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ABSTRACT: Poly(ethylene oxide) macromonomers carrying p-vinylbenyl and methacrylate 
end-groups were prepared by the anionic polymerization of ethylene oxide followed by reactions 
withp-vinylbenzyl chloride and methacryloyl chloride, respectively. Radical copolymerization with 
styrene (M1 ) in tetrahydrofuran at 60°C was carried out to give the macromonomer's relative 
reactivity (ljr1), which decreased by a factor as much as about 1/2 with increasing degree of 
polymerization to about 100. This is discussed in terms of the kinetic excluded volume effect but by 
taking into consideration the generally repulsive interaction between different polymer 
chains and/or some different solution behavior of the polymers. These should be important factors 
in copolymerization involving the macromonomer. 
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unreacted macromonomers. Recent developments in macromonomer 
('macromer') techniques have made possible 
the preparation of a variety of graft copoly
mers of well-defined structure, as reviewed 
by Yamashita1 and Rempp and Franta.2 How
ever, the relevant copolymerization param
eters, which are very important in determin
ing the trunk-branch distribution in the result
ing graft copolymers, have been reported in 
rather limited cases, possibly because of exper
imental difficulty arising from the high molec
ular weight itself of the macr:omonomer com
pared to the conventional comonomer. Thus 
in general, particular care should be taken for 
the accurate determination of the composition 
and purification of the product free from 

Among available reactivity data, we report
ed earlier that the methacrylate-ended poly
(methyl methacrylate) macromonomer copoly
merized azeotropically with stearyl meth
acrylate, i.e., r1 r2 1 in benzene. 3 On the 
other hand, the polystyrene macromono
mer with a methacrylate end-group showed 
a significantly lower reactivity, compared to its 
model monomer, methyl or stearyl methac
rylate, in copolymerization with 2-hydroxy
ethyl methacrylate in dimethylform
amide.4-6 Schulz and Milkovich7 recently 
presented their data on the copolymerization 
of the methacrylate-terminated polystyrene 
macromonomer which showed a similar or a 

t Present Address: Tsukuba Laboratory, Nippon Oil & Fats Co., Ltd., Tokodai 5-10, Toyosato-cho, Tsukuba, Ibaraki 
300-26, Japan. 
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Scheme 1. Preparation of PEO macromonomers and oligomer models. 

slightly lower reactivity, depending on the 
medium, compared to low molecular weight 
homologs. Similar results have been reported 
by Asami et a/.8 with p-vinylbenzyl-ended 
polystyrene or methacrylate- and acrylate
ended polytetrahydrofuran, and by Kennedy 
and Hiza9 with methacrylate-ended polyiso
butylene macromonomers. 

In general, however, more detailed and 
more systematic investigations are clearly re
quired to understand the macromonomer's 
reactivity in greater detail. In this paper, we 
prepared poly(ethylene oxide) (PEO) macro
monomers having p-vinylbenzyl and methac
rylate terminals, according to Scheme 1, and 
examined their copolymerization with styrene 
as a function of molecular weight. The results 
are discussed in relation to problems en
countered in determining the copolymeri
zation parameters and effects of molecular 
weight on related polymer-polymer reactions. 
PEO macromonomers have been prepared 
and are expected to be useful for preparing 
amphiphilic graft copolymers for a variety 
of applications. 2 •10·11 

