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Synthesis of styrene and tetrahydrofuran block copolymers by
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Abstract In order to transfer the halogen terminus of polymers for block copolymer synthesis, the in situ trans-
formation of living free radical polymerization of styrene into living cationic ring-opening polymerization of tetrahydrofuran
was successfully performed. Three different initiator/catalyst systems of styrene were employed, i.e. (a) PhCH,Cl/
Bpy/CuCl, (b) 1-PEBr/Bpy/CuCl and (c) CCl,/BDE/CuCl system. With these monofunctional initiator or difunction-
al initiator, both AB and ABA type block copolymers of styrene and tetrahydrofuran were obtained using a silver salt with
strong acid (AgClO,) as the transformation agent in the transformation of polymerization type. Characterization of these

copolymers by nuclear magnetic resonance hydrogen spectra (*H-NMR) , gel permeation chromatography (GPC) and dif-
ferential scanning calorimetry (DSC) indicated this method is simple and feasible.

Keywords: living free radical polymerization, ring-opening polymerization, synthesis, poly (styrene-b-
tetrahydrofuran), block copolymer.

Since Szwarc’ s concept of living polymerization was accepted for its significant scientific and

commercial interest!!%)

, the preparation of novel structural macromolecules with unique properties has
become one of the hottest fields in polymer science. Various approaches have been developed to syn-
thesize the block copolymers including (i) sequential addition of monomer, (ii) ion coupling reaction

and (iii) transformation between two different types of polymerization.

Although sequential adding of monomer can be used for synthesis of block copolymers, it is lim-
ited by a single propagating mechanism so the type of monomer to be copolymerized is restricted. Ion

coupling method is based on the coupling reactions'> ]

, but it is limited by restricted reaction condi-
tions, the unavoidable inactivation of the living prepolymer species by impurities and the difficulty in
ion coupling between the high molecular weight prepolymers. Compared to these two methods, the
transformation of polymerization method involves the interconversion of the three main propagating
mechanisms, i.e. anionic, cationic and free radical polymerization, which has been studied exten-

sively in block copolymer synthesis[ﬁ_ls] .

This method starts with the polymerization of the first
monomer, then the living chain propagation species is end-capped by a functional group, which is
suitable for initiating the second monomer polymerizing in a different way. The key process in this
method is the end group functionalization. In spite of all the reported transformation approaches were

not in situ transformations that the needed complicated multi-step path is a great disadvantage,
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this method is more useful for synthesis of copolymers, e.g. poly (styrene-b-tetrahydrofuran) (poly
(S-b-THF) ) block copolymer. There were many reports on the synthesis of poly (S-b-THF) by trans-
forming living cationic polymerization of THF into living polymerization of styrene, or vice versa. Most
of these studies were focused on the transformation from anionic polymerization of styrene into cationic

)[9—13]

polymerization of tetrahydrofuran (THF , or on the transformation from cationic polymerization

of THF into anionic or free radical polymerization of styrene[”_ls] .

Recently developed transitional metal catalyzed living free radical polymerization has attracted a

[16=18) | Using alkyl halides as initiator, it is as-

lot of attention in free radical polymerization studies
certained that the chain end of the obtained polymers is end-capped with halogen atom. Since the
bond dissociation energies of C-X (X = Br, Cl) are low, the halogen terminus may be used as a use-
ful initiating site in the synthesis of block copolymers. Based on this assumption, we studied the
transformation of living free radical polymerization of styrene into living cationic ring-opening polymer-
ization of THF and found that the in situ transformation of polymerization can be performed successful-

ly.
1 Experimental
1.1 Materials

Styrene (CP) was distilled over CaH, twice in vacuum just before used. THF (AR) was dried
with Na, then distilled under Ar. CCl, was distilled twice. Commercial products of Bis(2-dimethy-
laminoethyl) ether (BDE) and Benzyl chloride (PhCH,Cl) (AR) were distilled in vacuum. 97% 1-
Bromoethylene benzene (1-PEBr) (Acros) and 2,2’-Bipyridine (Bpy) (AR) were used without pu-
rification. CuCl and CuBr ( CP) were purified according to ref. [19]. AgClO, was synthesized in our
laboratory. All the solvents were dried and distilled under Ar.

