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Abstract Two-phase latex particles 
consisting of mainly polystyrene (PS) 
and polyisoprene (PI) in ratios 
varying from 70: 30 to 20: 80 were 
prepared using different 
polymerization techniques. 
Methacrylic acid (MAA) was used in 
small amounts as a comonomer. The 
latexes had narrow size distributions, 
and showed different particle 
morphologies depending on the 
monomer composition and the 
polymerization conditions used. In 
most cases the latexes were film- 
forming at room temperature, 
Particle size distributions and average 
particle sizes of the latexes have been 
determined using different particle 
sizing methods. 

Size determination by TEM was 
performed after staining with osmium 
tetroxide (OSO4) or uranyl acetate 
(UAc). The staining methods showed 
no significant differences in particle 
size averages and particle size 
distributions when the ratio between 
the PI and PS phases did not exceed 
50:50. At higher phase ratios OsO4 
staining was preferred. The glass 
transition temperature of the PI phase 

increased after OsO4 staining, which 
prevented deformation of the latex 
particles. Particle morphologies for 
the heterogeneous latex particles were 
also determined after OsO4 staining. 

Particle sizes measured by TEM 
were generally smaller than the 
corresponding sizes measured by 
quasielastic light scattering (QELS). 
The difference in the measured 
diameters increased with increasing 
PI and PMAA content in the latex 
particles. The larger sizes observed by 
QELS are results of the presence of an 
immobilized water layer surrounding 
the particles in the aqueous 
environment, water absorption and 
swelling due to the presence of 
carboxylic acid groups, and 
adsorption of soluble carboxylated 
polymers forming a hydrophilic 
corona around the particles. By TEM 
the hard sphere diameters of 
dehydrated particles are measured. 
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Intnxl~'tion 

The particle size distribution of a dispersion influences 
many important properties, for example, viscosity, turbi- 
dity and sedimentation velocity, and may be used as 

a quality assessment for products such as latex paints or 
fillers for plastics. In paint applications the size of the latex 
particles influences film formation and gloss. Also, 
measurements of particle size averages and size distribu- 
tions for polymer latexes are important for ascertaining 
reproducibility in emulsion polymerization processes. 
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Film-forming heterogeneous latex particles have inter- 
esting properties for coating applications. The latex par- 
ticles are prepared by a seeded emulsion polymerization, 
which is carried out in two or more steps. In this process 
the control of new particle formation is important. Particle 
size analysis after each one of the consecutive steps in the 
process may be used to detect formation of new particles, 
provided the analytical methods give the correct informa- 
tion on the particle size distribution. In the present study 
particle size distributions for heterogeneous carboxylated 
film-forming latexes have been examined, and techniques 
for measuring particle sizes and size distributions were 
compared. Because of the film-forming properties of the 
latexes different measuring methods may give different 
results, and the aims of the investigation were to analyze 
the differences between some commonly used methods. 
The latex samples were analyzed by transmission electron 
microscopy (TEM) using various staining techniques, and 
the average diameters calculated were compared to par- 
ticle diameters obtained by quasielastic light scattering 
(QELS). 

Expedmental 

Preparation of latexes 

Styrene (Merck, pro analysi), isoprene (Merck, pro analysi), 
and methacrylic acid (Merck, pro analysi) were purified 
from inhibitors by passing the monomers through a col- 
umn filled with aluminum oxide (Merck, active base). The 
purified monomers were kept at 8 ~ before use. All other 
chemicals were of analytical grade and used as supplied. 
Distilled and deionized water was used. 

Latexes were prepared using a two-step seeded emul- 
sion polymerization process run at 80 ~ with potassium 
persulfate as the initiator and sodium dodecyl sulphate 
(SDS) as the emulsifier. The seed latex was prepared 
through a batch polymerization in a 2000 ml reactor. The 
seed consisted of poly-(St-co-MAA) containing varying 
amounts of MAA. The reactor containing the monomers, 
surfactant, and water was degassed and purged with nitro- 
gen repeatedly before the temperature was raised and the 
initiator added. The compositions of the seed latexes are 
given in Table 1. 

