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ABSTRACT: The kinetics of photochemical polymerization of styrene (St) and methyl
methacrylate (MMA) using a binary initiation system composed of poly(ethylene oxide)
with an aniline end group (PEOa) and benzophenone (BP) was investigated by a modi-
fied dilatometer. The effect of the concentration of the monomer, BP and PEOa, and
of the molecular weight of PEOa on the polymerization rate (Rp ) and conversion of
monomers is discussed in detail. The formulas of Rp } [PEOa]0.38 [St]0.33 [BP]0.56 and
Rp } [PEOa]0.36 [MMA]0.30 [BP]0.54 using benzene as a solvent are derived when the
molecular weight of PEO is 11,000 (PEOa 0 11,000). Compared with the small
aminophenol (AP), there existed a critical PEOa concentration to affect the Rp and
conversion of the monomers and the critical concentration is strongly dependent on the
polarity of the solvents and molecular weight of PEOa. It is confirmed that in the same
conditions the solution polymerization behavior of St and MMA initiated by the imino
radical of PEO would not be affected by the properties of the second block although
PMMA is miscible and PS is immiscible with PEOa in the bulk. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 65: 2095–2103, 1997
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INTRODUCTION second block in the bulk, is there any difference
about the formation of the second block in solution

In block copolymerization, the research of poly- polymerization? All these questions are always
merization kinetics of a second monomer is quite very interesting to polymer chemists.
difficult due to the high reactivity and easy deacti- In the preparation of diblock copolymers of
vation of the species and high conversion of the PEO-b-PS (Ref. 1) and PEO-b-PAN (Ref. 2) by
monomers. However, how is the chain propaga- sequential initiation of the anion and charge-
tion of the second monomer carried out, and if

transfer compound (CTC), the poly(ethylene ox-the first block is miscible or immiscible with the
ide) (PEO) block with an aniline end group
(PEOa) is formed first, then PEOa combined with
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gate the solution polymerization kinetics of a sec-
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first block in the bulk because the first block of
PEOa could be easily separated and purified.

Commonly, it is considered that the CTC is
formed by mono-electron transfer from aniline to
benzophenone under UV-irradiation first, then ar-
omatic imine and diphenyl methanol radicals are
produced via proton transfer; the efficient species
is aromatic imine which initiated the polymeriza-
tion of the monomer.3,4

In our experiments, three unexpected phenom-
ena were found: (1) the conversion of the second
monomer is much lower, usually no more than
10%, no matter what kinds of monomers and sol-
vents are used and how long the polymerization
time is; (2) the polymerization rate and conver-
sion of the monomers is strongly dependent on
the concentration and molecular weight of PEOa

and there exists a critical PEOa concentration for
each sample; and (3) in benzene or acetonitrile,
the polymerization of styrene (St) and methyl
methacrylate (MMA) initiated by CTC composed
of PEOa and BP is not affected by the properties Figure 1 Modified dilatometer: (1) ampule; (2) dila-
of the PS or PMMA blocks; their polymerization tometer; (3) vacuum system.
behavior is quite similar in comparing the kinetic
constants. In the present contribution, detailed
kinetic results in different polymerization condi- as Figure 1 shows. Thus, the difficulties of the

measurement of polymerization kinetics in thetions are described and the critical entanglement
density of PEOa which affected the polymerization low initiator concentration due to the influence of

oxygen on the polymerization were overcame. Therate is determined.
PEOas with different molecular weights were pre-
pared by anionic polymerization as we reported
previously.1 The capillary diameter and the vol-EXPERIMENTAL ume of the underneath container in the dilatome-
ter were calibrated three times each with water

