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SYNOPSIS 

Bulk and emulsion copolymerizations of an w-unsaturated poly(methy1 methacrylate) 
(PMMA) macromonomer with n-butyl acrylate (n-BA) were investigated. The reactivity 
of PMMA macromonomer in bulk copolymerization with n-BA was found to be lower than 
that of methyl methacrylate monomer with n-BA. The incorporation of PMMA macro- 
monomer into poly(buty1 acrylate) (PBA) latex particles by miniemulsion copolymerization 
was proved by high performance liquid chromatography-silica adsorption spectroscopy. 
Dynamic mechanical studies showed that PMMA macromonomer was grafted to the PBA 
backbone, and the degree of grafting increased as the ratio of PMMA macromonomer to 
n-BA increased. Microphase separation of the PMMA macromonomer grafts was observed 
at  higher ratio of macromonomer (higher or equal to 10% weight of macromonomer based 
on total polymer phase). The n-BAIPMMA macromonomer copolymer behaved completely 
differently from the physical blend of PBA and PMMA macromonomer particles of the 
same composition. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Block or graft copolymers can be used as compati- 
bilizing agents to improve the interfacial character- 
istics between the different polymer phases. How- 
ever, graft copolymers are less widely used as com- 
patibilizing agents than block copolymers because 
the molecular structures of these graft copolymers, 
which are commonly prepared by chemical grafting 
reactions, are difficult to characterize and the ex- 
perimental techniques for controlling these grafting 
reactions are limited as well.'-2 Since Milkovich and 
Chiang developed the method of preparing copoly- 
mers with uniform grafts using the macromonomer 
technique, the synthesis of macromonomers and the 
copolymerization of macromonomers and comono- 
mers have been studied e~tensively.~-~ Nevertheless, 
little has been published on the emulsion copoly- 
merization of a water-insoluble macromonomer and 
a comonomer. Several authors have suggested that 
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the macromonomer/comonomer emulsion copoly- 
merization occurs only when the reaction locus is 
in the monomer 

The ability of the macromonomer to become in- 
volved in a copolymerization process is controlled 
by the reactivity ratio of the macromonomer and 
the comonomer. Because the physical properties of 
the graft copolymers are dependent on the distri- 
bution of the grafts along the backbone, the copo- 
lymerization behavior must be well understood. Re- 
garding the copolymerization reactivity of a macro- 
monomer, the following must be considered as major 
influencing factors": (1) copolymerization reactivity 
of the polymerizable end group, (2) enhanced dif- 
fusion control effect associated with the large size 
of the macromonomer (this might lower the relative 
copolymerization propagation rate of the macro- 
monomer to the comonomer, as the higher molecular 
weight of the macromonomer may reduce its trans- 
lational diffusivity and increase the topological re- 
sistance against the segmental diffusion of the re- 
active end group), and (3) nonhomogeneous distri- 
bution of the polymerizable end group in the reaction 
media associated with the thermodynamic repulsive 
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interaction between the macromonomer and the 
propagating copolymer chain and/or the incompat- 
ibility between the unlike polymers. In our studies, 
the reactivity ratio of n-butyl acrylate (n-BA) and 
poly(methy1 methacrylate) (PMMA) macromon- 
omer in bulk copolymerization was determined using 
the integrated form of the copolymerization equation 
developed by Jaacks." 

Miniemulsion copolymerization was used to in- 
corporate the PMMA macromonomer into poly- 
(butyl acrylate) (PBA) chains.12 Based on the dif- 
ference in the hydrophilicity between PMMA mac- 
romonomer and n-BA monomer, the n-BAIPMMA 
macromonomer copolymers are expected to reside 
at  the interface of the PBA particles. These copol- 
ymers can be used as compatibilizing agents to im- 
prove the coverage of the core PBA particles by a 
PMMA shell in composite latex particles, when the 
PBA particles are used as seed in a second-stage 
emulsion polymerization of methyl methacrylate 
(MMA) monomer. The incorporation of the macro- 
monomer was followed by high-performance liquid 
chromatography (HPLC)-silica adsorption spec- 
troscopy. The dynamic mechanical properties of 
PBA incorporating PMMA macromonomer latex 
films were studied and related to the compatibility 
between the PBA and the PMMA phases. 