1.2 Synthesis of block copolymer of styrene and THF by in situ transformation

CCl/BDE/CuCl or PhX/Bpy/CuX initiating living free radical polymerization of styrene was
proceeded as the first step in a sealed three-neck flask at 130°C . During the process, 1.0 mL sample
was taken out from the flask every 30 min for gel permeation chromatography (GPC) detection, then
the polymerization system was cooled and THF was added into it, the polymer was dissolved in THF.
Then AgClO,/THF solution prepared before was added directly into the flask under Ar. The solution
of polystyrene turned off-white quickly, and the ash-like precipitate was observed. The flask was im-
mersed into an ice-water bath at 10°C for about 24 h, and 1.0 mL sample was taken out from the sys-
tem every 6 h for GPC detection. The resulted mixture was filtrated. The filtrate was poured into wa-
ter, a yellowish oil phase floated above water, which was separated by a funnel, then dried in vacuum
at 50°C, an opalescent solid was obtained .

In the transformation, for CCl,/BDE/CuCl/St system, [CCl,]: [BDE]:[CuCl]: [AgClO,;] =
1:2:1:8; for PhX/Bpy/CuX/St system, [PhX]:[Bpy]:[CuX]: [AgClO4] =1:3:1:4,

1.3 Characterization

Molecular weight (Mn) and molecular weight distribution (Mw/Mn) of polymers were deter-
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mined by a Waters 150 GPC/ALC instrument equipped with Waters HT2 and HT4 polystyrene gel
columns at 25°C . Calibration was based on monodispersed molecular weight polystyrene standards.
Nuclear magnetic resonance hydrogen spectra ('H-NMR) were recorded on Braker DRX 500 MHz
spectrometers at 25°C, with TMS as the internal standard and CDCl, as the solvent. The melting point
(T,/C) and the glass temperature ( T,/ °C) of copolymers were determined by Dupond instrument
DSC 2910 differential scanning calorimetry ( DSC) with rising temperature of 20°C per min from
- 100°C to 200C..

2 Results and discussion

Three initiator/catalyst (1/C) systems were employed in the in situ transformation of living free
radical polymerization of styrene into living cationic polymerization of THF, i.e. (a) PhCH,Cl/Cu-
CVBpy, (b) 1-PEBr/CuBt/Bpy and (¢) CCl,/CuCl/BDE system.

It is known that the C-Cl bond dissociation energies (E, 4, ) in CCL'®) are: CCl,-Cl, 298 kJ
*mol ™ '; Cl,-Cl, 281 kJ*mol ™!, CCI-Cl, 386 kJ*mol~'; C-Cl, 331 kJ-mol~}, so CCl,-group can
be easily formed in proper conditions. In our previous study, characterizations of GPC and 'H-NMR
demonstrated that CCl, is a two functional initiator in the living radical polymerization of methyl
methacrylate, i.e. the degree of polymerization (DPn) of the obtained polymer detected by GPC is
double of that detected by 'H-NMR" . And also CCl, was used as a chain transfer agent in the telom-
erization of vinyl acrylate, the formed poly (vinyl acetate) was terminated by — CCl; group, which
could initiate styrene to living radical polymerization? . These experimental results were in accord with
the E, 4 .. values presented in ref. [20], which confirm that CCl, is a difunctional initiator in living
free radical polymerization. So a propagating species with two halogen terminals: Cl-P-C(Cl),-P-Cl
could be formed with CCL, used as the initiator in polymerization of styrene. So it is possible to syn-
thesize AB or ABA type styrene-tetrahydrofuran block copolymers through the monofunctional initiator

system (a) and (b) or difunctional initiator system (c), respectively.

In this study, while adding AgCld4/ THF solution directly into the styrene polymerizing system,
the irreversibly precipitating reaction between AgClO, and Cu(II)X or Cu(I)X ran perfectly well. At
the same time, the precipitating reaction between AgClO, and organic halide also occurred with a little
lower reaction rate at room temperature. So the first living free radical polymerization of styrene was
ended at low temperature by the two precipitating reactions, forming a new cationic species with
ClO, ~ as the counterion. The nucleophilicity of Cl10, ™ and the stability of newly formed oxonium liv-

(2] " 50 the first living poly-

ing species made the cationic ring-opening polymerization of THF possible
merizing stage transformed into cationic ring-opening polymerization of THF (Scheme 1) . Since CCly
is a difunctional initiator, the new cationic species is a difunctional propagating species, so THF
monomer could polymerize from both living sides, then forming ABA type Poly ( THF-b-S-b-THF)

block copolymer.

