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Characterization of Water-Soluble Oligomers Formed 
during the Emulsion Polymerization of Styrene 
by Means of lsotachophoresis 

BRADLEY R. MORRISON,’ I A N  A. MAXWELL,’ D O N A L D  H. NAPPER,’ ROBERT G. GILBERT,” 
JOOP 1. AMMERDORFFER,’ and A N T O N  1. GERMAN’ 

‘School of Chemistry, University of Sydney, NSW, 2006, Australia, 2Eindhoven University of Technology, 
Laboratory of Polymer Chemistry, P.O. Box 51 3, 5600 MB Eindhoven, The Netherlands 

SYNOPSIS 

The concentrations and probable nature of charged oligomers formed by aqueous-phase 
termination in the persulfate-initiated emulsion polymerization of styrene were measured 
by isotachophoresis. Isotachophoresis has some advantages over other techniques (e.g., 
GPC, UV spectroscopy) in that it separates species according to their molecular weight, 
geometry, and charge. The charged water-soluble oligomeric species were detected in ex- 
periments in which particles were nucleated in a surfactant-free environment. Identification 
of the moieties present was made by comparison with model compounds. Evidence was 
found for bimolecular combination as a major mechanism of termination in the aqueous 
phase, although the possibility of disproportionation could not be ruled out. The species 
formed in the aqueous phase under saturated monomer conditions were found to be subject 
to further reaction towards the end of polymerization. The surface adsorption characteristics 
of the compounds formed were compared with those of known surfactants and showed 
good agreement with the assumptions in the model of Maxwell et al. [Macromolecules, 24, 
1629 ( 1991) ] for initiator efficiencies in emulsion polymerization. The relatively large con- 
centrations of nonradical aqueous-soluble oligomeric compounds demonstrate conclusively 
that initiator efficiencies are not loo%, as is often assumed in such systems. 0 1993 John 
Wiley & Sons, Inc. 
Keywords: emulsion polymerization isotachophoresis oligomer free radical aqueous 
phase styrene termination 

INTRODUCTION 

Recently Maxwell et al.’ developed a model for the 
process of the entry into latex particles of free rad- 
icals derived from thermal decomposition of water- 
soluble initiator in emulsion polymerization. Simply 
stated, this model follows the early ideas of Priest’ 
in recognizing that the radical species formed by the 
thermal decomposition of a water-soluble initiator 
( persulfate) are unlikely on thermodynamic grounds 
to transfer spontaneously to the particle phase. It 
requires the radical species to propagate with water- 
dissolved monomer, thereby becoming surface active 
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species, which “instantaneously” enter the latex 
particle phase. Initiator efficiencies less than 100% 
result from bimolecular termination of radicals 
which are propagating in the aqueous phase. The 
rate-determining step for entry of radicals into latex 
particles is simply the rate of growth of these radicals 
to a degree of polymerization that imparts them with 
surface activity. The length at which oligomers 
formed in the aqueous phase become insoluble has 
been postulated to be of the order 60 units by Fitch 
et al.3 for methyl methacrylate, while other mono- 
mers have been measured to give similarly long chain 
lengths before aqueous phase solubility has de- 
creased. Most of these measurements were designed 
to detect the insoluble limit of particular oligomers, 
which may differ substantially from the length re- 
quired for entry into preformed latex particles. The 
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chain length for styrene oligomers with sulfate head 
groups was postulated by Maxwell et al.’ to be ap- 
proximately 2-3 monomer units before irreversible 
entry into existing latex particles and this has not 
been directly measured by previous experimental 
techniques. 

Ammerdorffer et al.4 pioneered the use of iso- 
tachophoresis ( ITP ) to directly monitor the aqueous 
phase termination products of persulfate-initiated 
emulsion polymerization of butadiene. ITP has some 
advantages over other techniques (e.g., GPC, UV 
spectroscopy) 3,5-7 for analyzing those products which 
are charged oligomers. First, the species are sepa- 
rated before detection according to their molecular 
weight, geometry, and charge. Second, by effectively 
suppressing electro-osmotic (back) flow, noncharged 
components stay at  the injection point and do not 
interfere in the detection. This is contrary to other 
electrophoretic techniques such as capillary electro- 
phoresis. In this article we apply ITP techniques in 
a study of the emulsion polymerization of an oth- 
erwise well-characterized system, styrene. In par- 
ticular, we wish to probe the aqueous phase free rad- 
ical chemistry. 

ISOTACHOPHORESIS 

ITP is a method that allows discrimination between 
water-soluble species based upon their electropho- 
retic mobility, which is a function of charge and a 
parameter involving geometric and interactive com- 
ponents. Within a homologous series with the same 
ionic group, the mobility is approximately propor- 
tional to molecular weight; thus, ITP should be a 
reliable method for separating water soluble oligo- 
mers according to size and number of ionic end- 
groups. 

The theory of ITP has been presented elsewhere.8 
The following summary is given for the purposes of 
interpreting the experimental results. In an ITP ex- 
periment the sample is placed between two electro- 
lytes of different compositions. The leading electro- 
lyte (L- ) contains the ion with the highest effective 
mobility and conversely, the terminating electrolyte 
(T-) contains the ion with the lowest effective mo- 
bility. When an electric current is applied, the lead- 
ing ions migrate to the anode (Fig. 1 ). The sample 
ions with the highest effective mobility (A-) migrate 
immediately behind the leading zone. Consequently, 
a zone with only A- ions is formed, followed by a 
mixed zone AB, the zone B (containing the sample 
ion with the second highest effective mobility), and 
so on until finally the terminating ion zone. After 

sufficient time, the sample zones separate and then 
all migrate with the same velocity. It is important 
to note that each zone contains only one species 
with a concentration which depends on that of the 
leading ion. The various components can be detected 
with a variety of detectors, most common of which 
is a conductivity cell. The linear signal zone height 
is characteristic of each component’s mobility, and 
the length of the zones can be related to the quantity 
of each of the components. The apparatus used in 
this investigation has, just before the conductivity 
detector, a UV detector which gives useful additional 
information when identifying compounds. Analysis 
of an isotachopherogram usually involves calibration 
with model compounds that are similar to sample 
components. This provides zone heights, for quali- 
tative analysis. 

