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Synthesis of block copolymer by “living” radical polymerization of
styrene with nitroxyl-functionalized poly(ethylene oxide)
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Abstract

A series of well-defined block copolymers of poly(ethylene oXigstyrene)s (PE@-PS)s with narrow polydispersity were synthesized
by the following two-step approach: living anionic polymerization of ethylene oxide (EO) with sodium 4-oxy-2,2,6,6-tetramethy-1-piper-
idinyloxy (TEMPONa) as initiator to yield PEOn with a TEMPO moiety at chain end, was followed by a stable free radical polymerization
(SFRP) of styrene (St) to give a block copolymer. In the process of anionic polymerization, TEMPONa could induce living anionic opening-
polymerization of EO at low temperature under which the stable niroxyl radical at the end of the PEO chain could be not destroyed at all. The
TEMPO moiety in the resulting PEOn acts as a radical trapper in quantitative efficiency and St can be designed for polymerization for good
control of the SFRP. Such a polymerization proceeded with a living radical mechanism. However, PEOn should be more sterically hindered
and possess lower diffusion ability and thus be less efficient at trapping propagating chain radicals, resulting in enhanced polymerization rate.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction contained, may represent useful characteristics, e.g. high
impact plastics [16,17]. Wang et al. [18] synthesized amphi-
Block copolymers as a unique kind of polymeric materi- philic copolymer with uniform PEO as side chains by means
als, can be used as compatiblizers, viscosity modifiers andof copolymerization of methacryloyl-terminated PEO
so on. Design and synthesis of such a material with novel macromonomer and styrene (St) in control of SFRP, but it
properties have attracted considerable attention on the aspeds difficult to control the grafting site in the main bone.
of polymer chemistry [1-3]. Several papers have been Yoshida et al. [19,20] found that the azo-linked polytetra-
published which report the synthesis methods of block hydrofuran (PTHF) with a radical initiator moiety which
copolymers including anionic, cationic, radical polymeriza- was obtained by living cationic polymerization of tetrahy-
tion and its coordinates [4—8]. However, a major drawback drofuran was then decomposed in the presence of a como-
of ionic polymerization process is the narrow selectivity nomer (St) to give block copolymers. No other publications
range of the monomer and the rigorous reaction conditions. concerning PEM-PS were found in the literature. In our
Recently, a living free radical polymerization mediated by a group, the kinetics and chain length distributions occurring
stable nitroxyl radical such as 2,2,6,6-tetramethyl-1-piperi- in living nitroxide-mediated styrene polymerization system
dinyloxy (TEMPO) and its derivatives was reported to give were simulated by using a hybrid Monte Carlo algorithm
well-defined polymers with narrow polydispersity [9]. Nitr- [21]. The improved polymerization rate methods for SFRP
oxide-mediated stable free radical polymerization (SFRP) were advanced for application in experimental work
was successfully used to synthesize several block, branch osuccessfully [22—24]. A subsequent two-step free radical
star copolymers by subsequent multi-step addition of a polymerization approach was used to synthesize poly(methyl
second monomer [10—15]. A—B type block copolymer of methyacrylateg-styrene), in which low-temperature ATRP
poly(ethylene oxide) (PEO) and polystyrene (PS) in which to yield PMMA or PS main backbone with dendrigraft
both glassy segment and semi-crystalline segment arenitroxides in the presence of polymeric nitroxyl radicals
which could act as both stable radical and polymeric
* Corresponding author. Tek 86-21-6564-2863; fax+86-21-6564-0203. ~ monomer was followed by a nitroxide-mediated SFRP
E-mail addressfihua@fudan.edu.cn (F.J. Hua). process [25,26]. The copolymers containing thermally
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unstable C—ON bond in main bond have reversible combi- 2.3. Preparation of PEO prepolymer (PEOn)

nation behavior under high temperature and therefore they o ) o

demonstrate special rheological behavior. In this paper, Anionic ring-opening-polymerization of EO (see Scheme
anionic living polymerization of ethylene oxide (EO) 1) was carried ou.t ina glass ampoule with a magnetic stirrer.
with sodium 4-0xy-2,2,6,6-tetramethyl-piperidinyloxy 10 20 ml of THF in dried ampoule was added 0.2 mmol Na
(TEMPONa) as initiator was first used for synthesis of 4-0Xy-TEMPO and 0.2 mol EO. The mixture was sealed
PEO prepolymers (PEOns) with quantitatively under nitrogen atmosphere and was heated &E.6Boly-
functionalized terminals of TEMPO (see Scheme 1). Poly- Merization reaction was ended with methanol after 10 h.
merization of St was then carried out with AIBN as initiator The prepolymer, PEOn, was purified by precipitation with
in the presence of such a prepolymer with nitroxyl radical as chloroform as solvent and petroleum ether as nonsolvent.
the macromolecular trapper to yield PHERS block