The second polymerization step was carried out in 
a 200 ml calorimetric reactor which has been described in 
detail by Nilsson et al. [1]. The polymerization was either 
performed as a batch process or as a semi-batch process 
with continuous addition of the second step monomers. In 
the batch experiments the reactor containing the seed latex 
and the second step monomers, i.e., isoprene, styrene, and 
MAA, was repeatedly degassed and purged with nitrogen 

Table 1 Compositions of seed latexes. Diameters reported are num- 
ber averages, /)n, obtained by TEM measurements with a mean 
standard deviation of 8 nm. 

S e e d  Composition (%) Particle size Tg (~ 
(nm) 

Styrene Methacrylic acid 

A 9 8  2 76 105 
B 80 20 55 173 
C 98 2 72 109 
D 100 0 93 105 

at room temperature before the polymerization was 
started by increasing the temperature to 80 ~ Details on 
all polymerizations are given elsewhere [2]. 

In the semi-batch experiments the second step mono- 
mers were degassed and purged with nitrogen before use. 
The monomers were either added continuously or, in some 
polymerizations, isoprene and styrene were added con- 
tinuously while MAA was added at the end of the poly- 
merization. The ratios between the second phase polymers 
and the seed varied in the range 80:20 to 30:70. The latex 
compositions are given in Table 2. The reactions were 
monitored by measuring the heat of polymerization. 

DSC 

Latexes were dried at room temperature for 48 h and the 
resulting films were analyzed by means of a Mettler DSC 
30 equipped with a low temperature cell. The samples were 
first heated at 15 ~ to 130 ~ After 5 min at 130 ~ 
the samples were cooled down to - 1 5 0  ~ at a rate of 
15~ and finally reheated to 250~ at a scanning 
rate of 10 ~ The last run was used for determination 
of Tg. 

Osmium tetroxide (OSO4) stained films were also in- 
vestigated by DSC. The OsO4 staining was done in vapor 
phase for 1 h [3]. The osmium stained samples were first 
heated to 130 ~ at a rate of 20 ~ After 3 rain at 
130~ the samples were cooled down to - 1 5 0 ~  
(20 ~ and reheated to 170 ~ at a rate of 10 ~ 
The last run were used for determination of Tg. 

Electron microscopy 

Micrographs of the latex particles were obtained using 
a JEOL 100 U transmission electron microscope. The 
latexes were stained with osmium tetroxide (OsO, 0 and 
uranyl acetate (UAc), respectively. 

Osmium staining: Osmium tetroxide was allowed to react 
with residual double bonds in the polyisoprene (PI) phase 



498 Colloid & Polymer Science, Vol. 273, No. 5 (1995) 
�9 Steinkopff Verlag 1995 

Table 2 Compositions and properties of heterogeneous styrene-isoprene latexes. 

Latex Composition step 2 Particle Tg (~ 4) 
size 3 ) 

Seed Phase ratio Styrene Isoprene Methacrylic (nm) 
seed:step 21 ) (%) (%) acid (%) 

Method 2) Soft Hard 
phase phase 

1 A 50:50 B A1 A2 0 92 8 96 - 42 104 
2 A 50:50 B A1 A2 29 67 4 99 - 25 97 
3 A 47:53 B A1 A2 40 56 4 101 - 13 99 
4 A 47:53 B A1 A2 58 37 4 94 26 99 
5 A 47:53 B A1 A2 0 88 12 92 - 39 !04 
6 A 28:72 B A1 0 100 0 109 - 59 106 
7 A 28:72 B A1 A2 0 96 4 112 - 50 105 
8 A 28:72 B A1 A2 0 92 8 119 - 47 102 
9 A 28:72 B A1A2 4 67 29 119 - 2 3  104 

