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ABSTRACT:

An end-chain extension model for number density of polymer particles is derived in this work. This model

shows that the logarithmic value of the number density of polymer particles is proportional to the concentration of acrylic
acid in aqueous solution in emulsifier-free emulsion copolymerization of styrene and acrylic acid. The end chains on polymer
particles are composed of acrylic acid segments from nucleating oligomers and radicals absorbed by polymer particles. The
end chains of hydrophilic segments extend into aqueous solution with surface charge at their terminals. This effect lowers the
capture radical ability of polymer particles and increases the number density of polymer particles. The experimental results
confirm the extension model with the content of acrylic acid ranging from 1.156 to 5.064 g1~ ! at 80°C.
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Surface charges on polymer particles are important
for the properties of polymer particles.! ~* The polymer
particles are stabilized by the electrical double layer
repulsion force from surface charges. The repulsion force
from surface charges of polymer particles and electrical
charges of radicals is also important. Besides the re-
pulsion force, the van der Waals attraction force ex-
ists between radicals and polymer particles. The capture
rate constant of radicals by polymer particles depends
on the interactions of these forces. The larger capture
rate constant in emulsifier-free emulsion polymeriza-
tion causes smaller number density of polymer particles
in solution.

When the hydrophilic comonomer is added to emul-
sifier-free emulsion polymerization of styrene, the num-
ber density of polymer particles increases. The higher the
content of the comonomer, the larger is this number
density. As nucleation takes place, the hydrophilic seg-
ments from saturated oligomers are on polymer par-
ticles. When radicals are absorbed by polymer parti-
cles, the hydrophilic segments of radicals also stay on
them.® These hydrophilic segments chemically anchor
on polymer particles and stabilize them. This effect causes
the number density of polymer particles to increase, but
varies with the solubility of the hydrophilic segment in
aqueous solution. Krieger, Juang, and Liu®”’ investigat-
ed the effects of the concentration of the ionic comono-
mer on the particle size. They explained that the ionic
comonomer provided particles with the electrostatic
charge and thereby affected the primary particle for-
mation rate, the coagulation rate, and the particle size.
Ceska® obtained a log-log plot of particle number versus
weight-% itaconic acid in styrene-butadiene—itaconic
acid system with slope approximating 0.6 and compar-
ed it with the Smith-Ewart theory. Chen, Chang, and
Lee® ! studied the effects of concentrations of ionic
and hydrophilic comonomers on the number density of
polymer particles. According to the Smith—Ewart theory
in which the number density of polymer particles is
proportional to the 0.6-power of emulsifier concentra-
tion in conventional emulsion polymerization of sty-
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rene, they suggest that InN is proportional to the
logarithmic value of the comonomer concentration.
From data fitting, this number density is proportional
to [NaUI], [NaSEM]?, [HEMA]°!7, and [AAm]°!?
in the systems of different comonomers, undecylenic
isethionate sodium salt (NaUI),° sodium salt of
2-sulfoethyl methacrylate (NaSEM),? 2-hydroxyethyl
methacrylate (HEMA),'® and acrylamide (AAm),!!
respectively. They explained the different power order
of the various comonomer by the contribution of the
comonomer on the particle nucleation. The different
comonomers which have different reactivities and hy-
drophilic properties lead to different polymerization be-
havior in the aqueous phase and therefore the nuclea-
tion behavior and number densities of polymer particles.

In this work, consideration on the electrical repul-
sion force between the radical and the polymer par-
ticle shows that the logarithmic value of the number
density of polymer particles increases linearly with con-
tent of acrylic acid.

THEORETICAL

When nucleation and coagulation are over, the num-
ber density of polymer particles is fixed. The termination
of radicals in aqueous solution can be neglected. The
generation rate of radicals, p;, is equal to the capture
rate of radicals by polymer particles.

pi=kN[R-], e

where k. is the capture rate constant of radicals by
polymer particles, N is the number density of polymer
particles in solution, and [R -], is the total concentration
of radicals in aqueous solution. If the chain lengths of
radicals in aqueous solution are the same, the diffusion
coefficient, D, is constant for all radicals. At steady-state
assumption, the flux of radicals around a polymer particle
in aqueous solution, J,, is expressed as

o _piRI_RIdo

dr fdr
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where [R-] is the radical concentration around the
polymer particle, r is the radial distance from the center
of the polymer particle, @ is the potential energy between
the polymer particle and the radical, and fis the friction
coefficient. By Einstein’s equation, the expression for f'is

kT
f=—- 3)

where k is the Boltzmann constant, and T is the Kelvin
temperature. Equation 2 can be rewritten as
d[R-] D do
I b dr kT [R-] dr @
with boundary conditions [R:]=[R-], and &=0 at
r=00; [R-]=0 at r=R, where R is the radius of the
polymer particle. The solution of eq 4 is