EXPERIMENTAL 

Materials 

n-BA monomer (Aldrich) was washed with 10% 
aqueous sodium hydroxide solution and then with 
distilled-deionized water, was dried overnight (at 
-4°C) with anhydrous sodium sulfate (100 g/L), and 
finally was passed through a column packed with 
the inhibitor remover (Aldrich). The monomer was 
stored at -4°C prior to use. For the bulk copoly- 
merization reactions, n-BA monomer was freshly 
distilled under reduced pressure at  15 mmHg before 
use. The PMMA macromonomer (M,  = 5.3 X lo3 
g/mol, M,/M,, = 1.89; du Pont) (Fig. 1) was used as 
received. (This macromonomer was prepared by free 
radical polymerization of MMA using a cobalt [11] 
complex [such as cobalt porphyrins or cobaltoximes] 
as a catalytic chain transfer agent13-15). Polystyrene 
( M ,  2.9 X lo6 g/mol, M,/M, = 1.09; Polymer Lab- 
oratories), azo-(bisisobutyronitrile) (AIBN) (Ko- 
dak) , sodium lauryl sulfate (Henkel), hexadecane 
(Aldrich), potassium persulfate (Fisher), tetrahy- 
drofuran (Aldrich), 2-butanone (Aldrich), and tol- 

COOCH, 
I 

C HpC-C H2-( MMA), 

Figure 1 
X lo3 g/mol, M,/M,, = 1.89. 

Structure of PMMA macromonomer. M ,  = 5.3 

uene (Aldrich) were also used with no further pu- 
rifications. 

Characterization and Testing 

Copolymerization Reactivity Ratio: Theoretical 
Considerations 

When two monomers, M1 and Mz, are copolymerized 
using a radical initiator, the consumption of M1 and 
M2 during the time interval (t ,  t + dt), which deter- 
mines the instantaneous composition of the copol- 
ymer formed, is given by the well-known copolymer 
composition equation: 

where d[M,] and d[M2] are the concentrations of 
M1 and M2 in the resulting copolymer, [M,] and 
[M2] are the concentrations of monomers 1 and 2 
in the monomer feed, and rl and r2 are their reac- 
tivity ratios. Each ri depicts the ratio of the rate 
constant for a reactive propagating species adding 
to its own type of monomer over the rate constant 
for its addition to the other monomer. 

In 1972 Jaacks proposed a novel method for the 
determination of reactivity ratios in binary and ter- 
nary copolymerizations." He simplified the deter- 
mination of reactivity ratios by using an excess of 
one monomer (M,) so that the copolymer has a very 
small content of the other monomer (M2). Under 
these circumstances, chain propagation takes place 
almost exclusively by addition to polymer radicals 
with a terminal M1 unit. Since [M,] % [M2], the 
following can be assumed 

Equation 1 then reduces to 
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This situation is almost always encountered where 
M2 is a macromonomer, because in a regular system 
the molar composition of the macromonomer in the 
feed is extremely low even at high feed ratios by 
weight. Therefore, the copolymerization of monomer 
M1 with macromonomer M2 can be described only 
by the rl value and monomer feed composition [MJ/ 
[M2]. Taking the induction periods into account, the 
relative reactivity ratio rl can be estimated from the 
rearrangement of eq. (4): 

log- w11, x rl log- [MPlt + constant (5) 
[MI10 w 2 1 0  

This reduced copolymerization equation became the 
classic method used to study the reactivity of mac- 
r o m o n o m e r ~ . ~ ~ J ~ - ~ ~  The relative copolymerization 
reactivity of the macromonomer is normally eval- 
uated by l/r, (i.e., k12/k11, the ratio of the rate con- 
stant for a propagating copolymer radical adding 
macromonomer to the rate constant for adding its 
own comonomer), because the low molar concen- 
tration of the macromonomer makes it difficult to 
determine the exact value of r2 directly. Since the 
value of rl is inversely proportional to the macro- 
monomer reactivity, the higher the value of rl, the 
less reactive is the macromonomer. 