10 A 47:53 B A1 A2 10 64 26 93 25 100 
11 A 47:53 B A1 0 100 0 98 - 58 107 
12 B 67:33 B A1 0 100 0 59 
13 C 54:46 SB A1 0 100 0 94 - 61 110 
14 D 48:52 B 0 100 0 108 - 66 104 
15 D 19:81 B 0 100 0 163 - 59 106 
16 D 48:52 B A2 0 90 t0 120 --45 104 
17 D 19:81 B A2 0 90 10 152 - 30 102 

t 8  D 45:55 SB 0 100 0 125 - 59 101 
19 D 20:80 SB 0 100 0 162 - 4 9  87 
20 C 21:79 SB A1 0 100 0 129 - 58 
21 C 50:50 SB A1A2* 0 83 17 88 - 62 108 
22 C 39:61 SB A1A2** 0 93 7 98 - 56 105 
23 C 43:57 SBA1A2* 0 92 8 98 - 58 105 
24 D 45:55 SB A2* 0 91 9 126 - 54 99 
25 A 50:50 B A1 0 100 0 95 - 56 103 
26 A 50:50 B A1 A2 0 96 4 91 - 51 103 

1)Phase ratios are based on weight. 
2)Polymerization method denotation: 

B batch polymerization 
SB semi batch polymerization 
A1 acid charged in seed 
A2 acid batch charged in step 2 
A2* acid continuously added in step 2 
A2** acid added at the end of step 2 

3)Diameters reported are number averages,/),, obtained by TEM measurements using OsO4-staining with a mean standard deviation of 
6 nm. 
~)Obtained by DSC. 

of the latex particles. Generally,  O s O  4 is in t roduced in 
vapor  phase according to Ka to  [3]. The latex is di luted 
and  a drop placed on  a formvar-coated microscope grid 
and  put  in  a sealed glass conta iner  together with a vial 
conta in ing  a 1 wt% aqueous  OsO4 solution. In  the present 
case the latex particles will deform and  form film if the 
latex has dried before the s taining reaction is complete. 

In  order to avoid dis tor t ion of the latex particles the 
s taining was carried out  in the l iquid phase. The latex was 
diluted to 0.1 wt %, and an  equal  volume of a 2 wt % 
OsO4 solut ion was added. The sample was a l lowed to 
s tand for 5 0 - 6 0  min  at room temperature  and  a drop was 
then placed on a formvar-coated microscope grid, and  the 
water allowed to evaporate.  In  the T E M  micrographs 
the PI -con ta in ing  phase appeared as dark  domains  and  
the seed phase as br ight  domains .  

Uranyl acetate staining: Negative staining with UAc was 
performed for latexes no. 1, 2, 3, 4, 6, 7, 8, 14, 15, 17, 21, and  
26 as described by Mahl  [4]. The latexes were diluted to 
approximately  2 wt % and  an  equal volume of a 0.5 wt % 
UAc solut ion was added, The mixture was allowed to 
s tand for 1 h, and  a drop of the solut ion was then placed 
on  a formvar grid. The sample was dried for 1 h at room 
temperature.  With  this s taining method  the PI -con ta in ing  
phase appeared as bright  domains  and  the seed phase as 
dark  domains.  

Cal ibra t ion  grids were used for determining the actual 
magnif icat ion [5]. The diameters of individual  particles 
were measured from the T E M  micrographs.  F o r  each 
particle two or thogonal  diameters were determined in 
order to minimize r a n d o m  errors in the measur ing process 
[5]. F o r  most  latexes over 1000 diameters were measured 
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for each sample in order to ensure precision in the 
measurements. The data were further processed for evalu- 
ation of particle size distributions and particle diameter 
averages. 

Quasielastic light scattering 

QELS measurements were performed using a Coulter 
Model N4MD particle sizer, which uses a version of the 
computer program CONTIN to perform the inversion of 
the composite autocorrelation function [-6, 7]. 

Prior to the QELS measurements the latexes were 
diluted with doubly distilled, deionized, and doubly fil- 
tered (Millipore, 100 nm) water in order to minimize the 
influence of dust particles. The diluted samples were buf- 
fered at pH 7.0 with a phosphate buffer having a ionic 
strength of 3.0 x 10- 3 mole/L, SDS was added to a con- 
centration of 6.9 x 10 -3 mole/L, and the samples were 
finally sonicated for dispersion of any aggregates. The 
measurements were performed at 20~ at a scattering 
angle of 90 ~ . Generally, the results reported are averages of 
10 runs having a dust factor of 0%. 

