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Abstract Emulsion polymerizations of several vinyl monomers, styrene, methyl methacrylate,
butyl methacrylate, butyl acrylate, and vinyl acetate, in water using alkali-hydrolysable cationic
surfactants with a betaine ester group, (1-alkoxycarbonylmethyl)trimethylammonium chlorides,
as emulsifiers were carried out and properties of the resulting latices and the polymers recovered
by hydrolysis and salting out were investigated. There were little influences of the surfactants
and monomers used here on the polymerizations, forming stable and monodisperse latices with a
mean diameter of ca. 70 nm and giving a high molecular weight of polymers at high yields. All
polymers were precipitated and recovered by adding a small amount of sodium hydroxide into the
latex solutions contained little amount of ionic species. Solvent-cast films of the polymers were
found to have surfaces as hydrophobic as those for the corresponding pure polymers prepared by
bulk polymerization.
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Introduction
Surfactants play very important roles in both production and storage of polymer latices
prepared by emulsion polymerization.

On the other hand, the presence of surfactants in

products such as latex films and coatings has sometimes unfavorable effects on their
performances: e.g., deteriorations of water resistance, quick drying, insulation, adhesive, and
other surface properties [1].

Although many attempts to prepare emulsifier-free (‘surfactant-

free’) polymer latices have been reported, their applications in industry are still moderate.
This may be partially due to the difficulties in polymerizations [1-3].

Furthermore, it should

be noted that, strictly speaking, the majority of these latices are ‘surfactant-retarded’ ones:
given amounts of surfmers (surface-active monomers), hydrophilic monomers, or other
additives are still contained in the final products.
Removal of surfactants following conventional emulsion polymerization is another
method to prepare ‘surfactant-free’ polymers [4, 5].

We have recently succeeded in

preparation of ionic component-free polystyrene (PSt) by emulsion polymerization using an
alkali-hydrolysable

cationic

surfactant

with

a

betaine

ester

group,

(1-

tetradecyloxycarbonylmethyl)trimethylammonium chloride (C14B), as an emulsifier followed
by addition of a small amount of alkali [6].

This simple method will have a bright prospect

of improving performances of polymer latices.
The purpose of the present study is to demonstrate the applicability of the above method.
We have investigated the polymerizations of several vinyl monomers, styrene, alkyl
(meth)acrylates, and vinyl acetate, and the properties of the resulting polymer latices and
polymers.

We find that the polymers have almost the same properties as those of the

corresponding surfactant-free polymers prepared by bulk polymerization.

Experimental
Materials

Betaine esters (CnB: n=12, 14, 16; n is the number of carbon atoms of the sequential alkyl
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chain) are those reported previously [6, 7].

Cetyltrimethylammonium chloride (CTAC) was

purchased from Wako Chemical (Osaka, Japan) and used as received.

2,2’-

Azobis(isobutyronitrile) (AIBN, from Wako Chemical) was recrystallized from methanol.
2,2’-Azobis(2-amidinopropane) dihydrochloride (AIBA, from Wako Chemical) was used as
received.

Styrene (St), methyl methacrylate (MMA), and vinyl acetate (VAc) were

purchased from Wako Chemical, and butyl methacrylate (MBA) and butyl acrylate (BA) were
from Tokyo Kasei (Tokyo, Japan), which were distilled under reduced pressure before use.
Nuclear

Fast

Red

(NFR:

sodium

4-amino-9,10-dihydro-1,3-dihydroxy-9,10-dioxo-2-

anthracenesulfonate; from Tokyo Kasei) was used as received.
Poly(MMA) (PMMA), Poly(BMA) (PBMA), Poly(BA) (PBA), and poly(VAc) (PVAc)
were prepared by conventional bulk polymerization as follows: A mixture of monomer (5 g)
and AIBN (0.025 g) was heated under argon for 1-3 h at 65 °C (for VAc) or 80 °C (for MMA,
BMA, and BA).

The resulting polymer solid was then dissolved in a 30 ml of benzene (for

PMMA, PBA, and PVAc) or acetone (for PBMA) and precipitated into a 500 ml of methanol.
The precipitate was then collected and dried. PSt prepared by bulk polymerization was
purchased from Wako Chemical and used as received.