EXPERIMENTAL 

Materials 
Commercial reagents were purified accord-
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ing to usual procedures. Styrene (St) and 
oligo( ethylene glycol) monomethyl ethers were 
distilled over calcium hydride under reduced 
pressure of argon. Tetrahydrofuran (THF) 
was refluxed and distilled over sodium wire. 
rx,rx' -Azobisisobutyronitrile (AIBN) was re
crystallized from methanol. The reagents used 
for anionic polymerization of ethylene oxide 
(EO) and its end-capping were purified and 
dried by the usual procedure using a vacuum 
line (lo-s mmHg), and sealed in ampoules 
fitted with breakable seals. EO was purified by 
repeated trap-to-trap distillations over calcium 
hydride and finally distilled over sodium mir
ror or sodium naphthalene in THF. THF was 
redistilled from a dark blue solution of sodium 
anthracene and finally from a red solution of 
disodium salt of rx-methylstyrene tetramer. 
Potassium tert-butoxide (KOtBu), as a so
lution in THF, was prepared and purified as 
described before. 12 p-Vinyl benzyl chloride 
(VBC) and methacryloyl chloride (MAC) were 
distlled over calcium hydride and stocked as 
THF solutions for end-capping. 

M acromonomers 
PEO macromonomers with p-vinylbenzyl 

and methacrylate end-groups were prepared 
by a conventional high vacuum line technique. 
Polymerization of EO by KOtBu in THF was 
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conducted at 40°C overnight to a quantitative 
conversion to a polymer of the desired degree 
of polymerization. The resulting PEO potas
sium alkoxide was subjected to the reaction 
with more than five-fold excess VBC or MAC 
for about 1 h. Potassium chloride, precipitated 
by pouring the reaction mixture into acetone, 
was filtered off, and the filtrate was evaporated 
under vacuum to almost dryness and poured 
into petroleum ether, and finally freeze-dried 
from benzene. PEO-VB and PEO-MA thus 
obtained were satisfactorily characterized by 
VPO, 1 H NMR, GPC, and UV, and the results 
are given in Table I. The numbers following 
PEO-VB and PEO-MA indicate the number
average degree of polymerization of EO as 
determined by VPO. 

The low molecular weight homologs of 
PEO-MA, Ml, M2, and M3, were prepared by 
a reaction of the corresponding oligo( ethylene 
glycol) monomethyl ether with excess sodium 
in benzene and then with excess MAC, fol
lowed by distillation under vacuum: bp 73-
75oC/19mmHg. lit23 ) 75-76°Cj22mmHg 
(M1), 56-58°Cj1 mmHg (M2), ca. 120aq 
1 mmHg (M3). The homologs were confirmed 
by 1 H NMR and gas chromatography to be 
practically pure. 

Copolymerization 
The monomers were weighed into a glass 

tube, together with AIBN as the initiator and 
THF as the solvent, and degassed by freeze
thaw cycles. The tube was then sealed under 
vacuum and placed in an oil bath of 60oc for 
polymerization. The feed molar ratio of St 
to the macromonomer was taken to be suf
ficiently large (usually greater than approx
imately 10) to satisfy simplified treatment of 
copolymerization as will be shown later. It 
should be noted in this connection that the 
products rich in St wt % could be precipitated 
out of methanol, a nonsolvent for poly-St but 
a good solvent for the unreacted PEO macro
monomer. The products were isolated by a 
centrifuge ( 4000 rpm), although considerably 
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stable emulsions in methanol sometimes re
sulted. Copolymers from PEO-VB-13 and -29 
(Tables III and IV) were isolated by pre
cipitation into petroleum ether, followed by 
repeated washing with water. Almost all the 
products were checked by GPC and found in 
every case to be free of the unreacted 
macromonomers. 

Copolymerizations of styrene with M 1, M2, 
and M3 were conducted by the same pro
cedure but over the usual wide range of com
position. The copolymers were precipitated 
and isolated from petroleum ether. 

Characterization Methods 
Vapor pressure osmometry (VPO) was mea

sured in benzene at 45oC with a Molecular 
Weight Apparatus of Corona Electric Co., 
Ltd., Type 117, calibrated with benzyl or 
standard polystyrenes. UV spectra were re
corded on a double-beam spectrophotometer, 
Hitachi 330, with a monomer solution in THF 
of spectrum grade. The p-vinylbenzyl and 
methacrylate end-groups showed absorption 
maxima at 252 and 209 nm, respectively, just 
as the corresponding polytetrahydrofuran 
macromonomers reported by Asami et a!Y·14 

The number-average molecular weights of the 
macromonomers were calculated assuming 
one double bond per chain with the reported 
values for the absorption coefficients, smax = 
1.59 x 104 and 8.1 x 10\ respectively. The ab
sorbance at 209 nm was, however, not very 
much reproducible, even under a nitrogen 
atmosphere, with a relative error of about 
±10%. 