Results and discussion 

Preparation of heterogeneous latex particles 

Heterogeneous latex particles were prepared by a seeded 
two-step emulsion polymerization. Polystyrene (PS) par- 
ticles containing different amounts of MAA were prepared 
in the first step, and then used as seeds for the second step 
in which isoprene, styrene, and MAA were polymerized in 
a batch or semi-batch process. In the semi-batch process 
the MAA was either added continuously together with the 
other monomers, or at the end of the polymerization. Data 
for the latexes prepared are collected in Table 2. 

Particle size analyses, carried out as discussed below, 
showed that the latexes had narrow, unimodal particle size 
distributions. Depending on the monomer composition 
and the polymerization conditions used, different particle 
morphologies were obtained. The major factor influencing 
the particle morphology was found to be the hydrophilic 
properties of the two phases, and by using different 
methods for the addition of the MAA the hydrophilicity of 
the second phase polymer could be controlled. Different 
morphologies were observed, for example, "sandwich-like" 
and "halfmoon-like" according to Cho and Lee [8], and 
"inverted core-shell" as reported by Lee and Ishikawa [9]. 
A detailed analysis of the factors influencing the morpho- 
logy of the styrene-isoprene latexes will be reported 
elsewhere [2]. 

Films prepared from the latexes were all analyzed by 
DSC, and the results presented in Table 2 clearly show 
that the polymers display two different glass transitions, 
i.e., two separate polymer phases were present. The glass 
transition found at about 100 ~ can be ascribed to the PS 
seed. The second glass transition, which is attributed to the 
second polymer phase, varies from - 6 6  ~ to + 25 ~ 
depending on the composition. The properties of the com- 
posite latex particles depended on their morphology, but 
in most cases they were film-forming at room temperature. 

Particle size determination by TEM 

Because of the isoprene-rich second, outer phase the 
composite latex particles were generally quite soft at 
the temperatures used for TEM analysis and for sample 
preparation, and problems with deformation of the par- 
ticles and film formation were encountered on preparation 
of the TEM samples. These problems may be overcome by 
staining and hardening of the latex particles before TEM 
analysis, or by the use of a cryo stage [10], or by combina- 
tions of different methods [11-13]. Staining techniques 
include positive staining, i.e., reaction of residual double 
bonds in the latex particles with osmium [3] or with 
bromine [14], and negative staining with UAc [-4] or 
phosphotungstic acid [15]. 

In the present study, we have investigated one negative 
and one positive staining method. Negative staining was 
done with UAc, which leaves shadows of the particles on 
the microscope grid even if the particles have decomposed 
or become deformed in the electron beam. UAc [16] as 
well as phosphotungstic acid [15] may also act as positive 
staining agents by reacting with functional groups in the 
particle surface, e.g., hydroxylic and carboxylic groups. 
There is probably little diffusion of UAc into the particles. 

OsO4 was used for positive staining. The reagent dif- 
fuses very slowly into the particles and reacts chemically 
with residual double bonds present in the PI-containing 
phase of the composite particles. Because of the reaction 
with OsO4, Tg of the polymer increases. This effect is 
illustrated in Fig. I which shows that the glass transition of 
a latex stained with OsO4 increases by approximately 
30 ~ as compared to the untreated latex. The increase in 
Tg depends on the duration of the OsO4 treatment. The 
osmium treated particles become more rigid and do not 
easily deform in the electron beam. 

Twelve latexes were examined after staining with UAc 
(see Experimental part). If these latexes were considered as 
one homogeneous group, different particle size averages 
were obtained with OsO4 and UAc staining, respectively, 
as reported in Table 3a. The deviations could be attributed 
to a sub-group of latexes consisting of no. 6, 7, 8, 15 and 17, 
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Fig. 1 DSC traces for an Os04 stained latex (A) and the original 
latex (B) 

which had hemisphere morphologies and a P I : P S  phase 
ratio exceeding 70:30. When this sub-group was excluded 
the comparison gave statistically similar averages (Table 
3b). The average values agreed within a 95% confidence 
interval and the standard deviation for the comparison of 
the two methods decreased significantly. 

A comparison done with the excluded sub-group of 
latexes showed that the two staining methods gave signifi- 
cantly different average particle sizes (Table 3c). The 
latexes in this group are film-forming below room temper- 
ature, and true particle diameters are difficult to obtain by 
UAc staining. As soon as the water evaporates from the 
latex the soft PI  phase deforms and starts to form film, 

and the true particle diameters will consequently not be 
obtained. 