Emulsion polymerizations and recoveries of polymers

Emulsion polymerizations were carried out by a conventional method using AIBA as an
initiator as reported previously [6].

Recoveries of polymers by hydrolysis and salting out

were also carried out [6].

Polymer characterization

Molecular weights (Mw) of PSt were determined by GPC measurements as reported
previously [6].

Mws of the other polymers were determined by viscosity measurements: The

intrinsic viscosity ([η]) was estimated by extrapolation of the linear part of the concentration
dependence of reduced viscosity to a concentration of zero. Mw was then calculated from
Mark–Houwink equation: [η]=K Mwa. The measurement conditions and Mark–Houwink
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parameters (K, a) were obtained from the literature [8]: K=5.2×10-3 ml/g, a=0.76, in benzene,
at 30 °C for PMMA; K=18.4×10-3 ml/g, a=0.62, in acetone, at 25 °C for PBMA; K=6.85×10-3
ml/g, a=0.75, in acetone, at 25 °C for PBA; K=56.3×10-3 ml/g, a=0.62, in benzene, at 30 °C
for PVAc.
Particle size (Z-average size) and distribution (polydispersity index: PDI) of latices, and
compositions of the recovered polymers were analyzed as reported previously [6]: the PDI
value less than one indicates the narrow distribution of particle size.
Recovered polymer solids were analyzed by 1H NMR spectroscopy as reported previously
[6].

Compositions were quantified by measuring the areas of the following peaks in CDCl3:

C14B, δ 4.95 ppm (s, 2H, –CO–CH2–N–); 1-tetradecanol (C14OH), δ 3.62 ppm (t, 2H, –C–
CH2–OH); PSt, δ 6.2–7.4 ppm (m, 5H, aromatic); PMMA, δ 3.60 ppm (s, 3H, –CO–O–CH3);
PBMA, δ 3.94 ppm (t, 2H, –CO–O–CH2–); PBA, δ 4.02 ppm (t, 2H, –CO–O–CH2–); PVAc, δ
4.82 ppm (broad s, H, –CH–O–CO–); St (monomer), δ 5.23 and 5.74 ppm (dd, 2H, –C=CH2);
the peaks of other monomers were not detected.

Preparation and characterization of cat films

Polymer films were cast from 2 wt% of chloroform solutions in a 32-mm petri dish at room
temperature. Adsorption of an anionic dye, NFR, on the polymer films was carried out as
follows: A 5 ml of aqueous solution of NFR (1.4 mM) was applied to the surface of the film
and left for 3 h at room temperature, and then the film was washed with water and dried.
The film colorization was observed visually.

Water contact angles of the films were

obtained using the sessile drop method as reported previously [6].

Results and discussion
Emulsion polymerizations

Emulsion polymerizations of St were carried out using CnB with different alkyl chain length
and CTAC as emulsifiers.

The results of polymerizations are summarized in Table 1. In all

cases, the conversions reached 90%, no coagulum was formed, and stable latices of
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monodisperse were obtained: the mean diameters were ca. 70 nm and the PDI values were
lower than 0.1.

In addition, all the polymers obtained have high molecular weights (>3x105).

Little dependence of alkyl-chain length of CnB on the polymerizations is probably because the
surfactant concentrations (10 mM) are higher than their critical micelle concentrations (CMC)
[7], stabilizing the latex particles satisfactorily during polymerization [9].

C14B will be used

as a hydrolysable emulsifier hereafter.
Table 2 shows the results of polymerizations for several vinyl monomers.

Similar results

were also obtained for all monomers: the polymerizations yielded monodisperse latices and
high molecular weights (>5x105) of polymers at high yields (>90%).

These results confirm

the availability of CnB as emulsifiers in conventional emulsion polymerizations of various
monomers.

Hydrolysis and salting out of polymer latices

The latex solutions obtained were diluted one fifth with deionized water followed by addition
of four times excess NaOH to C14B in the latices to hydrolyze C14B.