Gel permeation chromatography (GPC) was 
taken on a JASCO HPLC, TRIROTAR-III, 
equipped with RI (Shodex SE-ll) and UV 
(UVIDEC-100-III) detectors, with a column, 
Shodex A-801 or A-803, calibrated with stan
dard polystyrenes (Polymer Lab., Ltd.) and 
poly(ethylene oxides) (Toyo Soda Co., Ltd.). 
Solutions (0.5-lwt%) were eluted by THF at 
a flow rate of 1 ml/min at 40°C. The molecular 
weights of some macromonomers were calcu-
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lated from those of polystyrene calibration 
using the equation proposed by Mori15 

Mn,PEo= (1) 

1 H NMR spectra were recorded on a JEOL 
JNM PMX-60 or FX-90 FT spectrometer, 
with about 5-10wt% polymer solutions in 
CDC13 . The spectra of macromonomers were 
satisfactory with assignments as follow. 

PEO-VB: phenylene -C6 Hc (6 7.35; de
formed AB quartet; 4H), double bond -CH = 
(66.65, lAx=ll.O, lax=l7.4Hz; X part of 
ABX; 1H), double bond =CH2 (65.65, lax= 
17.4 and 65.15, lAx=ll.O, 1Aa=l.3Hz; AB 
part of ABX; 2H), benzyl methylene -CH2-

(6 4.5, s; 2H), oxyethylene +OCH2CH2+,; 

PEO-VB: 

(6 3.64, s, 4iiH), tert-butyl (6 1.2; s; 9H). 
PEO-MA: double bond =CH2 (6 5.35 and 

6 6.1; m; 2H), oxyethylene +OCH2CH2+,; 
(6 4.3 and 63.64; t and s; 4iiH), a-methyl 
(6 1.95; br s; 3H), tert-butyl (6 1.2; s; 9H). 
The number-average degree of polymerization, 
ii, was estimated from the ratio of the peak 
area of oxyethylene to that of tert-butyl 
protons. 

Typical NMR spectra of the styrene
macromonomer copolymerization products 
are given in Figures 1 and 2. The mole fraction 
of styrene, x, was calculated from the peak 
area of phenyl protons relative to that of other 
appropriate protons as follows. 

area of phenyl protons at 66.3-7.2 5x+4(1-x) 
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area of OCH2CH2 0 protons at 6 3.6 4n(l- x) 

<a> 

(b) 

8 7 6 5 4 

ppm 

3 2 1 0 

Figure 1. 1H NMR spectra of the copolymerization products from styrene with (a) PEO-VB-29, x= 
0.987, and (b) PEO-MA-25, x=0.977 (60MHz). 

(2) 
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M1 

8 7 6 5 4 3 2 0 

ppm 

Figure 2. 'H NMR spectra of the copolymers of styrene (M1 ) with oligo( ethylene glycol) methyl ether 
methacrylates (M2). Feed molar ratio [Md/[M2] = 60(40. 

PEO-MA: 

area of phenyl protons at () 7.2-6.3 5x 

area of all the other protons at () 4.3-0.5 3x + (4n + 8)(1- x) 

Ml, M2, and M3: 

area of phenyl protons at () 7.0 5x 

area of all the other protons at () 4.3-0.3 3x+(4n+8)(1-x) 
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(3) 

(4) 
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Figure 3. (a) GPC trace of the copolymerization of styrene and PEO-VB-29, and (b) calibration for peak 
areas, A, relative to heptadecane as the internal standard. 