In Fig. 2 the effects of the different staining techniques 
are shown for latex samples no. 7 and 15. The particles in 
both these samples have a so-called "halfmoon" or hemi- 
sphere morphology. In latex no. 7 the more hydrophilic 
poly-(I-co-MAA) phase is trying to engulf the PS seed 
phase, while in latex no. 15 the PS seed phase forms 
a hemisphere around the more hydrophobic homo-PI  
phase. Both latexes are film-forming at room temperature, 
and the mechanical properties of the films are similar to 
PI. When the latexes were stained with OsO4 the particles 
retained their spherical shapes, as can be seen in Figs. 2A 
and 2B. The particle morphology is shown by the T E M  
micrographs; the lighter areas in the particles being the PS 
phase and the darker areas the OsOg-stained PI  phase. 
Particle sizes can easily b e  measured from this type of 
micrograph. Figures 2C and 2D show the same latexes 
after staining with UAc. As evident from the micro- 
graphs, the latex particles have deformed and started to 
form film before the TEM analysis. The soft PI  phase has 
spread on the grid, which increases the apparent particle 
diameters. UAc does not penetrate into the particles but 
collects as a dark boundary surrounding the PI phase 
(Figs. 2C and 2D). The data for latex no. 15 in Table 4 
show that UAc staining gave approximately 30% larger 
average diameter and a much wider size distribution than 
OsO4 staining. The PS hemispheres present in the latex 
particles were not affected by the film formation process or 
by the electron beam in the microscope, as indicated in 
Figs. 2C and 2D. For  latex no. 15 (Fig. 2C) the hemi- 
spheres are faintly visible in the center of the dark circular 
boundary of UAc. The hemisphere sizes were measured 

Table 3 The statistics from comparison of different particle size measurement methods with a 95% confidence interval. 

a b c d e 

/ ) n ,  UAe - -  / ) n ,  OsO4 / ) n ,  UAe - -  /~n ,  OsO4 / ) n ,  UAe - -  / ) n ,  OsO4 / )L$ ,  OsO4 - -  L)I, QELS d D o b  . . . . .  d --  dDeredicted 

d 14.5 3.5 30.0 15.4 0.0 
N 12 7 5 24 24 
Sd 16.8 6.8 13.8 10.9 4.7 
to 3.0 1.35 4.85 6.95 4 • 10 - 6  

to.os/2. , -  1 2.20 2.45 2.78 2.07 2.07 
Reject Ho Yes No Yes Yes No 

a) Comparison of UAc staining and OsO4 staining for all investigated latexes. 
b) Comparison of staining with UAc and OsO4 for latexes nos. 1, 2, 3, 4, 14, 21 and 26. Step 2: seed phase ratio 50:50 or less. 
c) Comparison of staining with UAc and OsO4 for latexes nos. 6, 7, 8, 15 and 17. Step 2: seed phase ratio 70:30. 
d) Comparison of the intensity average,/3~ obtained from QELS and the light scattering average,/)LS obtained from TEM after staining with 
OsO4. 
e) Comparison of the observed AD, and the predicted AD obtained from the response surface equation. 

Symbols used: d = sample mean of the computed paired differences, N = number of samples, Sd = sample standard deviation of the 
differences, to = test statistic used for comparing different methods, t,/2, , -  ~ = t distribution with 1 - ~ confidence limit and n - 1 degrees of 
freedom, Ho = null hypothesis. 
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Fig. 2 A) TEM micrograph of 
OsO4-stained latex no. 15. B) 
TEM micrograph of OsO4- 
stained latex no. 7. C) TEM 
micrograph of UAc-stained 
latex no. 15. D) TEM 
mierograph of UAc-stained 
latex no. 7. In C) and D) the 
spherical shapes of the particles 
are not preserved. The PS 
hemispheres, indicated by 
arrows, are preserved and are 
not affected by the film 
formation process 

A) 

C) 

8) 

Table 4 Comparison of different staining 
methods used in TEM for latexes nos. 14 
and 15. For latex no. 15 the PS hemisphere 
diameters obtained with different staining 
methods are given. 