The concentration within each zone is related to 
the leading ion concentration by the following re- 
lationship: g 

f i  
i i i  

constant 

0 

mnslanf 

Figure 1. Diagram demonstrating the principle of an- 
ionic separation by isotachophoresis; (a)  sample contain- 
ing anions A, B, and C at the point of injection; (b)  partial 
separation is achieved with the existence of mixed zones; 
and (c)  complete separation. 
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Here [A-1, is the concentration of sample species 
in the second zone, [L-1, is the concentration of 
the leading (first) zone. The mobilities of the re- 
spective ions are given by m and the subscript Q 
refers to the background electrolyte, in this case p- 
alanine. The leading ion concentration thus deter- 
mines the concentration of all other ions in solution. 
Absolute mobilities for the species present are un- 
known so the system must be calibrated. The signal 
of the conductivity detector is related to the mobility 
by: 

with A = conductivity, z = number of charge, and 
F = Faraday's constant. This dependency of con- 
ductivity and concentration on electrophoretic mo- 
bilities allows the calibration of the quantities of 
even unknown species with pure compounds of a 
comparable structure if the step heights are similar. 
In this work aliphatic sulfates or sulfonates are used. 

The sensitivities of the method depends upon the 
concentration of the leading ion, the current used 
and the minimum detectable time increment. In our 
system 0.1 s is the lowest detectable time increment 
and for quantitative results 1 s a reproducible time 
increment. The conditions used are 60 pA and the 
concentration of leading electrolyte, 5 X 10-3M. 
This leads to, for instance, a minimum reproducible 
quantity of the model compound octyl sulfate of 190 
pmol. This means with a sample injection of 4 pL a 
minimum concentration of 4.8 X mol dmd3 is 
possible. 

EXPERIMENTAL 

Reaction Conditions 

A series of experiments were undertaken to: (1) 
identify the termination products in an emulsion 
polymerization and ( 2 )  investigate the effect of rec- 
ipe on the observed species. All experiments carried 
out were unseeded surfactant free polymerizations 
initiated by sodium persulfate at various concentra- 

tions. The recipes are given in Table 1. The poly- 
merizations were carried out in this manner to avoid 
contamination by surfactant or other ionic species, 
which could have hampered detection by ITP or been 
involved in reaction. 

The reactions were performed at  5OoC in a 300 
mL reaction vessel with propeller stirring (ca. 350 
rpm) . The styrene monomer was freshly distilled at 
room temperature under vacuum to remove inhib- 
itor. Water was doubly distilled and other analytical 
grade reagents were used as received. Sampling was 
at irregular intervals over the course of the reaction, 
with conversion measured gravimetrically. 

Analysis 

The products were analyzed using ITP equipment 
developed by Everaerts et al.' Detection was by 
means of both a conductivity cell and a UV absorp- 
tion cell analyzing at  a wavelength of 254 nm. The 
ITP conditions used are outlined in Table I1 with a 
0.15% solution of hydroxyethylcellulose (HEC) as 
the supporting medium for the leading electrolyte. 
This increases the solution viscosity and allows the 
movement of ions without inducing hydrodynamic 
flow. Propionic acid ( a  small percentage is converted 
to the propionate ion at the pH used) was used as 
a tailing ion to ensure that a wide range of mobilities 
were covered. The analysis was also checked with 
acetic acid (acetate) as the tailing ion. This has a 
higher mobility than propionic acid, thereby reduc- 
ing the range of mobilities available; consistency was 
confirmed by the observation that the number of 
products remained constant. It is reasonable to as- 
sume that the only products observable by ITP were 
those seen in this analysis and that any species of 
very low electrophoretic mobility were not excluded. 

In each polymerization latex particles were 
formed. These were separated from the aqueous 
phase by ultrafiltration over an anisotropic, hydro- 
philic Amicon "YMT" membrane on polycarbonate. 
The species present were found not to adsorb onto 
the surface of the membrane. This was verified in 
two ways. Samples prepared by ultracentrifugation 

Table I. 

Reaction SIlO SIl l  SI12 S113 

The Recipes Used in the Different Experiments 

ts20;- I 5 X lo-' M 5 X lo-' M 1 X lO-'M 1 x 10-1 M 
NaHCO, 0.268 g 0.0 g 0.0 g 0.0 g 
Styrene 4.8 g 4.8 g 22.6 g 18.4 g 
H20 50.0 g 50.0 g 223.9 g 184.9 g 



470 MORRISON ET AL. 

Table 11. Conditions Used for ITP Analysis 

ITP Conditions 

Leading electrolyte C1- (5 mM) 
PH 3.2 
Terminating ion Propionate (4.5 mM) 
Counter ion 8-alanine 
Current 20-60 PA 

showed the same concentration of products as that 
by filtration. Quantitative measurements of the fil- 
tered products as a function of subsequent filtrations 
showed no significant adsorption. 

Varying ITP conditions were used to check that 
no micelles or mixed zones were present. This in- 
volved varying the operating current from 60 to 20 
mA, changing the injection volume and decreasing 
the concentration by dilution ( 1 : 3, sample : water). 
This had no effect on the observed isotachophero- 
grams. In addition the leading ion concentration was 
increased to 0.01 from 0.005M. This has the effect 
of increasing the zone concentrations, possibly above 
the critical micelle concentration for any of the spe- 
cies within the zone. The relative zone length would 
change significantly if micelles formed. As no effect 
was observed this provided reliable evidence that 
the ITP analysis was of charged oligomers and not 
micelles of the products. 

Model Compounds 

Synthesis of 2-Phenylethylsulfate (PES), 
Sodium Saltg 

Diethyl ether (10 mL) was cooled to -5°C. Four 
milliliters of chlorosulfonic acid was added very 
slowly with stirring followed by phenyl ethanol (6.4 
mL) over 20 min. After standing for 30 min at  -5°C 
very concentrated sodium hydroxide was added 
dropwise until the pH was approximately 7. A white 
precipitate formed immediately and it was necessary 
to add an additional 20 mL of diethyl ether. The 
solid was allowed to stand for 30 min before filtering. 
The solid was recrystallized from ethanol/water 
mixture (9 : 1) with hot filtering and cooling to 
-10°C to enable the final solid to be isolated. The 
yield was approximately 21%. 'H-NMR and mass 
spectrometry analysis showed the compound to be 
pure PES, sodium salt. 

Synthesis of 2,I-Diphenylpentan-7-01 Hydrogen 
Sulfate (DPPS), Sodium Salt 

This was prepared by the Institute of Drug Tech- 
nology, Aust. Ltd. The synthesis was designed for 

preparation from the starting material, 1,3-diphen- 
ylbutanone, which was the closest analogue to a di- 
styrene compound available. The first step in the 
synthesis was to substitute the ketone functionality 
with a CH2 group, in order to increase the stability 
of the final sulfated compound by not attaching it 
to the a carbon atom. This was achieved by the use 
of a Wittig reagent, triphenylphosphonium bromide. 
The alkene was subsequently converted to the al- 
cohol via the anti-Markovnikov addition at the dou- 
ble bond'' using 9-borobicyclononane. This was fol- 
lowed by sulfation with chlorosulfonic acid as de- 
scribed above.g 

2- (p-Phenylsulfonate) ethylsulfate (PSES) was 
synthesized by C J Pijls and used as received. The 
general procedure for the synthesis was as follows. 
Diethyl ether (40.0 g) was added to 0.3 M chloro- 
sulfonic acid ( 10 mL) with stirring, at 2-3OC, under 
a nitrogen atmosphere. Slow addition of 0.1M 2- 
phenyl ethanol (10 mL) was followed by reaction 
over 30 min. The mixture was then poured over 60 
g of crushed ice in order to remove the remaining 
chlorosulfonic acid. The mixture was neutralized 
with bicarbonate, then washed twice with 30 g di- 
ethyl ether to remove unsulfonated material. The 
remaining water was removed by film evaporation 
and the products dried in a vacuum oven. 

