional
advantage: they are not able to homopolymerize
[3]. However, as they are polymerizable surfac-
tants, they can form copolymers with the main
monomers used in emulsion polymeriza-
tion. In addition, maleates seem to be rather
reactive, with a high level of conversion during
the copolymerization process [4]. This makes
reactive maleates promising as surfactants for the
improvement of surface characteristics of polymer
latexes.

The synthesis of different polymerizable surfac-
tants derived from maleic acid, characterization of
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their surface activity, experiments using them in
emulsion polymerization have been detailed in the
literature [3±13], as has the analysis of their surface
coverage [4, 5, 12]. The present paper is focused on
comparing the surface active behavior of the
simplest reactive maleates±hemiesters and hemi-
amides±with corresponding similar nonreactive
succinates. The use of the hemiamides of maleic
acid in the emulsion polymerization of styrene/
butyl acrylate is described here for the first
time.

Hemiesters and hemiamides of maleic acid with
different hydrophobic alkyl chain lengths
(R = C8H17, C10H21, C12H25, C16H33) were synthe-
sized and used in the emulsion polymerization
of styrene and butyl acrylate. It is possible that
there is an optimal number of carbon atoms in
the hydrophobic chain in terms of providing
stability for the latexes synthesized here. Pre-
viously R = C17H35 was found to be an optimal
alkyl chain for emulsion stabilization, using catio-
nic reactive maleates with a similar chemical
structure [11].

The same polymerization experiments have
been carried out using surfactants, derived from
succinic acid, to estimate the reactivity of maleic
surfactants. The succinates have an analogous
structure, but they do not contain any reactive
double bonds. Comparison of the results of emul-
sion polymerization for maleates and succinates is

interesting because the observed characteristics are
quite similar.
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Materials

All experiments were performed with deionized
water Styrene (Aldrich) and butyl acrylate (Al-
drich) were distilled under vacuum and stored at
ÿ20°C. All the other materials fromAldrich±maleic
anhydride, succinic anhydride, fatty amines and
alcohols (ROH, RNH2, where R = C8H17, C10H21,
C12H25, C16H33), sodium dodecyl sulfate (SDS) and
solvents (heptane, ethanol, chloroform)±or from
Acros±sodium hydroxide, potassium persulfate±
were used as received.

Synthesis of Surfactants

Hexadecylester of Maleic Acid (HE16) (according to
Hamaide et al.[9]). Maleic anhydride (49.03g; 0.50
mole) and 1-hexadecanol (121.22g; 0.50 mole) were
stirred in a melted state at 80°C for 1hr. Heptane
(150ml) was added to the homogeneous reaction
mixture and stirred for 15min at 80°C. The solution
was left at room temperature for 3hr, then at 15°C
for 2hr, and was stirred from time to time.

The precipitate formed was collected and
recrystallized from heptane (150ml). White bright

FIGURE 1. 1H-NMR spectrum of hexadecyl ester of maleic acid (HE16):

CH3-�CH2�13-CH2-CH2-O-CO-CH=CH-COOH

a b c d e f

The corresponding resonance (�, ppm) being 0.88 (a); 1.26 (b); 1.72 (c); 4.28
(d); 6.35±6.50 (e� f).
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crystals of monohexadecylmaleate (151.52g; 89%)
were obtained with m.p. 71±72°C (in lit. [6] m.p.
71±71.5°C). 1H-NMR (nuclear magnetic resonance,
Fig. 1, Brucker AC, 250 MHz, CDCl3, �, ppm): 0.88
(t, 3H, CH3); 1.26 (m, 26H, (CH2)13); 1.72 (m, 2H, b-
CH2); 4.28 (t, 2H, a-CH2); 6.35±6.50 (q, 2H, Ð
CH=CHÐ, I3 cis = 13 Hz).

Other maleates±octylester (HE8), decylester
(HE10) and dodecylester (HE12)±were prepared
in a similar way, and their characteristics are
collected in Table 1.