Bulk Copolymerization of n-BA and PMMA 
Macromonomer 

Copolymer samples were prepared by bulk poly- 
merization of n-BA and PMMA macromonomer. 
AIBN was used as a radical initiator. n-BA and 
PMMA macromonomer were weighed in a glass tube 
and AIBN was added after the macromonomer was 
completely dissolved. The copolymerization exper- 
iments were carried out in a water bath at  70°C 
under constant agitation. After a specified reaction 
time, the mixture was quenched with ice to stop the 
reaction. The degree of n-BA conversion was under 
15% for all the macromonomer/n-BA ratios. 

The monomer conversion was followed by gra- 
vimetry. The macromonomer conversion was fol- 
lowed by gel permeation chromatography (GPC; 
Waters Associate). The measurements were made 
using a differential refractometer detector, and a set 
of ultrastyrogel columns of lo3, lo4, and 106 A, op- 
erated at room temperature. Tetrahydrofuran 
(THF) solvent was used at a flow rate of 1 ml/min. 
The GPC samples were prepared by drying the co- 
polymer samples in a vacuum oven until no traces 

in THF and mixed with a THF solution of high- 
molecular-weight polystyrene (PS) used as an ex- 
ternal standard. Only the peaks of the unreacted 
macromonomer and PS were detected from the GPC 
spectra. We anticipate that the copolymer may be- 
come highly branched and/or crosslinked upon 
drying, as evidenced by the high viscosity of the so- 
lution. This branched and/or crosslinked copolymer 
was then filtered out before the sample was injected 
into the GPC. It is not clear how the chains become 
branched and/or crosslinked; however, this phe- 
nomenon is possibly related to the presence of the 
residual cobalt from the PMMA macromonomer 
synthesis. (It is well known that cobalt salts are 
widely used as efficient autoxidant catalysts in paint 
formulations2'). Conversions of the macromonomer 
at given copolymer feed ratios were determined from 
the relative peak area of a high-molecular-weight 
PS standard to that of an unreacted macromonomer 
using a calibration curve, which was developed by 
injecting samples of known weights of PS standard 
and PMMA macromonomer into the GPC. The area 
ratios of PS and PMMA macromonomer peaks in 
these samples were then determined from the chro- 
matograms. An example of a typical GPC chro- 
matogram of the PS standard-PMMA macromono- 
mer mixture in THF is shown in Figure 2. At least 
two injections were made for each copolymer and 
standard solution, and the results were averaged. A 
linear dependence between the weight ratio and area 
ratio of the polystyrene standard and PMMA mac- 
romonomer was obtained, as shown in Figure 3. 

0.0365 - 
PMMA 

0.036 - Macromonomer 
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Figure 2 A GPC chromatogram of a mixture of PS 
standard (M, 2.9 X lo6 g/mol, M,/M,, = 1.09) and PMMA 
macromonomer (Mu = 5.3 X lo3 g/mol, M,/M, = 1.89) 

of n-BA were left. The polymer was then dissolved in THF. 
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Figure 3 The relationship weight ratio versus GPC peak 
area ratio of a high molecular weight PS standard and 
PMMA macromonomer. 

slope (I,) = 0.81 

3 M, = macromonomer 

HPL C-Silica Adsorption Chromatography 

Graft copolymers of n-BA and PMMA macromono- 
mer were characterized using HPLC-silica adsorp- 
tion chromatography with a solvent gradient. The 
copolymers were synthesized by miniemulsion co- 
polymerization. The copolymerization procedure has 
been described in detail elsewhere." The copolymer 
solutions in toluene were prepared by azeotropic 
distillation of the latexes. In this method, toluene 
was added to the latex to form an azeotropic mixture 
with water present in the latex serum and distilled 
using a vacuum evaporator (Flash Evaporator, 
Buchler Instruments) until all the water was re- 
moved. Polymer samples were eluted using a tolu- 
ene12-butanone mixture with a gradient changing 
from 98% : 2% toluene/2-butanone to 100% 2-bu- 
tanone in 30 min. Evaporative light scattering was 
the detection method. 