Further model compounds such as p -styrenesul- 
fonate (SS) , sodium dodecyl sulfate (SDS) , octyl 
sulfonate, etc., were analytical grade and used as 
received. 

Surface Activity 

A series of experiments was carried out to test the 
propensity of both model compounds and reaction 
products to adsorb on the surface of latex particles. 
These experiments were performed by mixing a so- 
lution of known concentration of the molecule under 
investigation with seed latex that had been made 
using styrene sulfonate as a comonomer. The seed 
latex had been subsequently cleaned by extensive 
rinsing over ion exchange resin. There was no ob- 
servable ITP trace from the separated aqueous phase 
(sensitivity of approximately 4.8 X 10-6M) and thus 
the latex should have been stabilized primarily by 
bound species. After mixing with the compounds of 
interest, the seed latex was separated using the fil- 
tration method described above and analysis was 
performed using isotachophoresis. Concentration 
measurements in the aqueous phase were made using 
hydrogen octyl sulfonate ( CsH17S0 3 ) as an internal 
standard, with filtration and seed addition effects 
being evaluated. 
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RESULTS AND DISCUSSION 

First, a kinetic scheme covering the known reactions 
in the aqueous phase is presented ' 
Initiator decomposition: 

Initial propagation step: 

SO; + M %i M,SO; ( 4 )  

Subsequent propagation: 

MISOT + M Ml+,SO; (5) 

Bimolecular termination: an example is presented 
showing termination by combination ( I )  and dis- 
proportionation (11) between two MISO species to 
illustrate the different chemical structure of the two 
products: 

Entry into a latex particle: 

M,SO; + latex particle A entry ( 7 )  

Here M represents a monomer unit, MISOT repre- 
sents a monomeric radical with a sulfate end group, 
MiSOT an oligomeric radical composed of i mono- 
mer units and a sulfate end group, z is the number 
of monomer units a primary free radical must add 
on before it enters a latex particle (i.e., becomes at 
least surface active), and M,SO a is thus the entering 
group. The thermal decomposition rate coefficient 
for initiator is kd,  the propagation rate coefficient 
of the sulfate anion radical is kpi, the propagation 
rate coefficient of the oligomeric radicals is kp ,  the 
rate coefficient for termination between two aqueous 
phase radicals is kt ,  and the pseudo first-order entry 
rate coefficient per latex particle of aqueous phase 
radicals is p. Note that the two products of the dis- 
proportionation in eq. (4)  will differ in molecular 
weight, because one of the species is unsaturated. 
The two products will also give different UV ab- 
sorptions. 

It is impossible to use ITP analysis to detect the 
(too) low concentration of oligomeric radicals in the 
aqueous phase (ca. lO-'M based on calculations by 
Maxwell et al.'). However, it is possible to detect 
termination products, since these products may 
build up over the course of the reaction to concen- 
trations detectable by ITP. It must be noted, how- 
ever, that the limiting concentrations detectable 
under the ITP conditions used here are quite high. 
Initiator concentrations of 10-'M gave undetectable 
quantities of termination products, that is, less than 
approximately 10-4M.4 

Four model compounds were analyzed by ITP: p - 
styrenesulfonate ( SS), phenylethylsulfate (PES) , 
2- (p-phenylsulfonate) ethylsulfate ( PSES) , and 
2,4-diphenylpentan-l-o1 hydrogensulfate (DPPS ) . 
There structures are shown below. These represent, 
respectively, an unsaturated styrene monomer unit 
with one sulfate group [ MSO; (unsat ) 1 ,  a styrene 
unit with one sulfate group ( MSO ; ) , a styrene unit 
with two sulfate groups [M(SO;),], and two 
monomer units with one sulfate group (M2SOi).  
These are generally four of the most likely termi- 
nation products resulting from the chemistry of 
SzOi- and styrene in water. It should be noted that 
the actual products of termination in the aqueous 
phase may have different isomeric structures than 
the model compounds that are supposed to represent 
them. However, the differences in the electropho- 
retic mobility of the model compounds and the true 
termination products are probably small compared 
to the difference in the mobility of, say, a distyrene 
sulfate and a monostyrene sulfate. 

ss PES 

I l l  , I  
-03so-c-c-c-c-c- 

- s o , ~ + - ~ - o s o 3 -  '8'G \ 

PSES DPPS 

The isotachopherogram of SS is shown in Figures 
2 ( a )  and ( b )  . It can be seen that a single zone cor- 
responds to SS. The UV absorption [Fig. 2 ( b )  ] is 
off scale on the equipment used. The isotachopher- 
ogram of PES is illustrated in Figures 3 ( a )  and ( b )  . 
This is seen to be pure within the detection limits 
discussed previously and to have a zone height sim- 
ilar to SS. The isotachopherogram of PSES is shown 
in Figures 4 ( a )  and (b) .  The component with the 
lower zone height was assumed to be PSES, while 
the upper zone, with the same zone height as PES, 
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6 -  

4 -  

was assumed to be PES impurity. Here the UV signal 
is useful in establishing identity as PSES and PES 
exhibit the same absorption [Fig. 4 ( b )  ] at 254 nm 
and both can be postulated to have single phenyl 
groups. This impurity may have been a by-product 
formed during the production of PSES through in- 
complete reaction of the phenyl ethanol starting 
product. The impurity could also be a hydrolysis 
product of PSES formed at the low pH conditions 
of the ITP analysis or simply arising from the in- 
herent thermal instability of the compound. Figures 
5(a)  and (b)  show the isotachopherogram of DPPS. 
This has an impurity, also identified by 'H-NMR, 
of ethyl sulfate formed during the synthesis proce- 
dure. It is in the ratio of approximately 1 : 1 (as 
determined by 'H-NMR) with the DPPS and does 
not interfere with the identification of the M2S04 
analogue. Its presence does, however, make it im- 
possible to use this as a standard compound for re- 
lating zone length to concentration. 

(a) f 

Standard 
PES 1 

Standard 
a 
a 
Q) 
K 

.- 

(b) 

2.0 - 

I 
Standard 

1 J L  

9.0 9.4 9.8 10.2 

Time (minutes) 

8.0 n 7 - 7  

.. 