Hexadecyl Ester of Succinic Acid (HES16). Succinic
anhydride (25.02g; 0.25 mole) and 1-hexadecanol
(60.85g; 0.25 mole) in 1,4-dioxane (75ml) were
stirred at 80°C for 15hr. The solution was left at
room temperature to crystallize. The precipitate
formed was collected, dried and recrystallized
from ethanol. White bright crystals of monohex-
adecylsuccinate (64.37g; 75%) were obtained with
m.p. 62±63°C. 1H-NMR (Fig. 2, CDCl3, �, ppm): 0.88
(t, 3H, CH3); 1.26 (m, 26H, (CH2)13); 1.62 (m, 2H, b-
CH2); 2.62±2.68 (m, 4H, 2(CH2ÐCO)); 4.09 (t, 2H, a-
CH2).

Hexadecylamide of Maleic Acid (HA16). Maleic anhy-
dride (49.03g; 0.50 mole) and catalyst, 4-dimethy-
laminopyridine (DMAP, 0.30g), were dissolved in
chloroform (300ml) at 60°C. A solution of 1-
hexadecylamine (120.73g; 0.50 mole) in chloroform

(100ml) was slowly added. The reaction mixture
was stirred at 60°C for 1hr 40min. The solution was
left at room temperature to crystallize. The pre-
cipitate formed was collected, and recrystallized
from ethanol (200ml) without drying. White
crystals of monohexadecylamide (152.83g; 90%)
were obtained with m.p. 100±101.5°C. 1H-NMR
(Fig. 3, dimethyl sulfoxide (DMSO), �, ppm): 0.86 (t,
3H, CH3); 1.25 (m, 26H, (CH2)13); 1.48 (m, 2H, b-
CH2); 3.17 (q, 2H, a-CH2); 6.18±6.44 (q, 2H, Ð
CH=CHÐ, I3 cis = 5Hz).

All the other hemiamides of maleic acid±
octylamide (HA8), decylamide (HA10) and dode-
cylamide (HA12)±were prepared in a similar way.
For characteristics of obtained hemiamides see
Table 1.

Hexadecylamide of Succinic Acid (HAS16). Succinic
anhydride (10.00g; 0.10 mole), catalyst, (DMAP,
0.10g), and 1-hexadecylamine (24.15g; 0.10 mole)
were dissolved in 1,4-dioxane (400ml) and stirred
at 80°C for 16hr. Reaction mixture was left at room
temperature to crystallize. The precipitate formed
was collected, and recrystallized from ethanol
(100ml) without drying. White crystals of mono-
hexadecylamide succinate (26.81g; 79%) were
obtained with m.p. 94±95°C. 1H-NMR (Fig. 4,
DMFA, �, ppm): 0.88 (t, 3H, CH3); 1.29 (m, 26H,
(CH2)13); 1.47 (m, 2H, b-CH2); 2.39±2.55 (m, 4H,
2(CH2ÐCO)); 3.13 (q, 2H, a-CH2); 7.42 (s, 1H, H-N).

TABLE 1. Chemical Structure and Characteristics of Synthesized Surfactants (SF)

HE Ra HES Ra HA Ra HAS Ra

SF R Molecular mass
(g/mol)

Melting point
(°C)

Yield (%) Purity (%)
(from NMR)

HE8 C8H17 228.28 33±34 61 100
HE10 C10H21 256.33 43±44 82±86 100
HE12 C12H25 284.38 58±59 94 100
HE16 C16H33 340.49 71±72 89 100
HES16 C16H33 342.51 62±63 75 90

HA8 C8H17 227.30 82.5±84 64 100
HA10 C10H21 255.35 88±89 71 100
HA12 C12H25 283.40 92±93 86 100
HA16 C16H33 339.51 100±101.5 90 100
HAS16 C16H33 341.52 94±95 79 93

SDS (Aldrich) C12H25 288.38 204±207 ± 98

aR = 8 for C8H17, = 10 for C10H21, = 12 for C12H25, = 16 for C16H33.

Copyright ã 1999 John Wiley & Sons, Ltd. Polym. Adv. Technol., 10, 301±310 (1999)
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FIGURE 2. 1H-NMR spectrum of hexadecyl ester of succinic acid (HES16):

CH3-�CH2�13-CH2-CH2-O-CO-CH2-CH2-COOH

a b c d e f

The corresponding resonance (�, ppm) being 0.88 (a); 1.26 (b); 1.62 (c); 2.62±
2.68 (e� f); 4.09 (d).