Materials and mercury at 257C and an average value of each
was obtained. The whole measurement procedureSt and ethylene oxide (EO) were dried by calcium
is described as follows: To a 50 mL ampule con-hydride and distilled under N2 before use; MMA
taining a certain amount of PEOa dissolved intowas washed with 10% NaOH and dried over anhy-
10 mL benzene, MMA and BP were added. Afterdrous sodium sulfate after repeated washing with
three cycles of freezing at 77 K and thawing underdistilled water, then distilled under reduced pres-
a vacuum system, the reacting solution wassure before use. All solvents were purified by
pressed into the dilatometer which was alsonormal drying and distillation procedures. p -
attached to the vacuum system via a branch tubeAminophenol (AP), from Tao Yuan Reagent Fac-
until the liquid level increased to a definite height.tory, Wujiang County, ShuZhou City, Jiang Shu
Then, the top end of the dilatometer was sealedProvince, China) was recrystallized twice with al-
and placed in a water bath of 257C. After the liq-cohol and then water, giving the crystals with a
uid level was raised to a maximum, the readingsdark yellow color in a yield of 83.2%; mp 187–
started to record, and at the same time, the dila-1887C. BP was also purified by recrystallization
tometer was irradiated by a 300 W high-pressurewith alcohol.
mercury lamp (Model GGZ-300, manufactured by
Shanghai First Lamp Factory) at a constant 257C.
The cupric sulfate aqueous solution was used asKinetics Measurement
the photofilter to obtain a 365 nm monochromatic
light and the incident light intensity on the sur-A kinetics investigation was carried out with a

modified dilatometer which could be vacuumed face of the dilatometer was 0.5 kW/m2. The whole
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Figure 2 Effect of BP concentration on the polymerization rate. [PEOa 0 11,000]: 8
1 1003 mol/L, [St] , [MMA]: 3.14 mol/L. (l ) St; (m ) MMA; ( — rr—) PEOa (in acetoni-
trile) ; ( - - - ) PEOa (in benzene); ( ) AP (in acetonitrile) .

measurement lasted about 40 min, and the read- BP concentration exceeds 1.0 1 1002 mol/L, the
ings were recorded at intervals of 5 min. Rp starts to descend, which is greater than that

of PEOa. It may attributed to the following fact:
If the BP concentration exceeded a definite value,Instruments
the energy transfer not only could be carried out

UV spectra were obtained on a Beckman DU-7 between excited BP and AP, or the amino group
spectrometer; phosphorescence spectra were re- of PEOa, but also led to the decrease of the energy-
corded on a Hitachi MPF-4 fluorescence spectrom- transfer efficiency at a higher concentration of
eter with accessories for the measurement of BP.5 For the PEOa, however, there is another rea-
phosphorescence which has been calibrated. son that caused the Rp to drop, i.e., the excited BP

could also be quenched by the PEO chain. Figure
3 shows the dependence of the phosphorescence

RESULTS AND DISCUSSION intensity of BP on the AP and PEOa concentra-
tions. The variation of I0 /Ia (I0 and Ia : the phos-

Effect of Concentration of BP and Monomers on phorescence intensities of BP in the absence and
the Polymerization presence of AP or PEOa, respectively) for PEOa

dropped faster than that of AP as Figure 4 indi-Figure 2 shows the effect of concentration of BP
cates. It is proved that the triplet BP could noton the polymerization with a fixed concentration
only transfer the energy to the ground-state BP,of monomers and PEOa and the molecular weight
with AP or with the amino group of PEO, but alsoof PEOa in benzene. The order of the reaction with
to the PEO chain, which leads to the phosphores-respect to the BP concentration could be derived
cence intensity decay of the excited triplet BP withfrom the slope of the straight line portion of the
PEOa which is faster than that with small AP.plot of ln Rp vs. ln [BP], which is approximately

Figure 5 shows a linear relationship between0.56 for St and 0.54 for MMA. When the BP con-
ln Rp and ln[MMA] and ln[St] in the fixed con-centration exceeds 8.0 1 1003 mol/L for St and
centrations of BP and PEOa 0 11,000; the slopeMMA, the rate decreased with the BP concentra-
of the plot gives the monomer exponent as 0.33tion. It could also be observed when a small
for St and 0.30 for MMA. Compared with the caseamount of aminophenol (AP) was used as an in-
of small AP, in the same polymerization condi-itiator the Rp } [BP]0.48 for St and Rp } [BP]0.45

tions, the formulas of Rp } [St]0.98 [BP]0.48 andfor MMA could be obtained. However, for St and
MMA in the latter with the initiator AP when the [MMA]0.94 [BP]0.41 are obtained, which indicates