Differential Scanning Calorimetry 

The glass transition temperature (T,) of the macro- 
monomer was determined using differential scan- 
ning calorimetry (DSC) (Mettler DSC Model-30). 
The sample was weighed (0.15-0.30 mg) in an alu- 
minum pan and placed in the heating chamber of 
the differential scanning calorimeter. The measure- 
ments were run in the temperature range of -50°C 
to 120°C. The heating rate was 10"C/min. The 
sample was analyzed twice; the first run was per- 
formed to eliminate any thermal history while the 
second run measured the TB' 

Dynamic Mechanical Studies 

Samples were prepared by air-drying the PBA la- 
texes on folded release paper and cutting the films 

to the desired shape. The sample dimensions were 
on the order of 1 X 10 X 25 mm. Experiments were 
performed on the Rheometric Solids Analyzer (RSA 
11), which applies a tensile strain to the sample, using 
thin-film geometry. The films were analyzed in the 
temperature-sweep mode in a dry nitrogen atmo- 
sphere at the frequency of 6.28 rad/s and over a 
temperature range of -100°C to 200°C. Data were 
recorded every 5°C. 

RESULTS AND DISCUSSION 

Reactivity Ratio of n-BA and PMMA 
Macromonomer in Copolymerization 

Graft copolymers possess physical properties that 
are dependent not only on their compositions but 
also on their uniformity of macromonomer incor- 
poration. The PMMA macromonomer used in our 
project has been demonstrated to not undergo 
homopolymerization either by solution (in benzene, 
60"C, AIBN)'l or by miniemulsi~n.~ Cacioli and 
colleagues" also studied the copolymerization of this 
macromonomer ( M ,  = 1 X lo3 g/mol) with ethyl 
acrylate (EA) (in benzene, 6OoC, AIBN). They re- 
ported that the copolymer, taken at high conversion, 
gave a composition very nearly identical to that of 
the feed.21 In this paper we describe our attempt to 
access the homogeneity of the product composition 
by determining the reactivity ratio of the macro- 
monomer with the comonomer. 

Figure 4 presents the plot of -log([M2Jt/[M2],,) 
versus - IO~([M,]~/ [M~]~)  for the n-BAIPMMA 

0.05 

19 

Figure 4 -log([M,I,/[M210) vs. -log([M,1J[Mll0) for 
the n-BA/PMMA macromonomer pair; MI = n-BA and 
M, = PMMA macromonomer. 
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Table I Free Radical Copolymerization 
Reactivity Ratios 

Monomerl/Monomerz r1 rz* 

n-BAIPMMA macromonomer 0.81 1.23 
( M ,  macromonomer = 2.8 X lo3 g/mol) 
n-BAIMMA monomerz4 0.43 1.88 

0.11 2.86 
EA/PMMA macromonomerzz 0.60 1.67 
( M ,  macromonomer = 1.0 x lo3 g/moI) 
EA/MMA monomerz5 0.22 2.04 

0.28 2.00 
0.47 1.83 

* r, for PMMA macromonomer estimated from l/rl. 

macromonomer pair. rl( n-BA), calculated from the 
slope of the plot, is determined to be 0.81. As stated 
in the previous section, the low molar concentration 
of the macromonomer prevents us from directly de- 
termining the reactivity of the macromonomer (r2). 
The macromonomer reactivity is then estimated by 
l/rl, which provides information about the rate of 
addition of the macromonomer to the n-BA radical. 
Thus, the reactivity of the PMMA macromonomer 
(rz) is approximated to equal l/rl = 1.23. Harrison 
studied the copolymerization of EA with PMMA 
macromonomer ( M ,  macromonomer = 1 x lo3 g/ 
mol, in benzene, 60°C, AIBN) and reported esti- 
mated reactivity ratio rl = 0.6 (and thus r2 = l/rl 
= 1.67).23 Table I compares the reactivity ratios of 
n-BAIPMMA macromonomer, n-BAIMMA mono- 
mer,24 EA/PMMA macr~monomer ,~~ and EA/MMA 
monomer.2s The reactivity of PMMA macromonomer 
is lower than that of MMA monomer in copolymeri- 
zation with either n-BA or EA. This reduction in reac- 
tivity of the macromonomer may be explained as re- 
sulting from excluded kinetic volume effect,18,20-2' 
steric barrier provided by the long macromonomer 
chain during the growing radical macromonomer 
r e a ~ t i o n , ~ ' , ~ ~ , ~ ~  or the onset of microphase separa- 
ti~n.'~, ' '  