—D[R.]w

G @
r? f —exp <—>dr
R 2 kT

where the negative sign represents the absorption of
radicals by polymer particles. By definition of the capture
rate constant of radicals by polymer particles, k. is ex-
pressed as

®)

. 2
e ©
[R-].
Insertion of eq 5 into eq 6 yields
4nD
ko= r (7)

*® 1 (3
f — exp( )dr
R 2 kT

The function (1/r?)exp(®/kT) is maximum at &, and
drops off rapidly for @ <@, . The major contribution to
the integral comes from the vicinity of maximum
potential energy. To neglect the higher order terms of
the Taylor series expansion of &, we obtain

2 2
,pwﬁ(;gn)*(d ‘P>

2 dr? ®

where r,, is the distance between the center of the polymer
particle and the position of the maximum potential enegy.
Insertion of eq 8 into eq 7 and integration lead to

_ 4nD

~17 LkT ﬁﬁ[l-%erf(Hm /;y >]exp<—¢ﬁ>
raN y 2 2kT kT
)

where H, is the vertical distance from the position of
the maximum potential energy to the particle surface and

m

d?o
=—— 10
dr? |, (10)
Insertion of eq 9 into eq 1 yields
1 ; kT /
N= Pi — I:l +erf (Hm L)] exp <&>
4Dr: [R+], \ 2y 2kT kT
an
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Taking logarithm of eq 11 leads to

_ 1 Pi kT Y
I“N_l“{wr:, [R-1.\ 21 [1 “rf(H“‘ 2kr>]}
)]
m 12
+<kT> (12)

The potential energy between a polymer particle and
a radical is

@ =bp;, — Pypw (13)

where &, and ®ypyw represent the potential energies of
the electrical repulsion force and van der Waals force,
respectively. According to Poisson’s equation, the
electrical potential around a polymer particle is given by

1 d (rzﬂn\L>=_p* (14

r? dr dr €0y

with boundary conditions ¥, =0 at r=o00; Yp. =y, at
r=R, where Y5, and p* are the electrical potential and
the local space charge density around the polymer particle
in aqueous solution, respectively, ¢, is the permittivity
of free space, ¢, is the dielectric constant, and y, is the
electrical potential at the polymer particle surface. By
Boltzmann’s equation in electrical field, p* is related to
ion concentrations as follows:

p¥*=) Zec, exp( (15)

—Zie'//DL>
kT

where ¢;,, is the concentration of ions of i in aqueous
solution, Z; is the valency including the sign of the charge,
and e is the charge on electron. When Z,ey, <kT, eq
15 can be rewritten as

—eYp
*= 23 Z2, 16
p T Z (16)
Substituting eq 16 into eq 14 and solving eq 14 give

VR expl —x(r— R = Vo8
r r

YpL=

exp(—xkH) (17)

where H is the vertical distance from the radical to the
particle surface, k! is the Debye length of a polymer
particle, and

2
2 e 2
K = VAL 18
sos,.kTEi: (18)
When a radical possesses the electrical charge, ¢, the
electrical potential energy between a polymer particle
and a radical is

R
o =Yg = ‘”°r 9 exp(—xH) (19)

In emulsifier-free emulsion copolymerization of styrene
and acrylic acid, acrylic acid segments from nucleating
oligomers and radicals absorbed by polymer particles are
located on polymer particles and chemically anchor on
them. When one end of the hydrophilic segment is free
to remain in aqueous solution, the segment is called as
end chain. The surface charges of polymer particles are
at the terminals of end chains and extend into aqueous
solution. If the extension length by a end chain, B, is
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defined as the vertical distance from the charge at the
terminal of the end chain to the polymer particle surface,
then R in eq 19 can be replaced by R+ B and ¥, is the
electrical potential at r= R+ B.

oo =V om0
when B« R, eq 20 is rewritten as
Py, = 'p"qu exp(— kH) exp(icB) 1)
Let
Opro=LRY i) 2)

r

Combination of eq 21 and 22 yields
Pp=PpLo exp(kB) (23)
When B/k~!«1, then

B
exp(Br)=1+—+ 24)
K
Insertion of eq 23 and 24 into eq 13 yields
B
P=Pp 0| 1 +F —Pypw (25)
Insertion of eq 25 into eq 12 leads to

1 .
lnNzln{ P /£[1+erf<Hm r
4DrZ [R-], \ 2my 2kT

(PoLo— Pvown , PoLom B
kT kT k7!