copolymers with narrow polydispersity. 2.4. Radical polymerization

Nitroxide-mediated radical polymerization process of St
in the presence of PEOn may be schematized as in Scheme 2.
The experimental process is described as follows: to a
100 ml glass bottle, 35 mmol St, 0.25 g PEQM, (2500,
0.1 mmol) and 13.6 mg AIBN (0.083 mmol) were added.
The mixture was stirred at room temperature for 10 min.
The bottle was evacuated by three freeze—pump—thaw
cycles, purged into by the purified argon for 15 min and
then capped with rubber tip before placing in the heated
oil-bath at 120C. The resulting polymer was purified by
precipitation with ethanol mixture (ethanol/watet80/20,
2.2 Instrumentation molar ratio) as nonsolvent. The block copolymer could be
further purified by successive extraction using cold water
Molecular weight and molecular weight distribution were and cyclohexane to remove unreacted PEOn and possible
determined by gel permeation chromatography (GPC) on aPS homopolymer.
Waters Instrument equipped with two Waters Styragel
columns (pore size:foand 13 A) in sequence (eluent,
THF, 1ml/min, 38C, polystyrene as the standard).
NETZSCH TGA 204 was used to perform measurement
of conversion of St. The loss in weight gave the monomer
conversion at the given time when the sample was taken out
of the bottle. The infrared spectra of the prepolymer and
final products were taken with a NICOLET 550 FT-IR spec- - .
trometer andH NMR on a Bruker 300 MHz NMR spectro- 106G
meter. ESR spectroscopy (Bruker ER200D-SRC) and
element analysis were used for determination of the
nitroxide radical. Fig. 1. ESR spectrum for solid sodium 4-oxy-TEMPO.

2. Experimental
2.1. Materials

EO, THF and St were dried by calcium hydride and then
distilled before use. AIBN was purified by recrystallization
with hot ethanol. 4-hydroxyl-TEMPO (HTEMPO, supplied
from BASF) was purified by recrystallization with hexane
as solvent. All other chemicals were purified by common
methods.
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Table 1

A series of PEOns with different molecular weights

Types of PEOn My cpd Mn,spinb My amr® Polydispersity Functionalities
PEON-2500 2650 2520 2480 1.05 0.94
PEON-3500 3460 3420 3350 1.10 0.97
PEON-4500 4430 4560 4400 111 0.99

@ Measured by GPC, calibrated by standard polystyrene.
P Estimated by measuring spin number on ESR instrumentMg, g,in = M¢/N, whereM; is the spin number/g anil is the molar constant.
¢ Calculated by'H NMR measurements.

3. Results and discussion ring-opening polymerization of EO with TEMPONa as
initiator (see Scheme 1). A series of PEOns with different
3.1. Synthesis of PEOn with a TEMPO moiety molecular weights were similarly prepared by adjusting the

molar ratio of sodium 4-oxy-TEMPO to EO (as listed in

The initiator, sodium 4-oxy-TEMPO was first prepared Table 1). All the resulting polymers showed a unimodal
by the reaction of 4-hydroxyl-TEMPO (HTEMPO) with Na GPC trace which gave a narrow polydispersity value of
in dried THF at low temperature of 40. The value calcu-  less than 1.2. ESR spectra in Fig. 2(a) and (b) shows sharp
lated for GH;/NNaO, was consistent with that obtained by spin signal for solid PEON\,, 2500) and three fine signal
element analysis data (Na, 12.2%; C, 55.71%; H, 8.79%; N, for such a PEOn in benzene (concentration 20 mg/ml),
7.22%). A typical ESR spectrum for solid sodium 4-oxy- which are assigned to typical nitroxyl radical. The molecu-
TEMPO shows a sharp signal ag#alue of 2.0066 whichis  lar weight estimated by spin number was found to be close
identical to that for HTEMPO with high concentration state to that by GPC, calibrated by standard polystyrene (see
(as shown in Fig. 1). The calculated spin number by integral Table 1). Ascorbic acid can easily reduce TEMPO to the
intensity was applied to estimate the molecular weight corresponding hydroxylamine by the reaction shown in
which was found to be consistent with the element analysis Scheme 3 [27]*H NMR spectrum for reduced product of
result mentioned above. It indicates that the stable nitroxyl PEOn is shown in Fig. 3, in which the single signal at 1.2—
radical on sodium 4-oxyl-TEMPO molecule was not 1.3 ppm originates from the methyl protons in hydrazine
destroyed during the process of HTEMPO reduction by moiety and the sharp signal at 3.64 ppm was assigned to
Na at low temperature. PEOn was prepared by an anionicthe methylene protons in the —@EH,O unit of the PEO

Fig. 2. ESR spectrum for PEON( 2500) which was prepared under the following the conditions: TEMPON&HG50 (molar ratio) in 20 ml THF at 6C.
(a) In solid state; (b) in benzene solution (20 mg/l).