7.8 8.2 8.6 9.0 9.4 

Time (minutes) 

Figure 2. Isotachopherogram of p -styrene sulfonate 
(SS) with both UV absorption and characteristic zone 
resistance. The standard compound is octyl sulfonate. The 
time axis for both responses are different because of the 
linear separation of the two detectors. 

1 

6.1 6.3 6.5 6.7 6.9 

Time (minutes) 

0.0 4-1 
5.1 5.3 5.5 5.7 5.9 

l ime (minutes) 

Figure 3. Isotachopherogram of phenylethylsulfate 
(PES) with both UV absorption and characteristic zone 
resistance. The standard compound was octyl sulfonate. 

Identification of Termination Products 

Figures 6 and 7 show typical isotachopherograms 
for the reactions performed. The zone heights are 
consistent throughout all the analyses, although the 
zone lengths or product concentrations vary signif- 
icantly with reaction time. By comparing relative 
heights of the model compounds, assignments of the 
products can be made. The zones that are important 
are labelled and compared to model compounds in 
Table 111. 

Although the zone heights of the model com- 
pounds in Table III are not in complete agreement 
with the zones observed, it must be remembered that 
the compounds formed are not necessarily identical 
to the model compounds. The model compounds are 
more an indication of the electrophoretic mobilities 
of the termination products. For example, the disty- 
rene sulfate [ Mz (SO; ) ] termination product (zone 
f )  , if based on the addition of two styrene monomers 
to a sulfate group has a molecular weight of 305 
amu, whereas the model compound (DPPS) , which 
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2.0 - 

1.0- 

Q 
0 
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cn 
u) 
Q 
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m 
c 
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C 
0 .- 
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v) n 
4 

> 
3 

1 
t - 1  t '  

ethyl sulfate 
standard 

(b) 

10.4 10.6 10,s 11.0 

Time (minutes) 

913 9 .5  9.7 9.9 

Time (minutes) 

Figure 4. Isotachopherogram of 2- (p-phenylsulfo- 
nate)ethylsulfate (PSES) with both UV absorption and 
characteristic zone resistance. The standard compound 
was octyl sulfonate. The major impurity was identified as 
PES. 

has an additional CHB group, has a molecular weight 
of 319 amu. As is shown in Table I11 the larger mo- 
lecular weight compound has a higher electropho- 
retic mobility (lower zone height or conductivity [ eq. 
21 ) than the postulated lower molecular weight. This 
may mean that there is some isomeric effect on the 
placement of the sulfate group or the addition of the 
styrene units. There could even exist the presence 
of additional functionality such as hydroxy groups. 
The corresponding UV signal is the same as the 
model compound so there is supportive evidence for 
the existence of two phenyl rings in the termination 
products. 

The UV signals are influenced dramatically by 
zone changes. The refractive index usually changes 
from one zone to the next and as the zone interface 
is bent because of wall effects on the fluid flow within 
the capillary (fluid nearer the wall travels slower 

than that in the center), this causes incident light 
to deviate from the detector, giving an apparent in- 
crease in absorption. Thus, when zone lengths are 
small this effect can swamp the true absorption of 
the compound. As temperature is also variant within 
the ITP column this may also influence the UV sig- 
nal, though this effect is likely to be very small. 

The UV signals for the emulsion species showed 
good agreement with the model compounds, al- 
though the disulfate termination products (zones a 
and b )  do not give quite as high an absorption as 
the model compounds. This discrepancy may be due 
to an isomeric effect or to one of the reasons asso- 
ciated with interpreting the UV signal described 
above. The disulfate compounds are internally con- 
sistent, however, with the diphenyls displaying twice 
the UV absorption of the compound containing a 

12.7 13.2 13.7 14.2 14.7 

Time (minutes) 

0.0 I I I 
11.6 12.6 13.6 

Time (minutes) 

Figure 5. Isotachopherogram of 2,4-diphenylpentan-1- 
01 hydrogensulfate (DPPS) with both UV transmission 
and characteristic zone resistance. The standard com- 
pound was octyl sulfonate. The major impurity was iden- 
tified as ethyl sulfate. 
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e 
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single phenyl group. The UV signals (Figs. 6 and 7)  
also show two regions (zones c and e )  of very high 
absorption (i.e., low transmission) that belong to 
compounds of similar electrophoretic mobility to SS 
and DPPS. These must contain some extra unsat- 
uration that is conjugated with the phenyl ring. The 
high UV absorption seen with the model compound 
SS [Fig. 2 ( b )  ] demonstrates this phenomenon. 
Their mobilities are marginally higher than the sat- 
urated analogues, which is consistent with this hy- 
pothesis and was observed in a similar study on bu- 
tadiene by Ammerdorffer et al.4 Although the ab- 
sorption is high it is not constant across the zone 
length (Figs. 6 and 7, zones c and e) .  This is most 
likely a result of the small zone length and the ab- 
sorption disturbance associated with zone changes. 
The corresponding resistance measurements show 
the relative size of the zones. As the size of the zones 
change (compare zone e in Figs. 6 and 7 ) ,  the char- 
acteristic absorption is also changed. 

. , . I  

The compound with the highest degree of poly- 
merization observed in the isotachopherograms and 
the species with the smallest electrophoretic mobil- 
ity was the distyrene sulfate (M2SO4). This is an 
important observation as it allows testing of the re- 
action mechanism presented above [ eqs. (3 )  - (7)  ]. 
The validity of any conclusions are weakened some- 
what by not having the capacity to conduct the ITP 
analysis at the reaction temperature of 50°C. In- 
creased solubility at this temperature may have en- 
abled observable (higher) concentrations of oligo- 
mers with higher degrees of polymerization, (e.g., 
sulfate initiator fragments with three styrene 
monomer units attached [ M$304)], to be seen if 
they were part of the reaction scheme. However, if 
there were high concentrations of the M2SOi rad- 
icals in solution then it would be assumed that there 
would exist termination products from them. 
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Figure 7. Isotachopherogram from experiment SIll 
(sample time, 595 min). Shown here without the standard 
compound. 
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Table 111. 
Observed in Experiments SI10,11, 13: Relative Heights and UV Absorptions Were Averaged Over 
All Measurements Obtained 

Results of Isotachopherograms for Surfactant-Free Emulsion Polymerization for All Compounds 

Zone Analogue Compound 

Zone Label Resistance UV Absorption Resistance UV Absorption Assignment of Zone 

a 0.28 0.5 0.31 (PSES) 0.6 M(SO;)2 
b 0.49 1.0 MASO; )2 

C 0.68 high 0.69 (SS) high MSO; (unsat) 
d 0.88 0.6 0.80 (PES) 0.6 MSO; 
e 1.26 high 
f 1.37 1.2 1.33 (DPPS) 1.2 M2SO; 
L 0 0 c1- 
S 1.0 0 CI3HlS03 
T 3.2 0 CHSCHZCOO- 

M2S0; (unsat) 

A product such as tristyrene disulfate [M,- 
( SO; )*] resulting from termination by combination 
between MSOT and M2S02 [eq. ( S ) ]  should have 
a high probability of occurring. 