Degree of Macromonomer Incorporation 

Adsorption chromatography is an excellent tech- 
nique used to measure a number of characteristic 
parameters for block copolymers. Nevertheless, it 
suffers from problems, such as quantitative detection 
without a chromophore, a limited number of suitable 
solvents, and the need for solvent gradients in the 
separation. These limitations show up in polymer 
chromatography to a greater extent than for the 

more common small-molecule chromatography. 
Mourey has described an adsorption chromatogra- 
phy technique using an evaporative light-scattering 
detector which overcomes many of the problems 
listed above.26 Using his technique, polymers were 
fractionated based on composition with very little 
molecular-weight dependence. In 1991, Neff and 
Spinelli successfully used Mourey's technique to 
characterize MMA and butyl methacrylate block 
 copolymer^.^^ These block copolymers are subject to 
all of the above experimental difficulties because 
they have no useful chromophore, and the types of 
solvents required for the separation of these systems 
are not readily used in normal detection systems. 

In our work, we used HPLC-silica adsorption 
chromatography to determine the degree of macro- 
monomer incorporation in the PBA seed latexes. 
PBA homopolymer, PMMA macromonomer, and 
PBA latex prepared in the presence of 10% weight 
macromonomer based on total polymer phase, as 
well as the latter sample blended with different 
amounts of pure PMMA macromonomer, were sep- 
arated by gradient solvent elution through the same 
silica column under the same conditions. As sug- 
gested by the chromatograms in Figure 5, any un- 
polymerized macromonomer can be observed as a 
separate peak (after approximately 19 min elution 
time). For the PBA sample copolymerized with 
PMMA macromonomer [Fig. 5(B)], from the de- 
crease in the area under the PBA peak and the ap- 

m E 
2 a 

D -  

C -  

B -  
-7 

4 8 12 16 20 4 
Time (minutes) 

Figure 5 HPLC chromatograms of (A) PBA homopol- 
ymer; (B) PBA copolymerized with 10% by weight of 
macromonomer based on total polymer phase (M1053); 
(C) M1053 mixed with pure macromonomer (2% weight 
based on polymer weight); (D) M1053 mixed with pure 
macromonomer (10% weight based on polymer weight); 
and (E) PMMA macromonomer. 
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pearance of new shifted peaks, we concluded that 
most of the PBA chains were grafted with PMMA 
macromonomer to various degrees; some unreacted 
macromonomer, however, can still be observed. 
Based on a calibration obtained from the area under 
the PMMA macromonomer peak in copolymer 
sample (B), and in samples C and D, in which co- 
polymer sample (B) was blended with known 
amounts of pure PMMA macromonomer, it was es- 
timated that over 90% of the PMMA macromono- 
mer was converted to the PBA/PMMA macro- 
monomer graft copolymer in copolymer sample (B). 

Dynamic Mechanical Studies of PBA latexes 

The dynamic mechanical spectroscopy (DMS) ex- 
periment typically involves the application of small- 
amplitude oscillatory strains to the polymer sample, 
and the measurement of the resulting sinusoidal 
stress response. The mechanical energy given to the 
sample is either stored elastically or is dissipated 
through the increased molecular motion. The tensile 
storage modulus (E') represents the ability of a ma- 
terial to store energy elastically, whereas the tensile 
loss modulus (F)  indicates the sample's ability to 
dissipate energy. Tan 6, which is the ratio of E"/E', 
is the tangent of the phase angle shift between the 
strain and the resultant stress of the sample. It can 
also be used as a measure of the sample's damping 
properties. 