+ (26)

The higher the concentration of acrylic acid, the longer
is the average length of end chains. If the variation of
these average lengths in different formulas is not too
large, the average extension length by end chains into
aqueous solution is proportional to F,,/Fs. Fys and Fy

are the mole fractions of acrylic acid and styrene in the
copolymer forming in aqueous solution. Let

B=G(Fya/Fy) @7

where G is the ratio constant. Insertion of eq 27 into eq
26 leads to

lnN=ln{ l Pi /£[1+erf(Hm I-I—>:|}
4Drk [R-], V 2my 2kT

(¢LDO - ¢VDW)m ¢DLO,m G FAA
kT kT K~ 1 FS

+ (28)

When the variation of the content of acrylic acid is
not large, the changes of

ln{ : i \/E[l+erf<Hm _y_)]}
4Dr2 [R-],, \ 27y 2kT

+ (PoLo— PvDw)m
kT

and
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(DDLO.m G

kT k™!
are neglected in different formulas at the end of
nucleation and coagulation. Then, In N is a function of

F,4/Fs only. By definition,
Faa _d[AA], _ [AA](r[AA].+[S].
Fs d[S],  [SI.[AA],+r[S].)
where [AA],, and [S],, are the concentrations of acrylic
acid and styrene in aqueous solution, and r, and r, are

the reactivity ratios of acrylic acid and styrene, re-
spectively, and are defined by

Kpsa 30)

B kpas
— kPS

(29)

r

a

r

= €Y
where k,,, and k; are the self-propagation rate constants
of acrylic acid and styrene, and k,,, and k,, are the
cross-propagation rate constants between acrylic acid

and styrene. When [AA],, is much larger than r[S],, eq
29 is simplified as

Faa _[AA], <ra + (S]w )
Fs [S]. [AA],
Insertion of eq 32 into eq 28 yields
InN=A+ E[AA], (33)

paa

,
=1+ [AA], (32
+[S]w[ 1w (32)

where

A=1n{ : Pi / kT [1+erf<Hm /Lﬂ}
4Drk [R-], V 2ny 2kT

+ (PoLo— Pvow)m n G¢iDL0,m (34)
kT k™ kT

_ G(DDLO.m Ty

kKT [S], )

EXPERIMENTAL

Materials

Styrene and acrylic acid were distilled twice under
reduced pressure prior to polymerization. Potassium
persulfate, hydroquinone, potassium hydrogen phthal-
ate, sodium hydroxide, methanol, as well as hydrochloric
acid solution were of analytical grade.

Measurement of Conversion

Polymerization was carried out in a one liter four-neck
glass reactor. The reactor was equipped with a Teflon
mixer, thermometer, condenser and rubber cork for
taking samples. Adequate water was added to the reactor
and heated to 80+0.5°C in a water bath. After styrene
and acrylic acid were added, the mixture was stirred for
15min. When the aqueous solution containing 1.00g
potassium persulfate was added, the reaction began. The
solution was kept at 80+0.5°C and stirred at 300+
20 rpm. During the reaction, samples were taken from
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the reactor. The methanol solution containing excess
hydroquinone was added to the sample to stop the re-
action, and then water, methanol, and unreacted mono-
mer were evaporated at 50—55°C. The dried sample
was weighed for conversion measurement. The formu-
las are shown in Table I.

Measurement of Acrylic Acid Monomer in Aqueous

Solution

The sample was taken right after 3 hours of reaction.
After the aqueous solution containing excess hydro-
quinone was added, the sample was quenched in ice bath
and centrifuged under 10000 rpm. The upper clear
solution was taken for gas chromatography (GC) mea-
surement. The concentration of acrylic acid in aque-
ous solution was determined from a calibration curve.

Measurement of Total Acid in Aqueous Solution

Besides acrylic acid monomer, the aqueous solution
may contain polyacrylic acid. Total acid including the
acrylic acid monomer and the polyacrylic acid in aqueous
solution was determined by titration. The preparation
of samples is the same as the GC measurement. Before
titration, the sodium hydroxide solution was calibrated
with potassium hydrogen phthalate. The hydrochloric
acid solution was calibrated with the sodium hydroxide
solution. The indicator was 1 wt% phenolphthalein so-
lution in ethanol. In titration, excess sodium hydroxide
solution was added to a 15ml sample and the solution
was back-titrated with 10 ™3 N hydrochloric acid solution.

