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BIFUNCTIONAL INITIATORS. lil. PHOTOCHEMICAL
SYNTHESIS OF BLOCK COPOLYMERS OF STYRENE AND
METHYL METHACRYLATE WITH THE AID OF
AZO-BENZOIN INITIATORS *

YUSUF YAGCI and AYSEN ONEN

Department of Chemistry
Istanbul Technical University
Maslak, Istanbul 80626, Turkey

ABSTRACT

Block copolymers of styrene and methyl methacrylate were prepared
by means of azo-benzoin initiators. In the first stage, prepolymers
were synthesized by using these initiators. Photoactive prepolymers
containing benzoin end groups were employed in the second stage for
block copolymerization. The block copolymer structure was eluci-
dated by means of extraction by appropriate solvents, GPC analysis,
and IR and NMR spectral measurements. Mechanisms for initiation
and possible termination for systems involving benzoin-type initiators
are discussed in the light of results from studies of composition of
the block copolymerization mixture. Structure and efficiency of the
formation of the block copolymers depend greatly on both the rela-
tive reactivities of the photochemically derived radicals and the termi-
nation mode of polymerization.

INTRODUCTION

Benzoin and its derivatives are well known, and they are extensively
used as photoinitiators of free radical polymerization [1]. Upon photoex-
citation, these compounds undergo «-scission with high quantum effi-
ciencies according to the following reaction [2].

*For Parts I and I, see Refs. 3 and 5, respectively.
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vIOR (l) OR
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In a preceding paper [3], the synthesis and initiator properties of azo-
benzoin initiators of the following structures were reported.

o R 0 CH, CH, I(l) 1Iz
I | |
Ph— C— C—(CH,),—O0— C—CH,—CH,— C—N=N— C—CH,—CH,— C—0—(CH,),— ‘c—
| |
Ph CN CN Ph

ACPB:R = H,n = 0
ABME:R = —OCH,, n = 1

These bifunctional low molar mass initiators contain two chromophoric
groups, the azo and benzoin groups, that differ significantly in thermal-
and photoactivity. The most effective use of these initiators can be made
by thermolysis of the azo groups in the presence of monomer A and
subsequent photolysis of the benzoin groups in the presence of monomer
B. Since the benzoin moieties are contained as terminal groups in the
polymer formed in the first step, a block copolymer can be formed in
the second step. The structure of the block copolymer certainly depends
on the mode of termination of the particular monomers involved in both
polymerization steps.

This paper concerns the utilization of azo-benzoin initiators for the
formation of block copolymers of styrene (St) and methyl methacrylate
(MMA). By investigating the composition of the reaction products, i.e.,
block copolymer and homopolymers, we felt additional insight might be
provided into the relative efficiencies of benzoyl and alkoxy benzyl radi-
cals in polymerization.

EXPERIMENTAL

Materials

St, MMA, and solvents were purified by conventional drying and
distillation procedures. 4,4’-Azo-bis-(4-cyanopentanoyl)-bis benzoin
(ACPB) and 4,4’-azo-bis-(4-cyanopentanoyl)-bis-(a-methylolbenzoin
methyl ether) (ABME) were prepared as described previously [3].
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Preparation of Photoactive Polystyrene

Bulk St containing a known amount of ACPB or ABME in Pyrex
tubes was degassed in a vacuum system. For polymerization, the tubes
were immersed in a constant temperature bath at 60°C. At the end of a
given time the reaction mixtures were poured into a tenfold excess of
methanol and the precipitated polymers were filtered off. The polymers
were then purified by dissolving them in methylene chloride and precipi-
tating them in methanol before they were used in photopolymerization
experiments.

Photopolymerization

Appropriate solutions of above-obtained prepolymers and MMA
were placed in Pyrex tubes. The mixtures were degassed in the usual
manner prior to irradiation with an annular-type photoreactor (Applied
Photophysics) equipped with lamps emitting at 350 nm at 25°C. At the
end of a given reaction time, polymers were obtained from the reaction
mixture by precipitation into methanol. The mixture of block copoly-
mers and homopolymers was separated by successive extraction in boil-
ing cyclohexane and acetonitrile.

Analysis

IR spectra were recorded on a Shimadzu IR-400 model spectropho-
tometer on films and on KBr disks. '"H-NMR spectra were taken on a
Bruker-200 spectrophotometer in CDCl, solution with tetramethylsilane
as the internal standard. GPC chromatograms were obtained by using a
Knauer M64 instrument equipped with a differential refractometer and
a UV (254 nm) detector by using THF as the eluent at a flow rate of 1
mL/min. Molecular weights were calculated by using polystyrene stan-
dards.