FIGURE 3. 1H-NMR spectrum of hexadecyl amide of maleic acid (HA16):

CH3-�CH2�13-CH2-CH2-NH-CO-CH=CH-COOH

a b c d e f g

The corresponding resonance (�, ppm) being 0.86 (a); 1.25 (b); 1.48 (c); 3.17
(d); 6.18±6.44 (f� g).
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The chemical structure of obtained surfactants,
experimental yield of the reactions and melting
point data are presented in Table 1.

Critical Micelle Concentration (CMC)
Measurements

The CMCs were determined by surface tension
measurements (by the Wilhelmy plate method
using a KRUSS K12 processor tensiometer).

Emulsion Polymerization

Preparation of Polystyrene (PS) Seed Latex. The
polymerization was performed under nitrogen at
70°C with a mechanical stirring at 250 turns/min.
Some 995g of deionized water, 1.5g of anionic
surfactant SDS and 1g of sodium hydrogen
carbonate NaHCO3 were introduced in a 1000ml
polymerization reactor and left for degassing by
nitrogen for approximately 1hr at 70°C. Then 100g
of distilled styrene were added. The emulsion
polymerization was started by the addition of
0.75g of initiator±K2S2O8 (KPS) dissolved in 5g of
water. The process was ®nished after 4hr, then
particle size and ®nal conversion were determined.

Before using in seed-feed polymerization, the
obtained seed latex was washed on ionic exchange
resins (see below, Washing of Latexes).

Seed-feed Polymerization. A small amount of surfac-
tant and NaOH (18±20% from the amount calcu-
lated for polymerization) were dissolved in 75g of
deionized water at 70°C and introduced in a 250ml

reactor together with 50g of PS seed latex. After
degassing by nitrogen for 20min, 2g of distilled
monomer (styrene/butyl acrylate = 1/1) was
added and the latex was left approximately 3hr at
room temperature, with a stirring rate of 160 turns/
min.

The solution of surfactant and NaOH in water
(70g) was prepared and degassed for 30min. Then
the temperature in the reactor was raised to 70°C
and the rate of stirring to 220 turns/min. The
polymerization process began in nitrogen atmo-
sphere at 70°C by the addition of initiator KPS
(0.15g dissolved in 2.5g of water). At the same time
the continuous addition of the solution of surfac-
tant (with a rate of 15±18ml/hr) and of 12g of
monomer (with a rate of 3ml/hr) was started. After
4hr addition was finished. During the fifth hour of
polymerization, another portion of KPS (0.15g) was
introduced. Polymerization conditions were kept
for additional 15hr, giving a total of 20hr of
polymerization. The particle size and conversion
measurements were performed.

Detailed amounts of the components used in
each experiment are presented in Table 2.

Characterization of Latexes

The particle diameter Dwas measured by dynamic
light scattering with an Auto Sizer LO-C (Malvern
Instruments). The polydispersity of the particle
diameters was calculated automatically. It was
considered that the emulsion was monodisperse
when the polydispersity index (PDI) was lower
than 0.1.

FIGURE 4. 1H-NMR spectrum of hexadecyl amide of succinic acid (HAS16):

CH3-�CH2�13-CH2-CH2-NH-CO-CH2-CH2-COOH

a b c d e f g

The corresponding resonance (�, ppm) being 0.88 (a); 1.29 (b); 1.47 (c); 2.39±
2.55 (f� g); 3.13 (d).

Copyright ã 1999 John Wiley & Sons, Ltd. Polym. Adv. Technol., 10, 301±310 (1999)
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Conversion was determined and calculated by
the mass difference of samples taken before and
after evaporation of liquid phase. The samples
were dried and the residual polymer was weighed.

Washing of Latexes

A mixture of cationic and anionic exchange resins
was used for washing the latexes. The latex was
diluted to a solid content of 1±2% and agitated
together with resins at least for 2hr, then filtered on
silica wool. The surface tension and conductivity of
the latex were measured. The latex was washed
again with a fresh portion of resins, in case this was
necessary. It was considered that the latex was
washed enough if the surface tension had reached
70mN/m and its conductivity was less than 10�S.

Conductimetric Titration

After washing, the solid contents of latexes were
verified. The solids content should stay between 1
and 2%. Some 20±40g of latex were diluted by
water in the conductimetric cell, degassed for
approximately 30min, then titrated with 0.01 N
NaOH in order to find the amount of strong acids,
associated to charges SO4

ÿ coming from KPS. The
week acids (COOÿ) coming from surfactant were
back titrated with 0.01 NHCl after neutralization of
the excess of the base±NaOH. In the present work
only the amount of weak acids had been calculated.