( 8 )  
- 0 3 q - F '  -03so-c-c-c-c. 

, I  I I  

This would have a zone height relative to 
C8Hl7SO: of about 0.7 to 0.8, as there is normally, 
for a given charge, a linear response between mo- 
lecular weight and electrophoretic mobility, and a 
UV absorption of about 1.6-1.8 relative to other ab- 
sorptions. As there was no distinct zone of this de- 
scription we can conclude that there was not a large 
amount of this product created. The zone (c  in Figs. 
6 and 7)  in this region, however, can at  times appear 
as a mixed zone with high UV absorption; it is 
therefore possible that some of this species was pro- 
duced in addition to the unsaturated MSO; product. 
If it were at small concentrations it would not appear 
as a separate zone and its characteristic UV ab- 
sorption would be swamped by the SS-like molecule. 

Concentration of Termination Products 

Figures 8-11 show the variation of product concen- 
trations with reaction time for three of the four ex- 
periments performed. Unfortunately, these data 
cannot be used to make unambiguous conclusions 
as to the correctness of the reactions ( 3 ) - ( 7 )  or 
their attendant rate coefficients. This is apparent 
from Figure 12 as there is continuing product evo- 
lution past 100% monomer conversion, indicating 

that subsequent reactions such as hydrolysis con- 
tribute to the accumulated products. The experiment 
S112 did not have any termination products that 
could be observed quantitatively. Exploratory ex- 
periments with initiator concentrations lower than 
1OP2M also showed this effect. Therefore, a mini- 
mum initiator concentration of approximately 5 
X 10-2M was needed to obtain enough product to 
be observable. In theory, this lower limit could be 

/ 
le3 

0 500 lo00 

Time binutes) 

Concentration of aqueous phase componen Figure 8. 1 

as a function of time for experiment SI10. The compounds 
shown are: (0) styrene disulfate [MI (SO,),], (+) disty- 
rene disulfate [ M2( ( A )  unsaturated styrene sul- 
fate [ MISO4 (unsat ) 1 ,  ( X ) styrene sulfate ( MISO,), (0 )  
unsaturated distyrene sulfate [ MzS04 (unsat ) ] , and ( ) 
distyrene sulfate ( M2S04) .  The lines joining the points 
are for visualization purposes only. 
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0 loo0 0 

Time (minutes) 

Figure 9. Concentration of aqueous phase components 
as a function of time for experiment SI11. The compounds 
shown are: (0) styrene disulfate [MI (SO,),], (+ ) disty- 
rene disulfate [ M,( ( A )  unsaturated styrene sul- 
fate [ MISO, (unsat ) 1 ,  ( x ) styrene sulfate ( M1SO4), (0 )  
unsaturated distyrene sulfate [ M,SO, ( unsat ) ] , and ( ) 
distyrene sulfate ( M2S04). The lines joining the points 
are for visualization purposes only. 

2 
Y P 

0 loo0 

Tfme (minutas) 

Figure 10. Concentration of aqueous phase compo- 
nents as a function of time for experiment SI13. The com- 
pounds shown are: (0)  styrene disulfate [M, (SO,),], (+) 
distyrene disulfate [ Mz (SO,),], ( A )  unsaturated styrene 
sulfate [ MISO, (unsat ) 1,  ( X ) styrene sulfate ( MISO,), 
( 0 )  unsaturated distyrene sulfate [ M2S04 (unsat ) 1 ,  and 
(B) distyrene sulfate (M,SO,). The lines joining the points 
are for visual representation only. 

Time binutes) 

Figure 11. Concentration of aqueous phase compo- 
nents as a function of time for experiment SI13, showing 
the range from 0 to 400 min. The compounds shown are: 
(0) styrene disulfate [MI (SO,),], (+) distyrene disul- 
fate [ M2 (SO,),], ( A )  unsaturated styrene sulfate 
[ MISO, (unsat ) 1,  ( X ) styrene sulfate ( MISO,), (0 )  un- 
saturated distyrene sulfate [ M2S04 (unsat ) 1,  and (m) di- 
styrene sulfate (M,SO,) . The lines joining the points are 
for visual representation only. 

changed by using a lower leading ion concentration. 
If it is too low, however, the voltage needed to gen- 
erate the desired current is above the capability of 
the instrument. 

The concentrations of termination products 
shown are derived from relative zone lengths. Only 
two of the model compounds used were pure and the 
difference in zone heights for these compounds was 
small, making it difficult to use these to quantify 
the various zone concentrations. Calibration was 
performed through the use of a series of alkyl sul- 
fonates of carbon chain lengths 4,8, and 12. These 
gave a graph of zone height (or mobility) versus the 
number of moles that pass the detector per second 
(Fig. 13). This could be extrapolated over the range 
of zone heights (mobilities) required. The total con- 
centration in the sample can then be calculated from 
the total zone length in seconds and the injection 
volume. The linear extrapolation over the range of 
mobilities considered may be subject to some error 
(ca. &20% maximum). 

There are several interesting features to the 
change in the product concentrations with time. The 
following discussion will focus on: ( 1 ) how the iden- 
tified products change with time and relative to one 
another, (2) the mechanism of termination in the 
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aqueous phase, and ( 3 ) the implications of these 
results for the model of Maxwell et al.' 

1. The concentrations of aqueous phase termi- 
nation products all increase with time until high 
conversion is reached (Fig. 12) .  Once the monomer 
concentration in the polymerizing system is reduced 
significantly, then subsequent reactions of the water 
soluble products give rise to changes in the concen- 
tration of some species. These reactions could also 
be the adsorption onto existing particles by any sur- 
face active species (examined more fully in a later 
section). Most notable are the variations in con- 
centration of the distyrene sulfate and disulfate 
compounds. The MzSO concentration increases in 
all experiments late in the polymerization, while the 
Mz(S0;)2, which is initially high, falls in concen- 
tration. This would indicate that the products that 
occur a t  the end of the polymerization are the result 
of hydrolysis, or similar reactions, leading to the re- 
moval of sulfate groups as is in eq. ( 9 ) : 

In addition, the higher initiator concentration of 
experiment S113 shows a slightly different trend 
with the unsaturated MzSO; increasing with time, 
possibly at the expense of the saturated MzSO; 
which actually decreases over this region (1000-2000 
min) despite increasing steadily over the 0-1000 min 
time region. Therefore it could be postulated that 
there is hydrogen abstraction from the termination 
products by the sulfate radicals, e.g.: 

-1 0 SI l l  

- 1  
v -  

0 loo0 a300 

Time (Minutes) 

Figure 12. 
function of time for experiments SI10, SI11, and SI13. 