8EAA 4397/ 8EAa$$4397 07-11-97 12:27:00 polaal W: Poly Applied



2098 HUANG, HUANG, AND LIU

tion via the addition between the radical and
monomers is restricted; and (2) the intra- and
intermolecular hydrogen-bonding interaction be-
tween the amino group and the PEO chain hin-
dered the formation of CTC between the amino
group and BP via the transfer of electrons under
UV irradiation, so the formation of radicals is
more difficult than that in the case of small AP.
The UV spectra of small AP (A) and PEOa (B) in
chloroform (Fig. 6) supply direct evidence for the
interaction between the PEO chain and amino
groups. For AP, the absorption for the n r p*
transition locates at 296 nm; however, 306 nm is
found for PEOa. The 10 nm red shift of the latter
is attributed to the formation of hydrogen bonding
between the amino group and PEOa chains. Nev-
ertheless, a good linear relationship between Rp

vs. concentration of the monomer in the conditionsFigure 3 Phosphorescence spectra of BP in the (A)
of the fixed concentrations of PEOa and BP is stillabsence and presence of (B) AP and (C) PEOa. [BP]:
observed.1 1 1004 mol/L; [AP] and [PEOa]: 1 1 1004 mol/L;

solvent: CHCl3, 77 K.

Effect of Concentration of PEOa on the
that when CTC composed of AP and BP is used Polymerization
as an initiator as good as a normal kinetic rela-
tionship could be obtained. Rp is nearly propor- The dependence of Rp on the concentration of

PEOa is complicated. Figure 7 gives the experi-tional with the square root of initiator concentra-
tion and first power of the monomer concentra- mental results. When the concentration of BP, St,

and MMA and the molecular weight of PEOation. However, why does the sharp deviation for
the case of PEOa occur? We think that it may be (11,000) is fixed, the Rp initially increases with

the PEOa concentration up to about 6.05 1 1003caused by the following two reasons: (1) the
amino groups are enveloped by the entanglements mol/L for St and 6.40 1 1003 mol/L for MMA in

benzene, beyond which the rates decreasedof PEO chains in the case of PEOa, so the propaga-

Figure 4 Dependence of I0 /Ia on the concentrations of (l ) AP and (m ) PEOa.
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Figure 5 Relationship between ln Rp and ln St and ln MMA. [PEOa 0 11,000], [BP]:
8 1 1003 mol/L; (l ) St; (m ) MMA; ( ) in benzene; (---) in acetotrile.

sharply with the PEOa concentration. The order idly. When the PEOa concentration is less than
the critical one, the amino group is only envelopedof the reaction with respect to the PEOa concen-

tration is determined from the ascending portion and not covered, although the Rp is less than that
in the case of small AP, but as good as a linearof the plots in Figure 7 and is found to be approxi-

mately 0.38 for St and 0.36 for MMA in benzene, relationship between Rp vs. the concentration of
monomers and BP could still be derived. However,which still deviates from the common kinetic

equation. This concentration of PEOa correspond- if the PEOa concentration is more than the critical
one, the chain entanglement density of PEOa ising to the maximum Rp , as Figure 7 shows, be-

yond which the Rp decreased sharply, is called a so great that part of the amino groups are covered,
leading to decrease of the radical concentration.critical concentration. Only when the PEOa con-

centration reached this value can the Rp drop rap- The critical concentration of PEOa, as Table I in-
dicates, is strongly dependent on the polarity of
the solvents and molecular weight of PEOa.