Stability Tests

To 0.5g of latex the same amount of electrolyte
solution was added: 0.1 M MgSO4, 0.1 M NaCl, 0.5
M NaCl and 1.0 M NaCl were tested. Immediate
flocculation or flocculation after some time were
observed visually.

For the freeze/thaw test, small amount of
surfactant (1±2ml) was kept at ÿ20°C for 24hr.

After another 24hr at room temperature, the
flocculation of the latex sample was observed.

RESULTS AND DISCUSSION WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWW

Synthesis of Surfactants

Monoalkylesters of maleic acid have been obtained
by acylation of fatty alcohols with corresponding
hydrophobic chain length with maleic anhydride
[6, 9]. Maleic anhydride is very reactive, so during
the reaction the temperature has to be lower than
100°C, in order to avoid the isomerization into
fumarate. Cis- and trans-isomers may have a very
different reactivity, as shown by Marvel and
Scheitz [13] who reported that fumarate had a
higher reactivity than maleate.

A previously described method [9] for the
synthesis of known hemiester of maleic acid was
used in this work, but it was necessary to make
important changes (solvent, temperature, reaction
time, catalyst) in the experimental method to obtain
other surfactants. For succinic surfactants, succinic
anhydride was used for acylation instead of maleic
anhydride.

A change of solvent was necessary to obtain the
hexadecyl ester of succinic acid, because succinic
anhydride is not soluble in heptane. 1,4-Dioxane
was chosen as the best solvent. The reaction time
has been increased, since succinic anhydride is less
reactive than maleic anhydride. Finally it was
found that even 15 hr was not enough to complete
the reaction, and the product still contained �10%
of the initial products (hexadecanol and succinic
anhydride), which did not disappear after double
crystallization (dioxane and ethanol).

In the case of hexadecylamine another solvent
(chloroform) was used, as well as DMAP as
catalyst. The reaction was very fast and exothermic.

TABLE 2. Latex Formation Polymerization Reaction Conditionsa

SF Latex Seed Feed

Water PS seed
latexb

SF NaOH Sty/
BA

Water KPS SF NaOH Sty/
BA

HE8 G4 75 50 0.125 0.0275 2 75 0.30 0.377 0.083 12
HE10 G5 75 50 0.140 0.0275 2 75 0.30 0.42 0.083 12
HE12 G3 75 50 0.125 0.022 2 79.26 0.15 0.50 0.088 12
HE16 G1 75 50 0.150 0.022 2 93.97 0.15 0.60 0.088 12
HES16 G2 75 50 0.150 0.022 2 78.07 0.15 0.60 0.088 12

HA8 F8 75 50 0.125 0.0275 2 75 0.30 0.375 0.083 12
HA10 F7 75 50 0.140 0.0275 2 75 0.30 0.42 0.083 12
HA12 F5 75 50 0.160 0.0275 2 75 0.30 0.46 0.083 12
HA16 F4 70 50 0.188 0.0275 2 80 0.30 0.563 0.083 12
HAS16 F6 75 50 0.188 0.0275 2 75 0.30 0.564 0.083 12

SDS H1 75 50 0.158 0.0275 2 75 0.30 0.476 0.083 12

a Amounts of components (grams), mixture of styrene (Sty) and butyl acrylate (BA) = 1/1 (in mass).
b Solids content of seed latex (7.35±9.63)%.

Copyright ã 1999 John Wiley & Sons, Ltd. Polym. Adv. Technol., 10, 301±310 (1999)
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The pure product was obtained from recrystalliza-
tion from ethanol.

1,4-Dioxane was used to synthesize succinic
hemiamide, as in the case of succinic hemiester.
There was still 7% of initial hexadecylamine left,
even using catalyst DMAP and performing the
reaction for 16hr.

CMC Measurements and Neutralization of
Surfactants

Not all the surfactants were soluble in water
because of their high hydrophobicity, which comes
from the long alkyl chains. For polymerization
experiments, as well as for CMC measurements,
neutralization of carboxylic surfactants by NaOH
or NaHCO3 has to be done before (Scheme 1).
NaOH was chosen because NaHCO3 does not
provide a good enough solubilization of surfac-
tants. Various concentrations of surfactant solution
in water (from 5g/l to 0.5g/l) and various molar
ratios of surfactant, NaOH (from 1/1 to 1/2.5),
have been tried in order to solubilize the surfac-
tants. Still some solutions have remained turbid,
becoming completely clear only after heating (up to
50±60°C).