Conversion (measured by gravimetry) as a 

a@ 
0.2 0.5 0.8 1.1 1.4 

-*- 
Figure 13. Zone length concentration (pmol) per unit 
time as a function of zone height for the ITP conditions 
specified in Table 11 and at  an operating current of 40 PA. 
The line of best fit shown was used for the purpose of 
extrapolation. 

The reaction scheme presented above [ eqs. ( 10) and 
( 11) ] is only one of several reaction schemes possible 
for the abstraction of hydrogen from any of the re- 
action products. Taniguchi et al." have demon- 
strated hydrogen abstraction by hydroxyl radicals 
using electron spin resonance measurements of car- 
boxylic acids and amines. Attack was found to be 
preferentially a t  the proton adjacent to the terminal 
methyl group, although it was also subject to ab- 
straction. The rate coefficient for eq. ( 11 ) has been 
measured for a variety of alcohols l2 at between lo7 
and lo8 dm3 mo1-l s-' and although these are not 
for sulfated species the possibility of attack would 
appear high. The above scheme was postulated by 
Okuba and Mori13 for sodium dodecyl sulfate and 
adopted here as being general for carbon backbones 
with labile protons. The formation of the unsatu- 
rated compound was not specified by Okuba and 
Mori and eq. (11) may be one of many possible 
reactions. The formation of an alcohol may also 
occur in preference to the unsaturated compound of 
eq. (11). 

An additional pathway for the formation of an 
intense UV absorbing compound is through creation 
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of a carbonyl group. This could occur via the follow- 
ing mechani~m'~ utilizing, e.g., the product from re- 
action ( 9)  : 

The above reaction is possible with any primary and 
secondary alcohols that may be formed during re- 
action. 

Evidence for creation of both hydroxy and car- 
bony1 groups is shown in Figures 14-16. Proton 
NMR analysis on a freeze-dried sample of the final 
product of S113 in deuterated chloroform (Fig. 14) 
and in D20 (Fig. 15) show both the presence of ar- 
omatic and aliphatic protons. In addition there is a 
very broad band at ca. 1.75 ppm that is present in 
the CC13D spectra but is absent from the D20. This 
is strongly suggestive of a hydroxy group attached 
to the alkyl chains present in the molecules. This 
functional group can undergo exchange in the pres- 
ence of D20 and it is consequently absent from the 
spectra in DzO. As the spectrum is on a sample con- 
taining many compounds it is difficult to give a com- 
plete identification of the products formed and es- 
tablish where the OH groups are actually attached. 
The IR spectrum of the same product shown in Fig- 
ure 16 also demonstrates the presence of hydroxy 

functionality with a very strong absorption at 3400 
cm-' . The existence of some carbonyl functionality 
is also evident as there is a small absorption at 1600- 
1700 cm-I, characteristic of such a group. 

The important consideration of these subsequent 
reactions is that it makes it very difficult to model 
the product formation over time. While monomer 
concentration in the aqueous phase is at its satu- 
ration value15 (4 x 10-3M) the propagation reaction 
between monomer and sulfate radicals should be the 
dominant reaction as it has been shown to be in the 
diffusion lirnit,I6 with a rate coefficient of 2 X lo9 
dm3 mol-' s-'. As the hydrolysis or hydrogen ab- 
straction reactions are unlikely to be this fast, given 
the existence of high concentrations of sulfated 
products and the conclusions of Okuba and Mori, l3 

the reaction scheme as presented in eqs. (3)  - ( 7 )  
should be an accurate representation of the main 
reactions controlling entry. It is probably somewhat 
simplistic at later times when side reactions such as 
those discussed above may become more important. 
Without knowing greater isomeric information, 
perhaps from NMR data on well-separated product 
components, it is hard to evaluate the extent of these 
reactions throughout the course of the polymeriza- 
tion. 

2. Initially, the product of highest concentration 
is that of the distyrene disulfate [ M2 ( SO;)z] (Fig. 
11). This would be expected from the reaction 

c 
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Figure 14. 'H-NMR spectrum for the freeze dried product of experiment SIll in CDCIB. 
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I 
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Figure 15. 'H-NMR spectrum for the freeze dried product of experiment SIll  in D20. 

scheme presented in eqs. ( 3 )  - (7 ) .  As the rate of 
propagation between the sulfate radical and styrene 
has been measured at  the diffusion limited value, as 

0 . 0 : .  I - I .  I .  I .  I .  I . ,  . I  
0 5 0 0 1 o o o 1 5 0 0 2 o o o 2 5 0 0 3 o o o ~ 4 a M  

frequency (Ycm) 

Figure 16. 
experiment SI11. 

IR spectrum for the freeze-dried product of 

discussed above, the radical of highest aqueous- 
phase concentration in the polymerization system 
is the MSO 2. This means that termination between 
two of these species should produce the dominant 
products as outlined in eq. (6) .  This is obviously 
the case. In addition, as Mz ( SO;)p  is the dominant 
product species, the mechanism by which the ter- 
mination occurs could be concluded to be primarily 
by combination at early times [ eq. (6) 1. However, 
there is also the formation of relatively high con- 
centrations of M,SO i ,  so that disproportionation 
cannot be ruled out as a termination mechanism. If 
disproportionation were to occur it would be ex- 
pected that there would be similar concentrations 
of the unsaturated MISO; also present [ eq. ( 6 )  1. 
As this is not the case there are four possible routes 
leading to the formation of the observed products: 

a. Disproportionation is unfavorable in com- 
parison to combination and the MISO; spe- 
cies observed are the result of hydrolysis of 
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the M1 ( SO;)z formed from termination by 
combination between sulfate radicals and 
styrene sulfate radicals. The existence of hy- 
droxy functionality, which results from such 
a reaction, was discussed above. This pos- 
tulate also has some supporting evidence 
from the ITP results as the MISO; from the 
reaction mixture had a lower mobility (higher 
resistance) than the analog compound used. 
This may indicate the presence of an OH 
group which would act to decrease mobility. 
In the presence of buffer, and therefore higher 
pH conditions (final pH = 6 ) ,  the change in 
experimental products at the end of poly- 
merization is reduced (Fig. 8). This is con- 
sistent with hydrolysis being favored at low 
pH conditions as shown by experiments S I l l  
and S113 (Figs. 9 and lo ) ,  where the change 
in product concentrations is greater. The final 
pH in both these cases was of order 2-3. The 
buffer seemed to have little other effect. 