1364 F.J. Hua, Y.L. Yang / Polymer 42 (2001) 1361-1368

i H
0 O\CHCHZ OH 0 %HCHZ OH
e
H H 0

Scheme 3.

ofs o ~dud
~ < e S !
[ i N o [ [ W H
= @ 9 fsalhe L]
[ cke € ocq
a W 4
Mo ofc

A by, A Ly : ol , ! !
2.2

Fig. 3.'H NMR spectrum for reduced product of PEQW,(2500) which was prepared as in Fig. 2.
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Table 2 Furthermore, the linear dependence of molecular weight
A series of PEQB-PSs corresponding to PEOns with different molecular  qeviated from the “Iiving” peak on conversion and the linear

weights relationship of IiMy/M) versus reaction time (as shown in
Types of PEOB-PS M, gpc Mo wie? Polydispersity Figs. 5 and 6, respectively) demonstrates that polymeriza-
tion of St can be controlled in the presence of PEOn with
P ey A Lo e TEMPO moiety in a way similar to SFRP with HTEMPO
PEOb-PS-4500 16.500 16.200 1.40 [9] and thus copolymers with narrow polydispersity were

obtained (MD< 1.5 as shown in Table 2). In fact, PEOn
. Measured by GPC, calibrated by standard polystyrene. acted as macromolecular trapper of the stable nitroxyl radi-
Calculated byH NMR measurement cal of HTEMPO in the process of polymerization. However,
PEOnN should be more sterically hindered and possess lower
chain. The probable molecular weight calculated by using diffusibility than HTEMPO, so that it could be less efficient
integral intensive ratio of methylene in PEO chain at at trapping the initiating radicals. As a result, double peaks
3.64 ppm and methyl in hydrazine moiety at 1.2—1.3 ppm during the initial polymerization are unavoidable as shown
was found to be 2480, close to that obtained by GPC (seein Fig. 4. The polymerization rate of St in the presence of
Table 1). The functionalitieéf = M, nvr/Mngpo) for these PEOn is faster than that with the same quantitative amount
PEOns are in the range of 0.9-1.0. of HTEMPO (see Fig. 6), which demonstrates that TEMPO
moiety connected at the end of PEOn is less efficient at
3.2. Polymerization of St in the presence of PEOn with a  trapping the propagating chain radicals because of the
TEMPO moiety high steric hindrance of PEOn with long EO chain.
Furthermore, the polymerization rate for St system in
St polymerization can take place with AIBN as initiatorin the presence of PEOn with smaller molecular weight
the presence of PEOnN carrying a TEMPO moiety att@20  increases slightly. This is probably related to the high
The results are listed in Table 2. The copolymers originating viscosity or low diffusion ability of PEOn with longer
from PEOns with different molecular weights gave a very EO chains.
narrow molecular weight distribution of under 1.4. 'H NMR spectrum of the final copolymer, shown in Fig. 7,
Fig. 4 illustrates the GPC traces at different given times in exhibits signals at 6.7—7.3 ppm which can be attributed to
the process of polymerization of St and PE®k, €500). In styrene. The number-average degree of polymerization of St
initial period, another peak apart from the initial peak inthe copolymer, estimated from the intensity ratio of meth-
assigned to PEOn emerged gradually to form a broad peaklyne protons at 3.64 ppm in OGBH, to phenyl ones at
while molecular weight increased gradually. The copolymer 6.7—7.3 ppm, was found to be close to the theoretical
shows a unimodal GPC trace and no peak due to the prepovalue according to the following equation (see Table 2):

lymer was observed after 2 h. These results indicate that the
; . . =M + [Msy X conv%Xx M,, s/[PEO
TEMPO moiety at the end of PEOn chain was engaged in = " " EO" Msd 0X Mu s/[PEON
copolymerization to yield the block copolymer (PHERS). These results indicate that polymerization of St in the
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Fig. 4. GPC traces for intermediates taken at different times during the process of polymerizatiG€8),(126RP polymerization conditions:
PEON:AIBN:St= 1.2:1:300 (molar ratio) at 12C.
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Fig. 5. Dependence of molecular weight on monomer conversion in SFRP of St in the presence of PEOn and HTEMPO. Reaction conditions are identical to
those in Fig. 4.

presence of PEON proceeded via a living radical mechanismat high temperature (in generak95°C) because of the

and that the well-defined PEB®PS with narrow polydis-  unstable C—ON bond between the PS and PEO segments.

persity was prepared as schematized in Scheme 2. The semi-crystalline PEO segment can demonstrate self-
In conclusion, PEQ>-PSs with narrow polydispersity  organizing behavior. A study of the rheological behaviors

were prepared by combining living anionic polymerization of these copolymers are in progress and the reports will be

and SFRP. Ring-opening polymerization of EO with sodium submitted soon.

4-oxy-TEMPO as initiator gives PEOn with a TEMPO

moiety. St, with PEOn as macromolecular trapper, then

polymerizes (which can be controlled) by SFRP. Sterically Acknowledgements
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Fig. 6. Dependence of (My/M) on reaction time in SFRP of St in the presence of PEOn and HTEMPO. Reaction conditions are identical to those in Fig. 4.
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Fig. 7.'H NMR spectrum for diblock PE®-PS prepared with PEOM, 2500) under the conditions given in Fig. 4.
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