Table I. Characterization of PEO macromonomers 

VPO NMR• GPC uv 
Macromonomer 

ii ii ii 
ii Mw/Mn 

PEO-VB-13 13.1 14.3 14.3b 1.07 14.3 
PEO-VB-29 28.6 31.5 30.9b 1.09 33.4 
PEO-VB-33 32.7 26.1 31.8' 1.05 29.3 
PEO-VB-34 33.9 31.7 35.0b 1.11 37.5 
PEO-VB-51 51.1 39.7 45.2' 1.05 48.2 
PEO-VB-77 76.6 69 74.3' 1.04 87.5 
PEO-VB-94 94.1 82 95.5' 1.03 110 

PEO-MA-25 25.4 24.5 25.0b 1.12 28.4 
PEO-MA-38 38.4 37.7 31.1 b 1.24 43.4 
PEO-MA-62 62.2 59.3 52.6b 1.09 70.9 

a Calculated from the ratio of the peak areas of oxy
ethylene to tert-butyl. 

b Calculated by eq I with M" from polystyrene 
calibration. 

' Using a calibration by PEO standard samples. 

The choice of area of all other protons, instead 
of that of OCH2CH20 protons in the cases of 
methacrylates, eq 3 and 4, was based on the 
possibility that some part, even if very little in 
the case of PEO-MA, of the ester IX-methylene 
protons, flanked by styrene units, should give 
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rise to a peak at a considerably higher mag
netic field, up to around b 2.3, as found in the 
case for styrene-methyl methacrylate and re
lated copolymers.16 

The composition of the copolymerization 
product from styrene and PEO-VB-29 was 
also checked by GPC, monitoring the decrease 
of the peak areas of the monomers relative to 
that of the internal standard, hexadecane, 
which had been weighed into the mixture. 
Figure 3 shows a typical run and the cali
bration of the peak area. 

RESULTS AND DISCUSSION 

M acromonomers 

Table I summarizes the results of the charac
terization of p-vinylbenzyl- and methacrylate
ended poly(ethylene oxide) macromonomers, 
PEO-VB and PEO-MA, respectively. The 
number-average. degrees of polymerization 
(DP), fi, agree satisfactorily with each other, 
irrespective of the method of determination. 
The DP distribution is sharp, with M wf Mn 
around 1.1. 

Polymer 1., Vol. 17, No. 7, 1985 
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Figure 4. Composition curves for copolymerizations of styrene with oligo( ethylene glycol) methyl ether 
methacrylates. Total monomer 2g, THF !Om!, AIBN 0.06 mmol, 4-5h, 10-20% conv. Analyses by 
(e) 1 H NMR and ( •) elemental analysis for C. 

1 H NMR spectra of the macromonomers 
were reasonably consistent with the structure 
in both the chemical shifts and relative in
tensities of the respective peaks. UV spectra 
also confirmed the presence of p-vinylbenzyl 
and methacrylate end-groups at Amax = 252 and 
209 nm, respectively, just as those reported for 
the corresponding polytetrahydrofuran mac
romonomers.13·14 Estimation of n, using the 
reported emax assuming one terminal double 
bond per chain, was reasonably satisfactory 
for PEO-VB with n less than about 50. 
However, some discrepancy, as much as 15% 
higher in n compared to that determined by 
VPO, was apparent for the other macro
monomers. The reason for this may possibly 
be due to either error involved in the deter
mination or incomplete introduction of the 
double bond. Should the latter apply, the pu
rity of the double bond in each macromono
mer is in the range of 85 to 100%, as calcu
lated by fi(VPO)/fi(UV). Even so, it may be 
reasonable to conclude that the following dis
cussions are still valid. The number-average 
DP of the macromonomer was taken throug
hout this paper to be that determined by 
VPO. 