The small concentration of unsaturated 
MISO; formed in the above scenario could 
simply be from hydrogen abstraction of the 
MISO; product by sulfate radicals as shown 
in eqs. (10) - ( 11) and termination by the 
disproportionation route could be postulated 
to be very unfavorable. 

b. The unsaturated MISO;, for which styrene 
sulfonate is an analog, that results from dis- 
proportionation, propagates in competition 
with styrene monomer in the aqueous phase. 
The rate coefficient for the propagation of a 
monomer such as styrene sulfonate is un- 
known but may be similar to styrene. This 
would deplete the concentration of this prod- 
uct in the aqueous phase and means that dis- 
proportionation may be a competing termi- 
nation mechanism with combination, with 
the saturated MISO; the only observable 
remnant. 

c. Transfer to monomer or other compounds in 
the aqueous phase results in the formation 
of MISO; product, which is observed in this 
system. Thus, disproportionation would not 
need to be part of the reaction scheme. The 
rate of transfer compared with propagation 
would preclude this possibility, l7 although the 
measurements are for nonpolar media. Water 
may influence the ratio of propagation to 
transfer and there may also be an effect of 
chain size on this ratio. Clearly, such reac- 
tions in the aqueous phase merit further 
study to elucidate the rate coefficients in this 
important regime. 

d. The concentrations of all species are strongly 
influenced by their adsorption isotherms 
which could be dependent on particle size. As 
will be shown later in this article, only the 
MISO; species can adsorb at the particle 
surface and for the M2( SO;)*, MISO; (sat- 
urated and unsaturated) species under dis- 
cussion, such a route is unavailable. 

As points c and d must be considered unlikely, it 
is possible that some disproportionation termination 
is occurring in the aqueous phase. Energetically the 
combination reaction must be considered more fa- 
vorable as it is a barrierless (radical-radical recom- 
bination) reaction.18 The disproportionation reac- 
tion involves hydrogen abstraction (bond breaking) 
and would be expected to have a significant enthalpic 
barrier. As the species reacting are charged and the 
free radical sites are likely to be sterically hindered 
[ eq. ( 6 )  J this may contribute to the disproportion- 
ation reaction over the combination mechanism. 
These results show unambiguously that combination 
is the most favorable reaction while there are a 
number of reasonable reaction pathways that could 
lead to the formation of the products that could also 
arise from disproportionation. Thus, it is not pos- 
sible to rule out disproportionation entirely but it 
is unlikely to be as important as the combination 
reaction. 
3. The model proposed by Maxwell et al. for the 

entry of radicals from the aqueous phase into latex 
particles' postulated that the distyrene sulfate rad- 
icals were responsible for the entry process. This 
was deduced as a result of extensive modeling of 
experimental kinetic data and thermodynamic con- 
siderations of surface active species. The data pre- 
sented here are of direct relevance to the validity of 
this model as the assumptions made in developing 
it were twofold ( 1 ) radicals entered particles from 
the aqueous phase very quickly once they grew to 
become surface active, and (2)  growth of the oligo- 
mer to become surface active was the rate-deter- 
mining step. Analysis of the termination products 
helps establish what radical species remain in the 
aqueous phase and which may have been adsorbed 
at particle interfaces. 

Several complicating factors make the interpre- 
tation of results difficult. The temperature of the 
ITP analysis is not the reaction temperature. In ad- 
dition, the formation of particles throughout the 
course of polymerization with the attendant coag- 
ulation and growth reactionslg makes the system 
quite complex. This will impinge on the ability to 
understand effectively the entry process as the 
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adsorption step will be influenced by the particle 
population changing during the course of the poly- 
merization. To overcome this problem seeded ex- 
periments need to be carried out. Under the ionic 
strength conditions created by the high initiator 
concentration this is difficult because of inherent 
instability of the latex to coagulation. Seeded ex- 
periments also introduce surfactants that can in- 
terfere with the interpretation of the isotachopher- 
ograms and may also become involved in some of 
the  reaction^.'^ 

The ITP results show that there is a large aqueous 
phase concentration of the M2SO; molecules. The 
reaction scheme outlined above assumed that the 
propagation steps, subsequent to the addition of the 
first monomer unit to the sulfate radical, had the 
long chain rate rate coefficient (258 dm3 mol-' s-l 
a t  5OoC), 2o whereas the first step [ eq. ( 4 )  ] is many 
orders of magnitude faster. There exists some 
evidence2' for this assumption although it has not 
been measured directly. Thus, the population of 
M2S02 radicals is likely to be somewhat less than 
that of the MISO a radicals. As the entry theory only 
considers the population of radicals of entering 
length, their concentration must be inferred from 
the reaction products present. The termination 
products possible from the reaction of the M2S02 
with other likely species are: M,(SO;),, M3- 
( SO;)2, and M4( SO;)2 for termination by combi- 
nation with SO 2, MISO 2, and M2S0 2,  respectively; 
M2S0 ( saturated and unsaturated), M,SO ( sat- 
urated and unsaturated) for termination by dispro- 
portionation with SO 2, MISO 2, and MzSO 2 .  There 
can also be termination between radicals of higher 
degrees of polymerization if they exist. As already 
stated, the radical of highest concentration is the 
MISO 2 and should therefore be the most likely ter- 
mination partner of any M,SO 2. Since combination 
was shown to be the dominant termination mech- 
anism when considering the MlS02, it would be 
likely that the termination product of highest con- 
centration would be the M3( SO;)z. As previously 
pointed out, there is no evidence that this zone is 
present, although the result is somewhat ambiguous 
because of the presence of species of similar elec- 
trophoretic mobility. The M4 ( SO, )2 product should 
in principle be observable at a relative zone height 
of approximately 0.9-1.0. There is no zone observed 
at this height, although the concentration could be 
too low to be seen. As the M2 ( SOT )2 compound has 
been shown to decrease in concentration at the end 
of polymerization it is possible that these products 
are also unstable. It is unlikely, however, that larger 
disulfates would be any more unstable than the 
M2(S04)2 because of the greater separation of 

charge, and it can be concluded that their concen- 
tration never reaches detectable levels. 

Disproportionation could give high concentra- 
tions of M2SO; in the aqueous phase as observed. 
Products for this reaction [ eq. ( 13)],  however, 
should include higher concentrations of the unsat- 
urated compound than is observed 

Again, it is possible that the unsaturated compounds 
could react further with free radical attack on the 
double bond as outlined in the previous section. The 
concentration of unsaturated M2SO; increases at 
the end of the reaction in the experiment with 1 
X 10-'M persulfate concentration (SI13), while the 
saturated M2SO; increases in the experiments S I l l  
and SI12. Concurrent with the increase in the con- 
centration of the unsaturated M2SO; in experiment 
S113 which has a high initiator concentration, is a 
decrease in the concentration of saturated compound 
so that the total distyrene sulfate concentration 
shows similar trends to the experiments at lower 
initiator concentrations. This would indicate that 
hydrogen abstraction [ e.g., eqs. ( 10 ) - ( 11 ) ] is oc- 
curring when there are more sulfate radicals pro- 
duced than can react with monomer. Abstraction 
may be occurring throughout the reaction and could 
possibly be the mechanism whereby formation of 
the unsaturated compounds occurs. If, as suggested, 
disproportionation is not the major termination 
mechanism, then the only way the MzSO; product 
can be formed is through the hydrolysis of the 
Mz ( SO;)2. Evidence for this last (and favored) 
suggestion was discussed above. 