The DMS technique has been widely used to in- 
vestigate the relationship between the filler and the 
matrix in block and graft copolymers. The temper- 
ature dependence of the dynamic modulus reflects 
the extent of phase separation of the filler and the 
matrix. Generally, block or graft copolymers which 
show a complete phase mixing (i-e., the two segments 
are compatible) have one single transition in be- 
tween those of the corresponding homopolymers. 
When the two segments are incompatible and phase 
separation occurs, the copolymer has two transitions 
identical to that of the corresponding homopoly- 
mers. With a partial phase mixing and/or a diffuse 
interface, the transition obtained would be different 
from that of either constituent homopolymer. The 
slope of the curve through the transition would be- 
come less steep, which indicates a more gradual de- 
crease in modulus over a wider temperature range. 
In our studies, the degree of compatibility between 
the PBA and PMMA chains in the latex particles 
was determined by the analysis of the dried polymer 
latex films. The DMS measurement results were 
compared between films made from PBA latexes 

prepared in the absence and the presence of the 
PMMA macromonomer, at different weight ratios 
of the PMMA macromonomer to the total polymer 
phase. The results are shown in Figures 6-8. 

The DMS data showed that for the PBA latexes 
copolymerized with PMMA macromonomer, both 
the E and E" values in the rubbery plateau region 
(approximately between -4OOC and 90°C) are higher 
than the values for the PBA homopolymer. Both E 
and Eff values also increase with PMMA macro- 
monomer content. These data are consistent with a 
reinforcing of the soft PBA polymer by the glassy 
PMMA polymer. In addition to the incorporation 
of the more rigid PMMA grafts into the soft PBA 
backbone, during the film-forming process the rel- 
atively low-molecular-weight PMMA graft segments 
may aggregate into discrete domains of a few 
hundred A. This phenomenon can be explained by 
the flexibility of the PBA backbone, which allows 
the PMMA macromonomer segments to aggregate 
and to form PMMA macromonomer domains. These 
domains, dispersed in a continuous backbone PBA 
matrix, further act as fillers and physical crosslink- 
ing sites in the soft PBA phase. 

The length of the rubbery plateau region can 
generally be related to the molecular weight of the 
rubbery polymer chains.*' When n-BA was copoly- 
merized with PMMA macromonomer, the segment 
length of the PBA blocks became shorter than the 
length of the PBA homopolymer chain. The higher 
the ratio of PMMA macromonomer to the total 
polymer phase, the shorter the length of each PBA 

IE+l1 I 
1E+10 LWX 

4 increasing wt. of 
macromonomer I "&+ 1 

C 1E+09 

6 
3 1' c+uo 1 i+A+++. 7 
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1 E+04 
f++ '4 

-150 -100 -50 0 50 100 150 2 3 
Temperature (OC) 

Figure 6 Temperature dependence of the tensile storage 
modulus (E') for PBA homopolymer and PBA incorpo- 
rating different wt % of PMMA macromonomer based on 
total polymer phase. (0) PBA homopolymer, and PBA 
incorporating (X)  2, (X) 5, (A) 10, and (+) 20% weight 
PMMA macromonomer based on total polymer phase. 
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Figure 7 Temperature dependence of the tensile loss 
modulus (F) for PBA homopolymer and PBA incorpo- 
rating different wt  % of PMMA macromonomer based on 
total polymer phase. (0) PBA homopolymer, and PBA 
incorporating (X) 2, (1) 5, (A) 10, and (+) 20% weight 
PMMA macromonomer based on total polymer phase. 

segment. This is reflected in the long rubbery plateau 
regions for both the E' and the E" spectra of the 
PBA homopolymer. For PBA incorporating PMMA 
macromonomer, the plateau regions are shorter and 
the length of the plateaus decreases with the in- 
creasing ratio of PMMA macromonomer to  the total 
polymer phase. In  the samples where the weight of 
the PMMA macromonomer was higher than or equal 
to 10% based on the total polymer phase, a transition 
was also observed at approximately 100°C. This 
would correspond to  the Tg for the PMMA macro- 
monomer domains formed from the PMMA grafts 
of the copolymer. (The Tg of the PMMA macro- 
monomer, which was measured by DSC at the min- 
imum in the peak of the derivative heat flow curve, 
was found to  be approximately 101"C, in good 
agreement with the value reported for PMMA, 
105°C29). At lower macromonomer contents, the 
number of the macromonomer grafts may not be 
high enough to  form separate PMMA domains and 
thus this transition could not be observed. Tan  6 
peak maxima of the rubbery phase (between -50°C 
and -10°C) broadened with increasing PMMA 
macromonomer content. This broadening of the 
peaks suggests the large distribution in composition 
of the graft copolymers. The height of the tan 6 peaks 
can be related to  the volume fraction of ungrafted 
PBA in the polymer. These results show that  more 
PBA was grafted to  the PMMA macromonomer as 
the ratio of PMMA macromonomer to n-BA in- 
creased. Moreover, a shift in the tan 6 peaks toward 
higher temperatures was observed as the weight ratio 
of PMMA macromonomer was increased from 0% 