Determination of Copolymerization Parameters 
Figure 4 shows the copolymer-monomer 
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Table II. Monomer reactivity ratios for copolymer
izations of styrene (M1 ) with oligo( ethylene 

glycol)methyl ether methacrylate (M2 ) 

Mz r, rz 

Ml 0.37±0.13 0.43±0.05 
M2 0.38 ± 0.08 0.52±0.09 
M3 0.49±0.09 0.44±0.08 

composttion curves for copolymerizations of 
styrene (M1) with the low molecular weight 
homologs ofPEO-MA, i.e., Ml, M2, and M3. 
The monomer reactivity ratios were estimated 
by the method of Kelen and Tiidos, 17 with the 
results given in Table II. No difficulty or 
abnormality was found in the determination of 
the r1 and r2 values. The copolymers obtained 
are clearly random in sequence distribution 
since the 1 H NMR spectra (Figure 3) showed a 
single phenyl peak together with relatively up
fielded, complicated peaks due to ester a
methylene and a-methyl protons, as in the case 
of related copolymers. 16 

In the case of the conventional monomer 
(M1) and macromonomer (M2), difficulty 
arises from the necessity that the ratio of M1 
to M2 is usually taken around unity, say from 
l/3 to 3/1, on a weight basis and hence in a 
very high range on a molar basis for both ana
lytical and preparative purposes. The molar 
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composition of the copolymer should then 
be very insensitive to the value of r2 , since 
the conventional Mayo-Lewis copolymeri
zation equation, 

1 +r1 [M 1]/[M2] 

1 +r2 [M2]/[M 1] 
(5) 

reduces to, in the limiting condition of [M1]/ 
1/8,19 

d[M1] [M1] 
---=rl--
d[M2] [M2] 

(6) 

This is equivalent to saying that we are effec
tively dealing with only two of four con
ventional propagation reactions: 

+Ml ku (7) -----> 

+Mz 
k12 (8) -----> 

with 

rl =ku/k12 (9) 

together with the implicit condition of the 
stationary state that the other cross
propagation 

k2l M2 · + M1 -----> M1 · (10) 

should occur with a rate equal to that of the 
reaction 8, so that 

ku[ M1 · ][M2] = k21 [ M2 • ][M1] (11) 

Hence, with the condition [M1]/[M2] I, we 
may neglect the contribution of polymer radi
cal M2 · on the composition equation. 

Therefore, the r1 thus determined should 
approximate most simply the relative reac
tivities of the monomers M1 and M2 in com
petition reactions with the M1-ended radical 
which should also approximate a homopoly
M1 (M1-consecutive) radical. We thus need 
not consider any complication due to penul
timate effects or depropagation, which might 
possibly occur in propagation reactions in
volving a more crowded radical as suspected in 
the case of increased composition of the mac-
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Table III. Copolymerization of styrene (M1) 

and PEO-VB-29 (M2)• 

Feed 
Polymer 

Time Yieldb 
Run Mt M2 Mt -----

M1/mol% 

h wt% 
NMR GPC 

g g mol% 

I 0.803 1.202 90.3 3.0 6.1 92.3 92.4 
2 1.001 1.000 93.3 3.0 7.7 94.7 94.4 
3 1.201 0.801 95.4 3.0 5.8 96.4 96.5 
4 1.396 0.604 97.0 3.0 6.4 97.8 
5 1.605 0.407 98.2 3.2 8.1 98.7 98.6 

• AIBN ca. 20 mg, THF ca. 4. 7 g, heptadecane ca. 1.0 g, 
polymerization at 60oC. 

b Polymers recovered by precipitation into petroleum 
ether, followed by repeated washing with water. 

romonomer (M2). It should also be noted that 
the r1 values obtained by copolymerization of 
a common monomer (M1), styrene in the 
present case, with various monomers (M2) can 
be a measure of the relative reactivities of the 
monomers M 2 by taking their reciprocals, 
l/r1 =ku/k11 • 