RESULTS AND DISCUSSION

Azo-benzoin initiators have a sequential bifunctional character due to
the presence of both a thermosensitive azo group and a thermally stable
but photosensitive benzoin group in the structure. To test the sequential
character of the azo-benzoin initiator, a series of two-stage polymeriza-
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TABLE 1. Two-Stage Polymerization of Styrene with ACPB

Stage I1

Stage I photolysis

heating time  time* Conversion,
Run at60°C,h  at25°C,h % M, x 107" M,/M,
I 2 — 6.81 26.69 1.51
nm 2 — 8.66 33.12 1.43
nm 2 24 39.73 4.54 4.47

A\ = 350 nm.

Kept at 25°C for 24 h.

tions of St were carried out. As can be seen from Table 1, conversion
increased significantly when the polymerization mixture was irradiated
in the second stage. Lower molecular weights and a broader molecular
weight distribution as compared to the one-stage procedure were ob-
tained. This may due to the fact that the benzoyl radical (B) is a better
initiator than the alkoxy benzyl radical (AB) for St polymerization [4].

?Meﬁ (l)Me 0]
|
——C— C—Ph—5 ¢+ -C—Ph
| ] )
Ph Ph
(AB) (B)

In order to employ block copolymerization experiments, polystyrenes
(PSt) with various molecular weights, possessing benzoin and benzoin
methyl ether end groups, were prepared according to the following se-
quence of reactions.
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0O H 0 CH,
[ | |
2Ph— C— C—0— C—CH,—CH,— C-
| | )
Ph CN
s
O H 0 CH,
[ | I X
Ph~ C— C—0— C—CH,—CH,— C~—CH,— gCH )
}I’h CN Ph
O H 0 CH, CH, |o 1]{ |o
[ | | |
C—0— C—CH,—CH,— C—[—CH,— CH—],— C—CH,—CH,— &—o— |c— &—Ph
| | |
Ph CN Ph CN Ph

Details of the kinetics and mechanisms of the polymerization of St initi-
ated by the thermolysis of these type of initiators were reported pre-
viously [3, 5]. UV irradiation of the resulting prepolymers caused «-scis-
sion and yielded benzoyl radicals and polymer-bound radicals according
to Reaction (6).

H O
-~CH2——CH-~0—|C—(|:—Ph LN
b -
H 0
~~CH,~ CH-O—|C- + -(‘J—Ph 6)
T h

|
~~CH,— CH~O0O—C: + MMA — block copolymer of St and MMA
|

l
Ph Ph (7
i
Ph— C- + MMA - polyMMA ®)

Either or both of these radicals may then initiate the polymerization
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TABLE 2. Block Copolymerization of the PSt Initiator, Obtained
by the Thermolysis of ACPB, with MMA in Benzene Depending on the
Molecular Weight of the PSt Initiator

Composition of the

. . Block

M x 10~ reaction mixture copolymer®
(prepoly- Conversion,” PSt, MMA, PSt-b- composition,
styrene) % % %o PMMA, % PMMA, %
22.44 30.71 2 70 28 80

27.10 31.48 4 71 25 38

32.09 14.9 9 62 29 26

43.01 20.00 18 59 23 20

*\ = 350 nm, [M] = 7.5 mol/L, [I] = 1.4 x 10~* mol/L, photolysis time = 3

temperature = 25°C.

"Overall MMA conversion.
‘Determined by NMR analysis.

of the second monomer according to the polymerization conditions. In
this connection we refer to the work of Pappas [6] who demonstrated
that both radicals are equally effective as initiators in the polymerization
of methyl acrylate (MA) and MMA. In our case it would appear neces-
sary for the polymer-bound alkoxy benzyl radical to initiate polymeriza-
tion for successful block copolymerization (Reaction 7). Typical results
concerning the block copolymerization of St and MMA using photoac-
tive polystyrenes obtained from ACPB and ABME are presented in Ta-
bles 2-5.

In all cases, homopolystyrene formation may be due to the primary
radical combination of polymeric alkoxy benzyl radicals. PSt molecules,
which for any reason fail to acquire benzoin end groups during the
synthetic procedure in the first step, are also automatically included in
the nonblock PSt component. The molecular weight and concentration
of the PSt initiator influence the yield and the block copolymer ratio in
the mixture. Furthermore, the PMMA ratio in the macromolecular chain
decreases with increasing molecular weight of PSt initiator in the poly-
merization system. The highest amount of block copolymer formation
was obtained by using benzoin-attached PSt with the lowest molecular
weight and at the highest concentration (see Table 3). GPC analysis
clearly indicates the formation of block copolymer; Fig. 1 shows the
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TABLE 4. Block Copolymerization® of the PSt Initiator, Obtained by
the Thermolysis of ABME, with MMA in Benzene Depending on the
Molecular Weight of the PSt Initiator

Composition of the
reaction mixture

Block
M, x 107* PMMA, PSt-b- copolymer®
(prepoly- Conversion,” PSt, % PMMA, composition,
styrene) %o % % PMMA, %
10.46 23.34 1 81 18 38
19.52 34.99 3 73 24 34
26.23 13.00 7 63 30 31

]\ = 350 nm, [M] = 7.5 mol/L, [I] = 1.8 x 10~* mol/L photolysis time = 3 h,
temperature = 25°C.