The possible hydrolysis of maleic hemiesters in
the presence of strong base has been discussed [14].
In the case of hydrolysis, the surfactant loses its
long alkyl chain and does not remain surface active.
The stability of hemiester HE12 was checked by 1H-
NMR in water in the presence of NaOH (in 1.1
molar excess). It was not hydrolyzed after 24hr.

It was possible to determine the CMCs only for
hemiesters. The curves obtained for hemiamides
(HAR) were not reproducible. The CMCs for
hemiesters HER were very low because of their
high hydrophobicity. The results are reported in
Table 3.

Neutralization of surfactants for polymerization
experiments has been realized directly in the

reactor just before experiment, using NaOH in
molar excess (approx. 1/1.25).

Emulsion Polymerization

PS seed latex with the desired particle size (90nm)
in emulsion polymerization is prepared first.
Around PS seed particles further copolymerization
of styrene and butyl acrylate is carried out in a
seed-feed process, using reactive maleates or
nonreactive succinates as stabilizers. Polymer
particles with size D = 150nm should be obtained
with the amount of monomer and surfactant
introduced.

KPS was used as initiator of polymerization in
all experiments.

All free charges (ions) from the residual initiator
and free unreacted surfactant were removed by
washing of latex on ion-exchange resins. After
washing, only incorporated surfactants (strongly
adsorbed or covalently bounded) are left on the
polymer surface. Incorporation level of the surfac-
tant is calculated from charge density measure-
ments by conductimetric titration of carboxylic
groups.

The detailed amounts of components used in
each experiment are presented in Table 3.

Synthesized surfactants have different molecu-
lar masses (Table 1 To obtain comparable results,
the same amount of surfactant in moles was used.
The ratios of surfactant/monomer used are from
3.6 to 5.4phm (phm = grams of surfactant/grams of
monomer,� 100%).

The results of polymerization are reported in
Table 4. A stable monodisperse latex was obtained
in all cases. The conversion of monomer was high
enough and the amount of floc was negligible.
Monomer conversion versus time for HES16 is
shown in Fig. 5 as an example. All the latexes were
still stable after several washings with ion exchange
resins.

The data obtained clearly demonstrate that
there is no expected difference between maleates
and succinates used. Since succinates cannot
copolymerize with latex-forming monomers, stabi-
lization of polymer particles is probably due to the
adsorption of surfactants onto the surface of the
polymer particles. The very similar results obtained
permit us to suppose that in both cases (maleates
and succinates) the main stabilization mechanism
is the same, i.e. strong adsorption or mechanical

SCHEME 1. Neutralization of a maleic hemiester
surfactant HE16.

TABLE 3. CMC of Maleic and Succinic Acid Hemiesters

SF Concentration
of solution

(g/l)

SF:NaOH,
(moles)

CMC,
(g/l)

CMC,
(mmol/l)

� at CMC,
(mN/m)

t, (°C)

HE8 1.0 1:1 0.23 1.0 30 24
HE10 1.0 1:1 0.21 0.82 29 24
HE12 4.0 1:1 0.092 0.32 27 27
HE16 1.0 1:2.5 �0.08 �0.23 34 25
HES16 0.5 1:2.5 <0.025 <0.073 33 24
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incorporation of surfactant, which is possible
because of hydrophobic interaction of long alkyl
chain. It is then possible that the reactivity of
maleate in copolymerization, which allows the
incorporation of the surfactant in the polymer,
plays only a secondary role.

To clarify the question, the conversion of the
polymerizable surfactant in emulsion polymeriza-
tion should be measured. However, the method for
determination of the maleate derivative conversion
used in [4] and described in more detail in [5]
cannot be applied here. In this method, the samples
taken during the process are submitted to a double
titration in both an organic and a water medium,
and the latex is first washed using a serum
replacement technique. The size of the reactor used
in the present study (only 250ml) does not allow

enough samples to be taken to follow the conver-
sion of themaleate derivative, using thesemethods.

If both groups of surfactants (maleates and
succinates) are stabilizing the latex in the same way
(by adsorption of surfactants), approximately the
same charge density on the surface of latex polymer
particles for reactive maleates and nonreactive
succinates should be observed after the washing
process.