to 2% and 5% weight based on the total polymer 
phase (-37.5, -36, and -32"C, respectively). This 
also suggests an  incorporation of PMMA into PBA 
chains and a better miscibility with the PBA ho- 
mopolymer chains. At the higher weight ratios of 
10% and 20%, the peaks shift back to -37°C and 
-4O"C, respectively. This could be the result of 
phase separation as the PMMA grafts of the copol- 
ymer form larger domains. The  values of the tan 6 
maxima were higher than the Tg reported for PBA 
in literature (-46"C30). This may be due to the dif- 
ference in the glass transition definition. The tan 6 
maximum represents the midpoint Tg, whereas the 
E" maximum represents the starting point of the 
transition. Therefore the tan 6 maximum always 
appears several degrees higher than the E" maxi- 
mum. A small but noticeable peak at approximately 
100°C was also observed for the latter two samples 
(prepared a t  higher PMMA macromonomer con- 
tents). This supports the earlier conclusion that 
when the ratio of PMMA macromonomer to the to- 
tal polymer phase is higher than or equal to  lo%, 
PMMA macromonomer grafts from the copolymer 
form phase-separated domains large enough for an  
independent Tg of PMMA macromonomer to  be de- 
tected. 

For comparison, a blend of PBA and PMMA ma- 
cromonomer was subjected to  the same testing pro- 
cedure. The  blend was prepared from a PBA latex 
and a PMMA macromonomer artificial latex. The 

3.00 .'"" 1 increasing wt.ratio of 
macromonomer 
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t- 
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Figure 8 A stack plot of temperature dependence of the 
tan 6 for PBA homopolymer and PBA incorporating dif- 
ferent, wt % of PMMA macromonomer based on total 
polymer phase. (0) PBA homopolymer, and PBA incor- 
porating (X)  2, (X) 5, (A) 10, and (+) 20% weight PMMA 
macromonomer based on total polymer phase. Measure- 
ment values were shifted along the y-axis by 2.0, 1.5, 1.0, 
0.5, and 0, respectively. 
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Figure 9 Temperature dependence of the tensile storage 
modulus (E') of PBA homopolymer (O),  PBA blended with 
macromonomer (+), and PBA incorporating PMMA 
macromonomer (V); 10% weight of macromonomer based 
on total polymer phase. 

PMMA macromonomer latex was prepared using 
the same recipe as that for the preparation of the 
PBA seed latex, with the difference that toluene was 
used instead of the n-BA monomer (10% weight 
PMMA macromonomer based on the total oil 
phase). Toluene was then removed by vacuum strip- 
ping at  45°C (Flash Evaporator, Buchler Instru- 
ments) to create an artificial latex of PMMA mac- 
romonomer in water. Figures 9-11 show a compar- 
ison of the E', the E", and the tan F spectra of pure 
PBA latex, PBA copolymerized with PMMA mac- 
romonomer, and PBA blended with PMMA macro- 
monomer particles (10% weight macromonomer 
based on total polymer phase). 