Now we turn to the results of the application 
of eq 5 and 6 to the composition data of 
copolymerization of styrene (M1) with PEO
VB-29, as an example. As shown in Table III, 
the copolymer compositions were necessarily 
very rich in styrene on a molar basis but could 
be satisfactorily determined by 1 H NMR and 
GPC, although the latter method was some
what less sensitive to the change in com
position at such a low conversion. Application 
of the method of Kelen and Tiidos, 17 which is 
based on eq 5, gave r1 = 1.36 ± 0.08 and r2 = 
1.47 ± 1.19, with error of95% confidence limit. 
As expected, the value of r2 involves too much 
error to be reliable. On the other hand, r1 value 
is quite significant and in good agreement with 
that obtained by application of eq 6, that is 
r1 = 1.33 ± 0.07. These results clearly justify the 
application of the approximate equation 6 to 
the present copolymerization. 

Tables IV and V summarize the composition 
data for the copolymerizations of styrene with 
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Table IV. Copolymerization of styrene (M1 ) 

and PEO-VB (M2 ) 

PEO-VB-13' 

PEO-VB-33b 

PEO-VB-34b 

PEO-VB-5lb 

PEO-VB-77b 

PEO-VB-94b 

[Md/[M2 ] Time Yield d[Md/d[M2] 

--- -- -- ----

mol/mol h wt% mol/mol 

21.7 3.2 11.7 
12.5 3 10.2 
7.8 3 8.9 
4.5 3 7.5 

297 18 18.3 
192 18 18.4 
142 18 16.6 
109 18 17.2 
89 18 12.8 

148 24 18.0 
91 
64 
38 

446 
289 
212 
165 
133 

651 
308 
239 
192 

1630 
785 
781 
510 
374 

24 
24 
24 

19 
18 
19 
18 
18 

18 
18 
18 
18 

18 
18 
18 
18 
18 

19.0 
18.5 
7.0 

21.1 
18.9 
14.0 
16.1 
11.4 

16.6 
14.3 
16.5 
6.3 

19.5 
18.7 
17.7 
19.1 
14.4 

19.8 
13.0 
8.1 
4.7 

444 
295 
213 
166 
142 

202 
123 
82 
54 

757 
487 
355 
281 
237 

1110 
551 
434 
338 

3010 
1390 
1480 
839 
670 

' AIBN 1 mol% to total monomer, total monomer 
30 wt% in THF. Polymers were recovered by pre
cipitation into petroleum ether, followed by repeated 
washing with water. 

h AIBN 1 mol% to total monomer, total monomer 2g in 
20m! THF. Polymers were recovered by precipitation 
into methanol. 

PEO-VB and -MA, respectively. Tables VI and 
VII summarize the corresponding monomer 
reactivity ratios, r1 , obtained by application of 
eq 6, together with those for the low molecular 
weight reference monomers reported in the 
literature. 20 - 23 It should be noted here that the 
molecular weights of the copolymerization 
products, as estimated by GPC calibrated with 
standard polystyrenes, were in the order of 
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Table V. Copolymerization of styrene (M1) 

and PEO-MA (M2)' 

PEO-MA-25 

PEO-MA-38 

PEO-MA-62 

[Md/[M2 ] Time Yield d[Md/d[M2 ] 

--- ---- ----

mol/mol 

102 
59 
46 
40 
32 

!55 
98 
82 
69 
58 

525 
249 
226 
!55 
124 
Ill 
93 

h wt% moljmol 

44 18 
13 6 
13 3 
34 10 
59 11 

96 21 
109 12 
50 5 
96 16 
50 3 

45 10 
96 3 

110 12 
144 4 
110 1.3 
164 1.4 
112 0.1 

90 
57 
43 
42 
38 

136 
105 
90 
73 
65 

454 
302 
262 
184 
!58 
!51 
113 

' AIBN 1 mol% to total monomer, total monomer 2g in 
20m! THF. Polymers were recovered by precipitation 
into methanol, followed by centrifuging. 