Effect of Molecular Weight of PEOa on the
Polymerization

As well known, in radical polymerization, the va-
riety and the properties of the initiators do not
exert great influence on the polymerization be-
havior of the monomers.6 However, for our sys-
tem, the orders of concentration of the monomers,
BP, and PEOa, in kinetic equations increase with
decrease of the molecular weight of PEOa, which
is shown in Table II. For example, when the mo-
lecular weight of PEOa changes from 11,000 to
5,000, the formulas of Rp } [St]0.33 [BP]0.56

[PEOa]0.38 and [MMA]0.30 [BP]0.54 [PEOa]0.36 are
changed to Rp } [St]0.71 [BP]0.59 [PEOa]0.46 and
[MMA]0.56 [BP]0.57 [PEOa]0.42 . The critical con-Figure 6 UV spectra of (A) AP and (B) PEOa

centrations of PEOa are also changed from 6.050 11,000. Solvent: CHCl3, [AP]: 2.0 1 1004 mol/L;
[PEOa 0 11,000]: 1.0 1 1004 mol/L. 1 1003 mol/L in the case of St for PEOa 0 11,000
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Figure 7 Dependence of Rp on the concentration of PEOa 0 11,000. [BP]: 8 1 1003

mol/L; [MMA], [St]: 3.14 mol/L; (l ) St; (m ) MMA; ( ) in benzene; (----) in acetoni-
trile.

to 6.89 1 1003 mol/L for PEOa 0 5,000 and from The Effect of the Solvent Polarity on the
Polymerization6.32 1 1003 mol/L to 7.4 1 1003 mol/L for MMA,

as Figure 8 indicates.
The effect of solvent polarity on the polymeriza-When the molecular weight of PEOa decreases,
tion of St or MMA is quite striking. Rp and theits entanglement density would be decreased com-
conversion of monomers decrease with increase ofpared with the PEOa with a high molecular weight
the solvent polarity when PEOa is used. Figure 9in the same concentration. Thus, the critical con-
gives the dependence of the conversion of mono-centration for PEOa with a low molecular weight
mers on the solvent polarity. Whether St or MMAshould be increased in order to form the sufficient
is used as the monomer, the conversion is alwaysentanglement to effect the polymerization. The re-
higher in benzene than that in acetonitrile. Tableslationship between Rp and the concentration of
III and IV list the detailed kinetic experiment re-BP, MMA, and PEOa is observed to be close to the
sults and the data of the molecular weight of thenormal kinetic equation with the decrease of the
diblock copolymers in the different solvents. WePEOa molecular weight due to the decrease of the

entanglement density of PEOa. also found that the Rp decreases with increase of

Table I Data of Critical Concentration of PEOa in the Different Polymerization Conditions

Monomer MW (PEOa) BP PEOcrit

Monomer (mol/L) (11004) (1103 mol/L) Solvent (1103 mol/L)

St 3.14 1.1a 8 Benzene 6.05
3.14 1.1 8 Acetonitrile 6.31
3.14 0.5b 8 Benzene 6.89
3.14 0.5 8 Acetonitrile 7.21

MMA 3.14 1.1 8 Benzene 6.32
3.14 1.1 8 Acetonitrile 6.56
3.14 0.5 8 Benzene 7.41
3.14 0.5 8 Acetonitrile 7.66

a Molecular weight distribution of PEOa: 1.05.
b Molecular weight distribution of PEOa: 1.04.
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Table II Comparation of Kinetic Constants of PEOa with Small AP in the Different
Polymerization Conditions

Initiator Solvent Monomer Kinetic Constants

AP Acetonitrile St Rp } [St]0.98[BP]0.48[AP]0.45

Acetonitrile MMA Rp } [MMA]0.94[BP]0.45[AP]0.41

PEOa-11,000a Benzene St Rp } [St]0.33[BP]0.56[PEOa]0.38

Benzene MMA Rp } [MMA]0.30[BP]0.54[PEOa]0.36

Acetonitrile St Rp } [St]0.31[BP]0.54[PEOa]0.35

Acetonitrile MMA Rp } [MMA]0.28[BP]0.48[PEOa]0.32

PEOa-5,000b Benzene St Rp } [St]0.71[BP]0.59[PEOa]0.46

Benzene MMA Rp } [MMA]0.56[BP]0.57[PEOa]0.42

Acetonitrile St Rp } [St]0.68[BP]0.57[PEOa]0.42

Acetonitrile MMA Rp } [MMA]0.53[BP]0.52[PEOa]0.38

a Molecular weight distribution: 1.05.
b Molecular weight distribution: 1.04.