Analysis of Surfactant Grafting onto the Latex
Particles by Conductimetric Titration

Since the surfactants used in our latex formation
become anionic after neutralization by NaOH, it
becomes possible to estimate the amount of
surfactant on the surface of the latex particles,
which provides stability to the latexes. Titration of
carboxylic groups (surface charges) gives informa-
tion about the surface covered by the surfactant.
For this titration, clean, washed latex has to be
used, which does not contain charges from un-
reacted initiator or surfactant.

Conductimetric titration has been used for a
long time to determine the amount of strong and
weak acids coming from the initiator and the
surfactant onto the surface of polymer particles
[12, 15±17]. However, a lot of problems using this
method have been described [18]. One is the
dissolution of atmospheric carbon dioxide in the
titration medium, forming carbonic acid, which
would behave as weak acid. Another is a possible
hydrolysis of the monomer if it contains ester
groups such as butyl acrylate [13].

It appeared that in our case the above method is
far from the best one. Hydrolysis of monomer used
(butyl acrylate) can be demonstrated if titration is
performed by a strong base (NaOH). When the
conversion of monomer was not completed there
was some residual monomer left in the latex. This

TABLE 4. Results of Polymerizationa

SF Latex m SF (g) phmb final
pH

floc/
mon

Solids
cont.(%)

Conv.
(%)

D
(nm)

PDI

HE8 G4 0.502 3.6 4.69 1.50 8.80 99.09 143 0.06
HE10 G5 0.560 4.0 5.15 1.0 8.74 97.90 136 0.05
HE12 G3 0.625 4.5 5.49 1.11 7.66 88.35 147 0.10
HE16 G1 0.75 5.4 6.18 0.78 7.29 89.57 135 0.08
HES16 G2 0.75 5.4 6.49 5.21 8.03 92.81 138 0.10
HA8 F8 0.50 3.57 5.93 1.13 8.67 94.36 141 0.05
HA10 F7 0.56 4.0 6.25 1.52 8.15 88.84 133 0.05
HA12 F5 0.62 4.43 6.64 0.85 8.52 94.27 137 0.07
HA16 F4 0.751 5.36 6.32 1.47 8.28 89.93 142 0.07
HAS16 F6 0.75 5.36 7.16 1.24 8.10 87.15 124 0.08

SDS H1 0.634 4.53 4.29 0 8.99 98.63 134 0.08

a Calculated size of particles 150nm, for all experiments: 2.2mmol of surfactants, 2.75mmol of NaOH used.
b phm = grams of surfactant/grams of monomer� 100%.

FIGURE 5. Curve of monomer conversion during
copolymerization for HES16.
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can give additional carboxyl groups and increase
the apparent surface coverage. About 20�eqv/g of
COOÿ on the surface has been measured by
titration of washed latex of styrene/butyl acrylate
prepared using another nonreactive surfactant
(SDS). This result shows the existence of some
additional carboxylic groups in the medium,
coming not from the surfactant, but most probably
from some hydrolyzed monomer.

Another problemmay arise from the hydrolysis
of the hemiester itself. Independent measurements
made by Zicmanis [19] showed that in the condi-
tions of polymerization (70°C) and in the presence
of 2.5 excess of NaOH, hemiesters are fully
hydrolyzed after 5hrs, while hemiamides remain
stable. Some proof of partial hydrolysis was
obtained using methanol extraction of the latex
and NMR measurement [20]. Hydrolysis is only
partial due to the fact that when KPS is used as the
initiator, sulfuric acid production is observed so
that the pH tends to decrease and the excess of
NaOH can be neutralized.

The method of conductimetric titration is rather
delicate; a lot of other difficulties were met, but the
results obtained can give at least an idea about
surface coverage by the surfactants. Taking into
account all the problems, it is estimated that the
accuracy of the results is� 10�eqv/g. These results
are reported in Table 5.

The incorporation level of maleates into copo-
lymers, like any other surfactant, is of great interest
[4, 5, 12, 21]. Different results of incorporation have
been reported from 45% [4, 5] to 70% [21].