2 x 104 , suggesting the possibility of the occur
rence of some homopolystyrenes in the pro
ducts, which should be, however, included for 
estimation of r1 as long as this value means the 
reactivity ratio as defined by eq 9 with re
actions 7 and 8. Finally, it is to be mentioned 
that the data in Tables IV and V were also 
analyzed in terms of the integrated form of eq 
6, 24 to give almost the same values of r 1 as 
those in Tables VI and VII, indicating the 
negligible effect of the conversions, up to 
about 30%, on compositions not so far from 
the azeotrope. 

Effects of Molecular Weight on Macromono
mer's Reactivity 
Since monomer M1 is styrene throughout 

this work, the reciprocal of r 1 is a measure of 
the relative reactivity of the monomer M2 , 

compared to styrene as a reference, toward a 
common polystyrene radical. Inspection of 
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Table VI. Monomer reactivity ratio of styrene (M1 ) in copolymerization 
with PEO-VB macromonomers (M2) 

Mz References 

0.84 Wiley et af.2° Me--Q-CH =CH2 

MeO+CH2 CH2 0-t,CH2--Q--CH = CH2 , n=l 1.00 Asami et a/. 21 

2 1.04 As ami e t a/_21 
3 1.09 Asami et a/.21 

4 1.13 Asami et af.2 1 

fi= 13 1.01±0.10 This work 
29 1.33 ± 0.07 This work 
33 1.53 ± 0.05 This work 
34 1.36 ±0.10 This work 
51 1.71 ± 0.05 This work 
77 1.77±0.07 This work 
94 1.79±0.12 This work 

Table VII. Monomer reactivity ratio of styrene (M1) in copolymerization 
with PEO-MA macromonomers (M2 ) 

Mz rl References 

<fH, 
MeO+CH2CH20 l.rrC=CHz, n=O 0.52±0.026 Lewis et a/.22 

0 

0.50±0.01 Yokota et a!.Z3 

0.37±0.13 This work 
2 0.38±0.08 This work 
3 0.49±0.09 This work 

CH3 
I 

'BuO+CH2CH20-t,CC = CH2 , fi=25 0.94±0.13 This work 
II 
0 

Tables VI and VII shows first that the re
activities of the low molecular weight ho
mologs with n 4 do not change significantly. 
This is expected since change in R or n in M2 

would little influence the reactivity of the 
double bond, located at a considerably sepa
rated possition, both inductively and sterically. 
This is true even with p-methylstyrene and 
methyl methacrylate as M2 . Any solvent effect, 
found significantly large in the copolymeri
zation of 2-hydroxyethyl methacrylate,6 can
not be expected here for the present monomers 
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35 1.02± 0.12 This work 
62 1.18±0.11 This work 

with little possibility of hydrogen-bonding 
aggregation. 

Secondly, most important in Tables VI and 
VII is that the relative reactivities of the mac
romonomers, both PEO-VB and PEO-MA, 
decrease with increasing degree of polymeri
zation, as is clear in the plots in Figure 5. This 
apparently indicates the effect of the PEO 
polymer chain to reduce the reactivity of the 
terminal bond. This cannot be ascribed to the 
inductive or steric effect in the sence of con
ventional organic chemistry, but to certain 
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4 

• : CH2=CH-@-CH2(0CH2CH2)nOR 

3 CH3 

' 2 ,.... 

I 
• : CH2=C-C(OCH2CH2)n0R 

II 
0 

0 
0 50 100 150 

Figure 5. Relative reactivities of macro monomers as a 
function of the degree of polymerization. 

polymer effect(s) arising from the solution 
propertis of the macromolecular reactants, ex
cept that a somewhat greater reduction was 
observed in the reactivity of PEO-MA as 
compared to PEO-VB. The last fact remains 
most difficult to explain at present. 