the solvent polarity; on the contrary, the molecu- monomers. However, in a polar solvent such as
lar weight of PS or PMMA in a diblock copolymer acetonitrile, the cation- and anion-radicals are sol-
is higher in acetonitrile than that in benzene. vated7 and the tightly bound ion radical pairs are

As well known, when aromatic amine and BP turned into loose pairs; thus, the proton transfer
are mixed, the CTC composed of a cation-radical between them may be difficult to carry out due to

increase of the interaction distance between ionof PEO{Ng
/

H2 and an anion-radical of Ph2Cg {OV

pairs. Hence, the concentration of the radical de-would be formed via the electron transfer from the
creases, leading to the drop of Rp and conversionaromatic amine to the BP under UV-irradiation.
of the monomers. At the same time, the molecularIn a nonpolar solvent such as benzene, the proton
weight of second blocks is increased due to the in-transfer from the cation-radical to the anion-radi-
verse dependence of the molecular weight on thecal is much easier, so the radicals of PEO{Ng H
concentration of radicals in radical polymerization.and Ph2Cg OH could be formed on a common route;

then the former initiate the polymerization of the We also found that for the case of PEOa even

Figure 8 Dependence of Rp on the concentration of PEOa 0 5,000. [BP]: 8 1 1003 mol/
L; [MMA], [St]: 3.14 mol/L; (l) St; (m) MMA; ( ) in benzene; (----) in acetonitrile.
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Figure 9 Effect of solvent polarity on conversion of monomers. [PEOa0 5,000], [BP]:
8 1 1003 mol/L; [MMA], [St]: 3.14 mol/L; ( ) in benzene; (----) in acetonitrile.

when the concentration of PEOa is less than the Effect of Second Block Compatibily with First
Block on the Polymerization of Second Monomercritical concentration the conversion of the mono-

mers is still less than 10% no matter how long the
It is well known that PEO is miscible with PMMApolymerization time is. This phenomenon could be
and immiscible with PS in the bulk, but is thereobserved from both cases of St and MMA; obvi-
any difference for their kinetic behaviors when Stously, chain entanglement density is responsible

for it. Further research is now going on. and MMA are polymerized by imino radicals of

Table III Effect of Solvent Polarity on the Composition of Producta

Composition (%) of Block Copolymer
Reaction Mixture Composition (W %)d

PEOa Conversion
Mb (11003 mol/L) (%)c PEO Copolymer PEO PS

St 4.0 9.61 (9.00)e 21.43 78.57 14.55 85.45
(32.43) (67.57) (12.00) (88.00)

6.0 9.00 (8.38) 30.34 69.66 29.03 70.97
(34.88) (65.12) (26.79) (73.21)

8.0 8.38 (7.77) 28.71 71.29 43.06 56.94
(34.69) (65.31) (40.62) (59.38)

MMA 4.0 8.05 (7.42) 33.82 66.18 15.56 84.44
(38.46) (61.54) (12.50) (87.50)

6.0 7.20 (6.59) 37.97 62.03 30.61 69.39
(43.42) (56.58) (27.91) (72.09)

8.0 6.57 (5.72) 36.26 63.74 46.55 53.45
(43.68) (56.32) (44.90) (55.10)

a Concentration of St and MMA: 3.14 mol/L; BP concentration: 8 1 1003 mol/L; MW of PEOa: 5,000; polymerization time: 24
h; solvent: benzene.

b Monomer.
c Overall monomer conversion.
d Determined by pyrolysis gas chromatography using known homopolymer PEO, PS, and PMMA as standards.
e The values in parentheses are obtained in acetonitrile.
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Table IV Effect of Solvent Polarity matter whether they are miscible or immiscible
on Polymerizationa with the first block.

Mn
b Mw/Mn The authors thank the National Natural Science Foun-

Monomer PEOa (11003 mol/L) (11004) dation of China (Grant No. 2947154) and the Doctor
Training Foundation of Education Committee of China

St 4.0 3.45 (4.20)c 1.50 (1.62) for their kind financial support.
6.0 1.75 (1.94) 1.24 (1.27)
8.0 1.20 (1.28) 1.15 (1.17)
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