Latex 

UAc OsO4 

D .  a N P D I  = / ) .  a N P, D I  = 
(nm) (nm) 0,/1),, (nm) (nm) DJmw 

14 115 7.3 1050 1.04 108 2.0 1295 1.04 
15 214 12.8 373 1.07 163 2.3 516 1.01 
15Hemisphere 142 0.01 255 1.06 138.5 5.9 59 1.03 

and found to be similar to those determined from the 
osmium stained sample (Table 4). 

For latex particles having an inverted core-shell mor- 
phology, as shown in Figs. 3A and 3B, both staining 
methods gave similar results due to the fact that the PS 
phase surrounds the major part  of the PI phase. The 
particles behaved similarly to PS particles on analysis by 
TEM. Figure 3A shows latex no. 14 after OsO4 staining, 
and it can be seen that the particles have a spherical shape 
and an inverted core-shell morphology. On staining with 
UAc parts of the PI  phase flows out of the hollow PS 
particles, as shown in Fig. 3B. This behavior is consistent 
with an inverted core-shell morphology, where the major 
part  of the PI forms an inclusion in the PS phase. No 
significant differences between the average particle dia- 

meters determined by the two staining methods were 
found (Table 4). 

Comparison of T E M  and QELS for particle size 
measurements 

Particle size measurements carried out by TEM analysis 
may give erroneous results if the latex particles are par-  
tially agglomerated or if the size distribution is bimodal 
with one particle size being much larger than the other and 
present in a small number. QELS is often used for deter- 
mination of particle size distributions, and gives com- 
plementary information to TEM analyses. In QELS the 
changes in the light intensity scattered from particles 
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A) 

B) 

Fig. 3 TEM micrograph of latex 14. A) OsO~ stained latex. B) UAc 
stained latex. PI inclusions flowing out of the PS phase are indicated 
by arrows 

undergoing Brownian motion are measured. The intensity 
fluctuations are used for calculation of the average 
diffusion coefficient for the particles. Their average 
hydrodynamic diameter, d, can be calculated from the 
diffusion coefficient, D, by using the Stokes-Einstein 
equation: 

kT 
D - (1) 

3rcr/d ' 

where k is Boltzmann's constant, T the absolute temper- 
ature, and q the viscosity of the medium. Since large 
particles scatter more light than small ones, large particles 
and agglomerates will be favored in the calculated aver- 
ages. QELS is a low-resolution sizing method, and peaks 
in the distribution which comprise less than 10% of the 
total scattered intensity may be artefacts. 

In order to compare results obtained from TEM and 
QELS, respectively, higher order averages of the distribu- 
tion should be calculated from the particle sizes measured 
from the TEM micrographs. The light scattering average, 

defined as: 

/ ~ s =  //-~niD~ (2) 
 /Zn, D 

was calculated and compared to the intensity average,/3i, 
obtained from QELS. 

In the literature various methods for determination of 
particle sizes and size distributions have been compared 
with somewhat different results [17-19]. In the present 
study, we measured the particle sizes using QELS, 
and obtained significantly larger values than by TEM 
measurements (Table 3d). Athey et al. [20] investigated 
carboxylated styrene-butadiene latexes, and they reported 
particle diameters measured by hydrodynamic chromato- 
graphy (HDC) and disc centrifuge photosedimetry (DCP) 
20-30% larger than those obtained from TEM. The larger 
values were explained by the immobilized water layer 
included in hydrodynamic diameters, or by swelling of the 
latex particles. Larger particle diameters were also found 
for charged colloidal particles [21] because of the electrical 
double layer. With TEM the "hard sphere cores" of the 
latex particles will be measured. 