As there are several alternative reactions which 
could lead to the observed products, without infor- 
mation regarding the individual rate coefficients it 
is hard to make strong conclusions concerning the 
behavior of radicals in the system. It would appear, 
however, that there is not strong evidence for 
M2S0 2 radicals undergoing termination reactions 
in the aqueous phase, particularly if combination is 
the more energetically favored mechanism. 

Surface Activity of the Reaction and 
Model Compounds 

Figures 17 and 18 show the adsorption character- 
istics of the model compounds and the reaction 
products (from SI11). For each compound ITP 
analysis was used to measure: the initial relative 
concentration, the subsequent concentration after 
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Figure 17. The adsorption characteristics of three 
model compounds: phenylethylsulfate, 2,4-diphenylpen- 
tan-1-01 hydrogensulfate, and dodecyl sulfate. The three 
columns associated with each compound are the relative 
solution concentration ( W )  , the concentration after fil- 
tration procedure (Ed), and the aqueous concentration after 
mixing with cleaned latex particles and subsequent filtra- 

). Adsorption on the filter surface is shown to be 
negligible and adsorption onto the particle surface is in- 
dicated by a decrease in the aqueous phase concentration. 
Concentrations are relative to a known concentration ( 2  
x M) of a standard solution of octyl sulfonate. 

that solution had undergone filtration, and finally 
the aqueous phase concentration after mixing with 
seed latex and separation by filtration. These results 
show that the filtration step does not influence the 
aqueous phase concentrations (within experimental 
error) as the relative concentrations before and after 
are constant. After addition of seed particles the 
concentration of some compounds in the aqueous 
phase is reduced appreciably. As the concentration 
in the aqueous phase has decreased, the remainder 
must have adsorbed on the surface of the latex par- 
ticles, that were present prior to filtration. The de- 
crease in aqueous phase concentration that is seen 
by those compounds is compared to SDS (Fig. 17) 
which displays strong surface active behavior. The 
results show that the only product compounds to 
demonstrate appreciable adsorption onto latex par- 
ticle surfaces are those with a minimum of two sty- 
rene units attached to the sulfate head group. This 
is in excellent agreement with the thermodynamic 
rationalizations set forth by Maxwell et al.' for this 
process. 

The above result also demonstrates why probable 
termination products for the MzSO 2 moiety are not 
observed. It is highly likely that they will exist at 
the particle surface and undergo reactions there. 
Termination at the particle surface with radicals 

within the particles could also occur. This may lead 
to the formation of the MzSO; product, of which 
there is a considerable concentration in the aqueous 
phase, from a reaction not in the aqueous phase. 
These experiments also demonstrate that the for- 
mation of large quantities of surface active material 
is possible in the emulsion polymerization of styrene 
and that it is not all bound to the particle surface. 
It is this that makes so-called surfactant free emul- 
sion polymerization possible, although the term is 
something of a misnomer. 

CO NCLUS I0  NS 

Three important conclusions can be drawn from the 
experimental results presented here. The first is that 
bimolecular termination of small charged oligomeric 
radicals in the aqueous phase appears to be predom- 
inantly via combination. While some dispropor- 
tionation products are observed there is ambiguity 
surrounding this reaction as there are a number of 
pathways to these products. Second, the distyrene 
monosulfate compounds are demonstrated to be 
surface active while compounds with smaller hydro- 

a C d e f 
Compound(Zone) 

Figure 18. The adsorption characteristics of the final 
reaction products from experiment SI11. The compounds 
are indicated by the zone label assigned in Figures 6 and 
7, and are identified in Table 111. The three columns as- 
sociated with each compound are the relative solution 
concentration of the reaction product separated from the 
nucleated particles ( W )  , the concentration after further 
filtration (H) , and the aqueous concentration after mixing 
with cleaned latex particles and subsequent filtration ( 
Adsorption on the filter surface is shown to be negligible 
and adsorption onto the particle surface is indicated by a 
decrease in the aqueous phase concentration. Significant 
adsorption is only apparent for the two distyrene sulfate 
compounds [ M2S04(unsat) and M2S04], within the ex- 
perimental error of the system. 
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phobic tails are not. This supports the assumptions 
of the model for entry of free radicals into latex par- 
ticles of Maxwell et al., that surface active free rad- 
icals “enter” latex particles by a two-step process: 
following its propagational growth in the aqueous 
phase a radical must adsorb onto a latex particle, 
and then it must propagate into the latex particle. 
Entry of radicals into latex particles before being 
surface active is unlikely, and the hydrophobic tail 
for sulfate radicals must be at least two styrene units 
long to achieve surface activity. The surface active 
species arising from termination, that are observed 
in this study, could not propagate into the latex par- 
ticles. However, the combination products that 
would have resulted from termination with the di- 
styrene sulfate radical, the species postulated to be 
responsible for entry, are not observed in the 
aqueous phase utilizing this technique. This provides 
support for the conclusions that species of this size 
and type are surface active and are more likely to 
adsorb at  the latex particle surface. Third, the pres- 
ence in the aqueous phase of termination products 
in styrene emulsion polymerizations dictates that 
initiator efficiencies must be less than 100%: an im- 
portant result considering that 100% initiator effi- 
ciencies are often assumed for these systems. 

Finally, analysis of aqueous phase termination 
products of emulsion polymerization by ITP has 
proved to be a useful technique because not only can 
the degree of polymerization of these species be de- 
termined but so too can their charge. Future work 
should include more exhaustive qualitative and 
quantitative calibration of these products, perhaps 
at lower detection levels and at elevated tempera- 
tures in an attempt to probe more fully the aqueous 
free radical chemistry in emulsion polymerization. 
Other techniques, such as NMR, could also be 
brought to bear more fully on the problem. An ex- 
amination of the possible side reactions such as hy- 
drolysis would be important in resolving more fully 
the complete aqueous phase chemistry. Such 
knowledge is important in establishing the kinetics 
of both free radical entry and particle formation. 
The techniques developed here for styrene are also 
applicable to other monomer systems and could be 
used in elucidating mechanistic understanding of 
emulsion polymerization. 
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