Measurement of Transmission Electron Micrographs

The sample was taken right after 3 hours of reaction
and added to aqueous solution containing excess hy-
droquinone. Transmission electron micrographs (TEM)
were obtained using a Hitachi electron microscope
H-600.

Measurement of ¢y,

Caista 18 the distribution coefficient of acrylic acid
between styrene and water. Adequate acrylic acid and
20 g styrene were added to 500 ml water. Acrylic acid
was added at 0.50 to 3.00g. The samples were stirred
at 80+0.5°C for 30min and placed in a water bath.
The aqueous solution sample was measured by gas
chromatography. The concentration of acrylic acid in
aqueous solution was determined from a calibration
curve. From mass balance, the concentration of acrylic
acid in styrene phase was calculated. If ¢y, , is defined
as the ratio of the acrylic acid in one liter of styrene
phase and acrylic acid in one liter of aqueous solution,
the average value of ¢y, , at 80°C is 0.08.

RESULTS AND DISCUSSION

Effects of Acrylic Acid on Conversion

Figure 1 shows the conversion curves for different
formulas. All curves are concave upward to about 90%
conversion, and then level off. The final conversion
decreases from 96% to 91% as the content of acrylic
acid increases from 1.156 to 5.064 g per liter solution.
The polymerization rate increases with concentration of
acrylic acid. A higher concentration of acrylic acid causes
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Table I. Formulas of polymerization (at 80°C)

No. Styrene/g  Acrylic acid/g ~ Water/ml K,S,04/g
| 39.654 1.156 955 1.00
2 39.700 3.029 953 1.00
3 39.725 4.044 952 1.00
4 39.857 . 5.064 951 1.00

1.00
0.80 —
'S 0.60 —
2 .
@ 4
>
g
O 0.40 -
0.20 —
0-00 T ‘ T ‘ T | T [ T ‘
0 40 80 120 160 200
Time,min

Figure 1. Conversion curves for different formulas. No. 1| @, No. 2
O, No. 3 H, and No. 4 [O.

4.00 —

3.00 —

2.00 —

Residual acrylic acid, g

100

000 4 ——————7 1 T r
1.00 2.00 3.00 4.00 5.00 6.00
Acrylic acid, g

Figure 2. Residualacrylic acid in aqueous solution at 3 hours reaction
as a function of content of acrylic acid.

larger number density of polymer particles and therefore
results in higher polymerization rate.

Figure 2 illustrates the contents of acrylic acid in
aqueous solution from GC measurement right after 3
hours of reaction. This content of acrylic acid is called
the residual acrylic acid in aqueous solution. This residual
acrylic acid increases with acrylic acid and is about 75%.
Calculation of the conversion is based on the total weight
of styrene and acrylic acid. The larger the amount of
residual acrylic acid, the smaller is the conversion. Thus,

the final conversion decreases with increasing content of
acrylic acid.

Polym. J., Vol. 29, No. 9, 1997
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Total Acid in Aqueous Solution various formulas from titration right after 3 hours of
Figure 3 shows total acid in aqueous solution for reaction. A comparison of Figures 2 and 3 shows that
the acid in aqueous solution is mainly monomer. The
5.00 — amount of polyacrylic acid is the weight difference
_ between the amounts of total acid and residual acrylic
o acid in aqueous solution. The weight of poly(acrylic acid)
g 4.00 - in polymer particles is the weight difference between the
= _ amounts of acrylic acid in formula and total acid in
3 aqueous solution. The results are listed in Table II and
g 3.00 show that the poly(acrylic acid) is mainly in polymer
2 . particles.
8
£ 200 ////’
% 9 Table II. Measured and calculated results at 3 hours reaction
g 1.00 Formula no. 1 2 3 4
| Conversion/% 96.3 94.1 92.7 91.1
0.00 B— T i ‘ ,‘ . : . } Residual.AA in aqueous solu_tion/g 0.83 2.46 2.92 3.86
100 200 se0 400 s oo U LWERIETE 0T 08 0w e
Acrylicacid , g PS in polymer particles/g 3911 39.68 3971 39.84
Figure 3. Total acid in aqueous solution at 3 hours reaction as a Particle diameter/nm 246 227 217 208