We have found 34±68% of used surfactant onto
the surface of polymer in case of maleates (depend-
ing on their alkyl chain length) and 33±52% in case
of succinates. The difference between these two
values is not significant, if the accuracy of the
results is� 10�eqv/g. So these results confirm the
hypothesis about the same stabilization mechanism
of the two different groups of surfactants. It could
be a very strong adsorption or a mechanical
incorporation of the stabilizer on or in the polymer
during the polymerization. It seems possible that
the hydrophobic alkyl chain is long enough

(C8H17±C16H33) to facilitate either strong adsorp-
tion or mechanical retention of the surfactants in
the polymer without being copolymerized.

Another trend, that can be concluded from the
results is that hemiamides seem to show a higher
incorporation level than hemiesters. This has been
confirmed later from the behavior of films formed
from the corresponding latexes in the presence of
water [20].

Stability Tests

All latexes were studied for electrolyte addition
and freeze/thaw test. Latexes stabilized with the
reactive and nonreactive surfactants are more
sensitive to electrolytes in comparison with a latex
stabilized with SDS (Table 6). They do not resist
high concentrations of monovalent salt (0.5±1.0 M
NaCl) and weak concentrations of bivalent salt (0.1
M MgSO4). Upon adding 0.5 M NaCl three latexes
stabilized by nonreactive surfactants (SDS, HES16
and HAS16) were still stable even after one month.
With the smallest concentration of NaCl (0.1 M) all
latexes were stable after one month, as well.

None of latexes could resist freezing, what is
reasonable considering the adsorption of surfac-
tants. Latex particles have only electrostatic stabi-
lization, which decreases upon addition of
electrolytes, and are not expected to remain stable
upon freezing, which requires non-ionic surfac-
tants or steric stabilization.
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Synthesis of maleic acid surfactants±hemiesters
(HER) and hemiamides (HAR)±has been described,
and a method for producing two new nonreactive
succinic surfactants (HAS16, HES16) is elaborated.
In the emulsion polymerization experiments using
these surfactants as stabilizers, it was found that
hemiamides of maleic acid (HAR) provide good
latex stability, as do hemiesters of maleic acid
(HER). There is essentially no observable difference
in polymerization results and latex stabilities,
whether hemiamide (HAS16) or hemiester

TABLE 5. Results of Conductimetric Titration

SF Latex SF (mmol) Amount of COOÿ

(� eqv/g) (� 10)
SF on the surface (%)

(� 10)

HE8 G4 2.20 53 34
HE10 G5 2.20 69 43
HE12 G3 2.20 66 37
HE16 G1 2.20 107 61
HES16 G2 2.20 88 52

HA8 F8 2.20 ± ±
HA10 F7 2.20 113 64
HA12 F5 2.20 114 68
HA16 F4 2.20 95 54
HAS16 F6 2.20 59 33

SDS H1 2.20 20 ±
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(HES16) of succinic acid was used instead of the
corresponding reactive maleic surfactants. From
surface analysis of washed latexes by conducti-
metric titration, it was found that 33±68% of the
surfactant used in polymerization could be located
on the surface of polymer. Succinates and maleates
probably stabilize a latex by the same stabilization
mechanism: these surfactants are strongly ad-
sorbed or mechanically incorporated in the poly-
mer rather than being copolymerized. It would
therefore appear that the high reactivity of maleates
in emulsion polymerization previously described is
somewhat doubtful.

Strong adsorption of surfactant provides ex-
cellent stability to the latex. However, some
differences can be observed in other applications,
e.g. when films from the latexes are formed.
Preliminary experiments have shown that films
formed from latexes stabilized by adsorbed surfac-
tants are more sensitive to water than those
prepared from latexes with copolymerized surfac-
tant [22]. The film formation from the latexes
presented in this paper, as well as water absorption
of films is reported in another paper [20].
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TABLE 6. Latex Stability Tests Versus Electrolyte Addition

SF Latex 0.1 M MgSO4 1.0 M NaCl 0.5 M NaCl 0.1 M NaCl

HE8 G4 ��� ��� ��� �
HE10 G5 ��� ��� ��� �
HE12 G3 ��� ��� ��� �
HE16 G1 ��� ��� �� �
HES16 G2 ��� ��� � �
HA8 F8 ��� ��� �� �
HA10 F7 ��� ��� �� �
HA12 F5 ��� ��� �� �
HA16 F4 ��� ��� ��� �
HAS16 F6 ��� ��� � �
SDS H1 � �� � �

��� immediate flocculation, �� flocculation in time (2±66hrs),� stable after 1 month.
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