Although the

hydrolysis kinetics has not been examined, the majority of the surfactants seem to be
hydrolyzed immediately after the addition of NaOH (pH >12) based on the fact that the
hydrolysis yield of C14B itself at 25 °C approaches 95% and 100% in 10 min in aqueous
solutions of pH 9 and pH 10, respectively [7] and the hydrolysis is completed in 10 min (see
below). Parallel with the degradation of C14B, the latices were instabilized and all polymers
precipitated promptly to form lumps.

The polymers were also recovered by salting out the

latices with 120 times excess NaCl to C14B.

The precipitates were rinsed with deionized

water three times and then analyzed by 1H NMR spectroscopy. The recovery yields of the
precipitates and their compositions are shown in Table 3. Most polymers were recovered
almost quantitatively (>90%).

However, the yield of PMMA recovered by salting out and

those of PBA by both salting out and hydrolysis were found to be low.

In the latter cases, the

polymer aggregates and precipitates seem to be easily dispersed or floated in aqueous
solutions during rinsing.

In fact, the PMMA solids without rinsing were recovered at higher

yields.
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PSt recovered by salting out had almost the same composition as in the feed
([St]/[C14B]=100/1), whereas the other polymers done by it had a decreased content of C14B.
A possible explanation is that the latter polymers are more flexible or polar than PSt so that a
water-soluble surfactant, C14B, in the polymer latices may be removed away to some extent in
the salting out and rinsing processes.

Indeed, the literature values of glass transition

temperature (Tg) [8] and polarity (χP) [10] listed in Table 4 confirm that PBMA and PBA are
flexible polymers and PMMA and PVAc are polar ones.
As expected, the polymers obtained by hydrolysis contained a distinct amount of a waterinsoluble hydrolyzed product, 1-tetradecanol (C14OH), as an alternative to C14B (Table 3).
This clearly indicates that the quantitative hydrolysis of C14B occurs and the recovered
polymer solids contain little amount of ionic species.

We thus believe that the present

method is the easiest and reliable way of removing ionic species from the polymer latices.
The content of C14OH in the ‘hydrolyzed’ PBA was higher than expected (1.0 mol%)
probably because the decreased recovery of a flexible polymer, PBA, reversely increased the
relative amount of a hydrophobic product, C14OH, in the precipitate.

Surface properties of polymer films

It is well known that when polymer films are cast from the latex solutions surfactant
molecules in the latices migrate toward the interfaces during film formation, decreasing the
film performances, in particular, for paints and other protective coatings [11-13].

In this

context, the disappearance of ionic species in the present polymers recovered by hydrolysis
would modify the surface properties of the cast films.
The cast films were colored with an anionic dye, FRA.
the visual tests.

Table 5 summarizes the results of

The ‘salted-out’ PSt film was red colored (+++), indicating the presence of

cationic species in the surface.
as the ‘bulk’ one (–).

In contrast, the ‘hydrolyzed’ film was almost transparent just

Thus there exists only little amount of ionic species in the ‘hydrolyzed’

film surface, making the surface hydrophobic.
It is, however, unexpected that the ‘salted out’ PMMA film was little colored (–). There
may be two possible reasons: some portion of C14B is removed away in the salting out and
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rinsing processes (1.0 to 0.6 mol% (Table 3)) and migration of C14B to the PMMA film
surface scarcely occurs. The former was confirmed by the fact that the corresponding film
made of non-rinsed PMMA is highly colored

(+++).

It should be noted that the

‘hydrolyzed’ films made of both rinsed and non-rinsed PMMA are not colored (–) and thus
have little amount of ionic species. Similar trends were observed for the other polymer films,
though the coloring reflected the polarities of polymers to some extent (Table 5).
The surface wettability will also depend on the presence and concentration of surfactant in
the surface.

Water contact angles for the above films are shown in Table 6.

The obtained

values of the ‘bulk’ polymer films were not necessarily the same as the literature values
because contact angles were affected by not only the surface polarity but also the roughness or
porosity (i.e., sample preparation method) [17].

Roughly speaking, however, expected

tendencies were observed: (1) the ‘salted out’ films, in particular for non-rinsed polymers, had
a smaller value than the ‘bulk’ ones, indicating the hydrophilic surfaces. (2) the ‘hydrolyzed’
films had a value as high as for the ‘bulk’ ones, indicating the hydrophobic surfaces.