function of content of acrylic acid. S

(a) No. 1 (b) No. 2

e | 250m 1

© No. 3 (@) No. 4

; 125nm 7w

Figure 4. TEM micrographs of polymer particles for various formulas at 3 hours reaction. (a) No. 1, (b) No. 2, (¢) No. 3, and (d) No. 4.
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Figure 4 shows transmission electron micrographs for
different formulas. The particle size is uniform. The radii
are obtained from the transmission electron micrographs
directly. The volume of one polymer particle is 47 R3/3.
The total weight of polymer is calculated from the
conversion and weights of styrene and acrylic acid. The
weight of polystyrene is the weight difference between
total weights of polymer and poly(acrylic acid) in polymer
particles. The results are listed in Table II. The weight
average density was used for calculation of the polymer
particle volume. The density of polymer particles, p,, is
defined as

W,
— PP (36)
Wos o+ W,

ps,p paa,p

_ Wos.p

Pp=Pops W 4w

ps,p paa,p

where W, and W,,, , are the weights of polystyrene
and poly(acrylic acid) in polymer particles, and p,; and
Ppaa are the densities of polystyrene and poly(acrylic
acid) with p,,=1.05gecm™* and p,,,=1.55gem™?, re-
spectively. The density of poly(acrylic acid) is obtained

by group contribution method.!?

+ ppaa

The total number of polymer particles=

WPSvP + Wpaa,p l (37)
Pp 4nR3/3

The number density of polymer particles is defined as
the number of polymer particles in one liter of aqueous
solution. The results of calculation are listed in Table ITI.

In eq 33, In N is proportional to the concentration of
acrylic acid in aqueous solution. Because nucleation and
coagulation are short, the decrease in concentration of
acrylic acid in aqueous solution can be neglected under
our experimental conditions. Consequently, the con-
centration of acrylic acid in aqueous solution at the
beginning of reaction is used in eq 33. When W,,, W,
and W, represent the weights of acrylic acid, styrene
phase, and aqueous solution, respectively, the amount
of acrylic acid in aqueous solution, W, is

aa,w’
W,

T 38
Wi/ps %

WelPw

where p, and p,, are the densities of styrene phase and
aqueous solution, respectively. The concentration of
acrylic acid in aqueous solution is
[AA]W —_ Waa,w/Maa —_ Waa/Maa (39)
Ww/pw Ww/pw + cdist,s Ws/ps
where M, is the molecular weight of acrylic acid. [AA],,
for various formulas are listed in Table III.

Figure 5 demonstrates that the logarithmic value of
the number density of polymer particles is proportional
to the concentration of acrylic acid in aqueous solution.
If the unit of the concentration of acrylic acid is moles
in one liter of aqueous solution, the correlation is

In N=36.00+9.44[AA], (40)

This result is consistent with eq 33. Although 4 and E
in eq 34 and 35 are complicated functions, their values

W,

aa,w

1 + cdist,a
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Table III. Number density of polymer particles
and concentration of acrylic acid

Formula no. 1 2 3 4
N (particles/liter) ~ 5.04x 10'% 6.48 x 10'5 7.50x 10'® 8.57 x 10*3
[AA],/moll~! 1.67x 1072 4.38x 1072 5.85x 1072 7.33 x 102
36.80
7 .
36.60 — 4
3 _
-1 36.40
36.20 —
36-00 T ‘ T I T ‘ T I
0.00 0.02 0.04 0.06 0.08

[AA], , molefiter

Figure 5. Logarithmic value of number density of polymer particles
versus concentration of acrylic acid in aqueous solution.

can be obtained by data fitting. The results show that 4
and E are constants.

CONCLUSIONS

The hydrophilic segments on polymer particles lessen
the capture radical ability of polymer particles and
stabilize particles in emulsifier-free emulsion copolymer-
ization of styrene and hydrophilic comonomer. The
higher the comonomer concentration, the larger are these
effects. Thus, the number density of polymer particles
increases with content of comonomer.

Many experiments suggest that In N is proportional
to the logarithmic value of the hydrophilic comono-
mer concentration by data fitting.® ~!* However, the
end-chain extension model in this work shows that In N
is proportional to the concentration of acrylic acid in
aqueous solution under suitable conditions in emulsifier-
free emulsion copolymerization of styrene and acrylic
acid. The experimental results confirm this model to be
valid.

Besides the interactions of the electrical repulsion force
and the van der Waals attraction force, this model is
mainly based on the extension effect of end chains in
aqueous solution. The nucleation rate is affected by
extension effects.
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