When PMMA macromonomer was blended di- 
rectly with the PBA seed latexes, the DMS response 
of the dried films is very similar to the PBA itself, 
and much different from the PBA latex copolymer- 
ized with PMMA macromonomer. The E' and E" 
values in the rubbery plateau region (between -40°C 
and 150°C) of the blend are only slightly higher than 
those of the PBA homopolymer. The PBA chains 
in the PBA homopolymer and the blend are rela- 
tively the same length and thus both showed long 
rubbery plateau regions. Although a small peak in 
the tan 6 curve was detected at approximately 100°C 
for both the blend and the copolymer sample, the 
height of the tan 6 peak of the rubbery phase in the 
blend was only slightly altered when the PBA latex 
was blended with the PMMA macromonomer par- 
ticles. This agrees with the earlier conclusion that 
the PMMA macromonomer was chemically incor- 
porated into the PBA chains of the copolymer sam- 
ple. Figure 12 shows a schematic of the films cast 
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Figure 10 Temperature dependence of the tensile loss 
modulus (E'') for PBA homopolymer (a), PBA blended 
with macromonomer (+), and PBA incorporating PMMA 
macromonomer (V); 10% weight of macromonomer based 
on total polymer phase. 

from (A) PBA particles prepared in the presence of 
PMMA macromonomer and from (B) PBA particles 
blended with PMMA macromonomer particles. This 
figure is based on our earlier conclusion that when 
macromonomer was copolymerized with n-BA, the 
graft copolymer formed was preferentially parti- 
tioned on the surface of the particle." During the 
film-forming process, the low-molecular-weight 
PMMA macromonomer segments will aggregate into 
discrete domains at  the particle's interface, acting 
similar to a distinct PMMA phase. On the other 
hand, when the macromonomer particles are directly 
blended with PBA particles in the latex form the 
PMMA stays as small domains evenly dispersed 
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Figure 11 A stack plot of temperature dependence of 
the tan 6 for for PBA homopolymer (O), PBA blended 
with macromonomer (+), and PBA incorporating PMMA 
macromonomer (V); 10% weight of macromonomer based 
on total polymer phase. Measurement values were shifted 
along the y-axis by 1.0, 0.5, and 0, respectively. 
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Figure 12 
mer particles, and (B) PBA particles blended with PMMA macromonomer particles. 

Schematic of the films cast from (A) PBA incorporating PMMA macromono- 

ier 

within the PBA continuous phase when directly 
blended with PBA in the latex form. The size of 
these domains is too small to act as PMMA fillers 
reinforcing the PBA matrix and to modify the PBA 
film properties. 

CONCLUSIONS 

w-terminated PMMA macromonomer was shown to 
copolymerize with n-BA monomer and the copoly- 
merization reactivity ratio was estimated. The 
PMMA macromonomer exhibited reduced reactivity 
compared to MMA monomer in copolymerization 
with n -BA in bulk. The rl value for n -BA in n -BA/ 
PMMA macromonomer copolymerization was de- 
termined to be 0.81. The reactivity of the PMMA 
macromonomer ( r 2 ) ,  was estimated by 1 / rl to be 
equal to 1.23. The values given in the literature for 
the n-BA/MMA system are; rl = 0.43 and r2 = 1.88, 
or rl = 0.11 and r2 = 2.86.24 Using HPLC-silica ad- 
sorption chromatography, it was possible to separate 
the three types of species, i.e., PBA homopolymer, 
n -BA / PMMA macromonomer graft copolymer, and 
unreacted PMMA macromonomer, coexisting in the 
copolymer latex. The area under the macromonomer 
peak in the HPLC-silica adsorption spectra indi- 
cated a near-complete incorporation of the macro- 
monomer into the PBA particles. From the DMS 
spectra, the degree of grafting increased with the 
ratio of PMMA macromonomer to n-BA. It was also 
observed that, with higher amounts of macromono- 

mer (higher or equal to 10% weight of macromono- 
mer based on total polymer phase), the grafted seg- 
ments of PMMA macromonomer aggregated to form 
the PMMA domains in PBA matrix. These PMMA 
macromonomer domains work as a crosslinking site 
and a reinforcing filler in the soft PBA phase. When 
these seed latexes containing in situ-formed com- 
patibilizing agent are used in the synthesis of PBA/ 
PMMA composite latex particles, an improvement 
of mechanical properties can be expected from par- 
ticles with a higher degree of PMMA macromon- 
omer grafted. Data regarding the composite latexes 
will be presented in following papers. 
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his RSA data on the n-BA/20% PMMA macromonomer 
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