®Overall MMA conversion.

‘Determined by NMR analysis.

GPC chromatogram recorded with the prepolymer, mixture, and extrac-
tion products. The new peak at a higher molecular weight is ascribed to
the block copolymer. Furthermore, dual detection by RI and UV (Fig.
1) allowed a clear assignment of this peak to the block copolymer since
homopoly(methyl methacrylate) (PMMA) is transparent at the wave-
length (254 nm) of the UV detector, The block copolymer structure was
also assigned by means of IR and NMR spectral measurements. The IR
spectra of the purified block copolymers show the characteristic band of
PMMA at 1720 cm™' in addition to the usual PSt bands. The NMR
spectrum of a typical block copolymer displays signals at 0.8-1.1 ppm
(CH;), 1.4-2.0 ppm (CH,), 3.6 ppm (O—CH,), and 6.55-7.05 ppm
(C¢Hy) (Fig. 2).

A different sequence of the same procedure may also be used to
prepare block copolymers. For this purpose, MMA (9.4 mol/L) was
polymerized by utilizing ABME as an initiator at a concentration of 10~°
mol/L at 60°C for 3 h. The resulting polymer was presumed to contain
only one benzoin methyl ether moiety per macromolecular chain since
propagating MMA radicals terminate mainly by disproportionation [7].
Terminally photoactive PMMA (M, = 13.4 x 10%) was used to attempt
photoinitiated block copolymerization of St (5.76 mol/L) in benzene. St
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FIG. 1. Gel permeation chromatograms recorded with the products formed
on block copolymerization. (a) Prepolystyrene. (b) Crude block copolymer. (c)
Pure block copolymer after extraction with boiling cyclohexane and acetonitrile.
(d) Homopoly(methyl methacrylate) (acetonitrile soluble part). (¢) Homopoly-
(styrene) (cyclohexane soluble part). (—) RI detection; (- - -) UV detection.

containing PMMA at a concentration of 3 X 10™* mol/L was irradiated
for 3 h at 25°C.

It is interesting to note that the resulting polymer mixture gave a 90%
yield of block copolymer after extraction of homopolymers with 3%
overall St conversion. High yield of block copolymer is entirely consis-
tent with the usual assumption that the termination reaction in styrene
polymerization occurs by combination. In this way, less reactive
PMMA-bound alkoxy-benzyl radicals also contribute to the formation
of block copolymer by coupling with the propagating styryl radical de-
rived from either a benzoyl or a alkoxy-benzyl radical. In this connec-
tion, it should be pointed out that several other bifunctional initiators
have been reported in the literature. Among them, azo-peroxide initia-
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FIG. 2. 'TH-NMR spectrum of the block copolymer.

tors proved to be adequate in the synthesis of methyl methacrylate-
styrene-based [8-11] and methyl methacrylate-acrylonitrile-based [12]
block copolymers.

However, there are various drawbacks which quite often retard practi-
cal application of these initiators for the synthesis of block copolymers.
These drawbacks essentially apply to the thermal sensitivity of both the
azo and peroxide groups although at different rates. Upon heating under
mild conditions, peroxide groups, in addition to the azo group, also
decompose to a significant extent, in which case they contribute to the
formation of unfunctionalized prepolymer and consequently homopoly-
mer. High temperature conditions at the second stage are an additional
reason for the presence of homopolymer. For example, very low block
copolymer yields were obtained [13] when 4,4’ -azo-bis-(4-cyano penta-
noyl)-benzoyldiperoxide was used as a bifunctional initiator in the syn-
thesis of poly(methyl methacrylate-b-styrene) and poly(methyl methacry-
late-b-acrylonitrile) block copolymers. Compared with other types of
bifunctional initiators, azo-benzoin initiators have several attractive as-
pects. The thermal stability of the benzoin groups allows the synthesis of
polymers with photosensitive end groups. Low temperature reactions in
the photochemical step prevent side reactions and decrease the impor-
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block copolymers are obtained in high yield (up to 90%) with very low
residual homopolymer content.

CONCLUSION

Block copolymerization via azo-benzoin initiators provides a versatile
two-stage method applicable to vinyl monomers. The radicals, benzoyl
and alkoxy-benzyl, are produced at different rates, but both are effective
in initiating polymerization. It is clear that the efficiency of the block
copolymerization greatly depends on the kinetic behavior of the free
radical polymerizable monomer involved in the photochemical step.
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