The relative difference, AD, between particle diameters 
measured by TEM and QELS, respectively, was in the 
present study calculated as In (DI/DLs)* 100. A least squares 
fit of AD as a function of the amounts of MAA and 
isoprene units present in the latex particles is presented as 
a response surface in Fig. 4. The surface represents the 
expected AD, while the numbered squares indicate the 
observed AD for each latex sample. The least squares fit 
was done with a 90% confidence interval for the data 
points. Of course, it is unlikely that a polynomial model 
would be a reasonable approximation of the true func- 
tional relationship over the entire space of the independent 
variables, but for a limited region it is usually relevant. If 
the fitted surface is an adequate approximation of the true 
response function, then an analysis of the fitted surface will 
be approximately equivalent to an analysis of the actual 
system. In Table 3e the test statistics for the difference 
between the observed and predicted A D are given. The 
small average dand to in the statistical analysis shows that 
the predicted values agree well with the observed ones 
within the studied region. The largest uncertainty will be at 
the edges and in the corners of the calculated surface. With 
these remarks in mind some relevant, qualitative observa- 
tions can be made from the plot. 

All QELS measurements were made at pH 7.0 
with a phosphate buffer having a ionic strength of 
0.3 x 10-3 mole/L, SDS was added to a concentration of 
6.9 x 10 -3 mole/L, which should prevent aggregation of 
the latex particles. A similar comparison was made at a pH 
of 7.0 and a ionic strength of 6.4 x 10- 7 mole/L and a sur- 
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30 

2O 

10 

Fig. 4 Response surface plot showing the relative diameter differ- 
ence, AD = ln(D~/DLs)*IO0, as a function of the total amounts of 
MAA and isoprene used in the preparations of the latexes. Observed 
AD:s are presented as squares with numbers identifying each latex 
(see Table 2) 

factant concentration on the order of 10 -1~ mole/L. At 
low MAA content QELS gave much larger particle dia- 
meters. The larger particle diameters found under these 
conditions with QELS can be explained either by partial 
aggregation in diluted systems [22, 23] or by a smaller 
diffusion coefficient due to low ionic strength [24]. In the 
present case the differences were negligible. The small 
curvature in the response surface (Fig. 4) at low MAA 
content is an effect of a quadric dependence of MAA in the 
response surface function. 

At low MAA contents swelling of the particles due 
to water absorption should be moderate. At higher car- 
boxylic acid contents, however, the particles swell con- 
siderably, and the diameters measured by QELS increase. 
The swelling of the particles will be even more accentuated 
at high PI contents because the particles become soft and 
will more easily be affected by the swelling mechanism. 

The large difference in the particle diameters deter- 
mined by QELS and TEM at large carboxylic acid con- 
tents, as indicated in Fig. 4, cannot be explained only by 
the effects of swelling. Especially in the later stages of the 

seeded polymerization the formation of copolymers 
containing large amounts of MAA may be formed. 
Hydrophilic loops and tails of these copolymers may be 
solubilized to form a hydrated corona around the par- 
ticles. The corona decreases the diffusion coefficients for 
the particles and increases the hydrodynamic diameters 
recorded by QELS [25, 26]. The diameters determined by 
TEM will obviously not be affected. Support for this idea 
is given by a comparison of latex samples nos. 22 and 23. 
The latexes have the same overall composition, but in the 
preparation of no. 22 all of the MAA in step 2 was added at 
the end of the polymerization, while in the preparation of 
no. 23 the acid was added continuously during step 2. It is 
evident from Fig. 4 that the difference between the QELS 
and TEM diameters is much larger for sample no. 22 than 
for no. 23. The combined effects of swelling and the pres- 
ence of a hydrated corona increase the hydrodynamic 
diameter of the particles well above the value predicted by 
the calculated response surface. 

Conclusions 

On analyzing particle sizes of film-forming heterogeneous 
latexes the results obtained by TEM measurements de- 
pend on the staining technique used. For  styrene-isoprene 
latexes, Os04 staining gave good stability of the latex 
particles in the microscope, and information of the particle 
morphology could be obtained. UAc staining can give 
additional morphological information, but because the 
particles become deformed and form film during sample 
preparation the method has limited use. 

Particle size measurements of film-forming, car- 
boxylated latex particles by QELS may give too large 
diameters, as compared to the hard sphere particle dia- 
meters obtained by TEM. The difference in the measured 
diameters increases with increasing PI and PMAA content 
in the latex particles. The large QELS diameters may be 
caused by swelling, and by soluble carboxylated polymers 
physically adsorbed or chemically anchored to the par- 
ticles, forming a hydrophilic corona. 
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