Conclusion
We have demonstrated that emulsion polymerization using hydrolysable cationic emulsifiers
(CnB) followed by alkali hydrolysis is useful for preparation of various vinyl polymers
containing little amount of surfactant.

Not only high quality of the resulting polymers but

also reactivity of the polymer latices implies many potential applications in polymer latex
technology.

In particular, the present poly(meth)acrylate latices seem to be the most likely

candidates for coating and adhesive materials with water resistance and quick drying.

The

study along this line is now in progress.
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Table 1

Emulsion polymerizations of St using CnB and CTAC as emulsifiersa
CMCb

Conversion

Mwc

Particle

Surfactant

(mM)

(%)

(x105)

Diameter (nm)

PDId

C12B

7.4

90

6.2

73

0.016

C14B

1.7

91

4.7

72

0.016

C16B

0.36

91

4.8

74

0.030

CTAC

1.5

92

3.6

70

0.055

a

[St]=60 mmol; [surfactant]=0.6 mmol; [AIBA]=0.18 mmol; polymerization temperature,

60 °C; polymerization time, 6 h
b

Ref. 7

c

Determined by GPC

d

Polydispersity index of particle diameter: ref. 6

Table 2

Emulsion polymerizations of vinyl monomers using C14B as an emulsifiera
Polymerization

Conversion

Mwb

Particle

Polymer

time (h)

(%)

(x105)

Diameter (nm)

PDI

PMMA

1

91

13

57

0.101

PBMA

1

96

16

75

0.041

PBA

5

96

16

69

0.035

PVAc

3

91

58

0.067

a

See footnotes in Table 1

b

Determined by viscosity measurements

5.6
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Table 3

Compositions of polymer solids recovered by hydrolysis and salting outa
Component (mol%)

Polymer

Methodb

Yield (%)

Polymer

C14B

C14OH

Monomer

PStc

S

90

97.8

0.9

⎯

0.3

H

91

98.4

0

1.0

0.2

S

41 (89)d

96.4

0.6

⎯

0

H

91 (91)d

95.9

0

0.7

0

S

94

94.8

0.4

⎯

0

H

94

94.5

0

0.9

0

S

48

91.7

0.1

⎯

0

H

32

92.4

0

1.7

0

S

88 (95)d

98.4

0.03

⎯

0

H

91 (90)d

97.1

0

0.9

0

PMMA

PBMA

PBA

PVAc

a
b

Determined by 1H NMR: recovered polymers are rinsed with water three times
S, recovered by salting out with aqueous NaCl (120 times excess to C14B); H,

recovered by hydrolysis in aqueous NaOH (4 times excess to C14B)
c

Ref. 6

d

Recovered polymers are not rinsed
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Table 4 Literature values of glass transition
temperatures

(Tg)

and

polarity

(χP)

of

polymers
Polymer

Tga (°)

χP b

PSt

100

0.17

PMMA

105

0.28

PBMA

20

0.16

PBA

-54

0.10

PVAc

32

0.33

a
b

Ref. 8
Ref. 10: calculated from the interfacial

tension against polyethylene by the harmonicmean equation

Table 5

Coloring of polymer cast films with FRAa

Polymerb

Salting out

Hydrolysis

Bulk

PSt

+++

–

–

PMMA

–

PBMA

–

–

–

PBA

+

–

–

PVAc

++ (+++)c

+

a

(+++)c

–

(–)c

(+)c

–

–

Determined visually: +++, highly colored; ++, colored; +, slightly

colored; –, not colored; films are rinsed with water three time
b

Polymers are ones recovered by salting out and hydrolysis and one

prepared by bulk polymerization
c

For non-rinsed polymer films
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Table 6 Water contact angles (°) of polymer latex films
Polymer

Salting out

Hydrolysis

Bulk

PSt

12

88

90 (90)b

PMMA

67 (44)a

73 (73)a

72 (74)b

PBMA

77

83

83 (88)b

104

110

104 (81)c

PBA
PVAc

62 (16)a

a

For non-rinsed polymer films

b

Ref. 14

c

Ref. 15

d

Ref. 16

72 (71)a

12

72 (61)d