Since the reaction here is a radical-monomer 
propagation with a rate constant of the order 
of 102 lmol- 1 s- 1 and an activation energy of 
5-10 kcal mol- 1, it is most reasonable to say, 
at least for a reaction in a relatively dilute 
solution to a relatively low conversion, that it 
is chemically controlled, but not physically 
(diffusion) controlled as in the case of a 
radical-radical termination reaction.25 One of 
the most probable explanations for the ob
served polymer effect is that of the kinetic ex
cluded volume effect as proposed by Morawetz 
et a/.26 This concept is based on the polymer 
solution theory that polymer segments cannot 
interpenetrate freely, thus decreasing the 
probability of an encounter of the reactive 
groups belonging to different polymer 
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chains. Depending on the model for calcula
tion, the theoretical relations derived are that 
the second-order rate constants should de
crease in proportion to - 0.15 (Morawetz et 
a/.26), -0.10 and -0.07 (Okamoto et a/.27 ) 

powers of the DP for reactions between the 
end-groups belonging to different polymer 
chains which are identical except for the reac
tive end-groups. Few experimental studies, 
however, have clearly demonstrated this pre
diction. Okamoto et a!. recently examined the 
reaction of polystyrene living anions with 
chloro-ended polystyrenes28 and that of 
amino-ended with chlorosulfonyl-ended poly
(ethylene oxides)27 over a wide range of DP, 
up to 400 and 20000, respectively. The results, 
however, revealed very little dependence on 
DP, and they pointed out that the "kinetic 
excluded volume effect," if any, should be 
actually even less than those predicted above 
by introducing a theory of higher-order ap
proximation. 

The situation is considerably different from 
the above in the present copolymerization in 
that the polymer reactants are different in 
nature, one being a polystyrene radical and the 
other a PEO macromonomer. Since these 
polymers are incompatible29 or interact repul
sively, they should interpenetrate in solution 
with greater difficulty than in the case of the 
same polymers, thus allowing a corresponding 
decrease in the apparent reactivity as observed. 
Thus, a theory including an interaction, which 
should be generally repulsive, between dif
ferent polymers appears to provide a basis for 
the observed effect. In a solution theory for a 
polymer-polymer-solvent ternary system, de
veloped earlier by Scott, the critical polymer
polymer interaction parameter, above which 
the polymers segregate as incompatible, 
should decrease almost inversely with increas
ing DP.30 •31 Asami et a/.32 reported that the 
reactivities of p-vinylbenzyl- or p-vinyl
phenoxy-ended polytetrahydrofuran macro
monomers in homopolymerizations are very 
similar to those of their low molecular weight 
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models, a result which may be expected from 
the above concept since the polymers involved 
are of the same nature here. 

An alternative explanation, which should be 
considered, is a decrease in reactivity as a 
result of some conformational or aggregation 
effect, possibly peculiar to PEO chains, since 
they became less soluble in THF with increas
ing DP and crystallized out of the solvent at 
room temperature around 20°C, though the 
copolymerization systems remained ap
parently homogeneous at 60°C. It is difficult, 
however, to get a clear picture of this situation. 
As stated in the introduction, the macro
monomer's reactivity has been reported simi
lar or reduced, compared to the reference 
monomers, depending on the nature of the 
macromonomer-comonomer pairs. The con
cepts of the interaction between different 
polymers and/or the difference in the solu
tion behavior may be useful for explaining 
the results in each case. 

In conclusion, the reactivities of PEO-VB 
and -MA macromonomers in copolymeri
zations with styrene were found to decrease 
significantly with increasing DP. A repulsive 
interaction between different polymer chains, 
rather than the kinetic excluded volume effect 
in its original form, and/or some difference in 
solution behavior were pointed out as possible 
factors influencing the macromonomer's re
activity, which is important for the design of 
composition and structure of graft copoly
mers. 
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