1) Cheng, G.L., Study on the atom transfer radical polymerization( ATRP) induced by a novel catalyst-initiator system, Ph. D
Thesis, East China University of Science and Technology, 1998 . :

2) Zhang Y. M., Study on the Atom Transfer Radical Polymerization (ATRP) of vinyl monomers initiated by the macroinitiators
with chlorine functional groups, Ph. D. Thesis, East China University of Science and Technology , Shanghai, P.R. China, 1998.
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The first stage (living free radical polymerization):
~«CH,~CH);CH,-CH-X

CH,=CH
Cu(I)’ € Cu(Il)'
R—X+
Kact/Kdeact
The second stage (transfer to living cationic ring-opening polymerization):

Cu()’ + Cu(l)’X + AgClo, ——— AgX | + Cu()* +Cu(Il)*™* +CIlO;
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Scheme 1
All the characterizations of the obtained copolymers are summarized in table 1. As it shows, the
increasing rate of Mn in I/C system (c) is faster than that in system (a) or (b) at the first stage.
This difference can also be observed in fig. 1. Because Pl and P2 were synthesized with monofunc-
tional initiator systems, they are AB type Poly(S-b-THF) block copolymers. P3, P4 and PS5 were

produced by difunctional initiator system, they are ABA type Poly ( THF-b-S-b-THF) block copoly-
mers .

Table 1  Characterizations of AB or ABA type styrene-THF block copolymers obtained from the in situ transformation

Polymerization of styrene® Block copolymer

Entry x of chain Tg/C Tm/C
VC system” T/h Convo of St Mn  Mw/Ma  Mn  Mw/Mn —————

PS% P(THF)%

P1 a 2.5 67.9 3226 1.55 4084 1.46 7.3 27.7 24.24 38.93
P2 2.5 30.0 3865 1.52 6576 1.18 49.6 50.4 1.62 73.03
P3 c 0.5 65.1 7919 1.44 10021 1.34 73.1 26.9 80.09

P4 c 1.0 30.7 5002 1.36 7160 - 1.29 62.1 37.9 77.42

PS5 c 2.0 42.5 13271 1.50 15221 1.44 82.5 17.5

a) The I/C system is (a) PhCH,Cl/CuCl/Bpy, (b) 1-PEBt/CuBt/Bpy and (c) CCL/CuCl/BDE. b) All these items are in
accord with the values at the inflexion point in fig. 1.

The corresponding values at the inflexion points (I,1I,III) on each Mn ~ t plot shown in fig. 1
were listed in table 1. As shown in the plot, the time adding AgClO,/THF into the living free radical

polymerization system is in accord with these inflexion points which divided the two polymerizing

stages clearly. The change of the slop in each stage means the transformation indeed occurred.

GPC trace also shows a living peak in the course of whole polymerization although there exists a
slight difference between the two stages (fig. 2) . Take P2 as an example, in the first stage, a single
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peak was observed, showing the living |40, 10
polymerization of styrene (curve 1). After 16000

adding AgClO,/THF into the system, along with | 4 A N =3

the single peak representing the living copoly- 12000 - (m 17
merization (curve 2 a) , a shoulder peak appears c
at low molecular weight region (curve 2 b), this § 10000 %
new peak vanishes after purification (curve 3). 8000 =
The observation of the shoulder peak should be 14
ascribed to the homo-polymerization of THF. It

might be the initiator RX was not consumed up o .

during the first stage, then the remained alkyl 0 1:(') ZLOD 30 4'0 1

halide reacted with AgClO, and formed R-ClO,, th

which could initiate THF to homop()lymenza- Fig. 1. Mn and Mw/Mn of polymers vs. polymerization time in

tion. Undoubtedly, the side reaction could be e in siru transformation system. The point before the inflexion is
avoided if the alkyl halide was consumed up in the first living free radical polymerization stage at 130C of

styrene, after that is the living cationic ring-opening polymerization
stage at 10°C of THF. @, Mn of P1; M, Mn of P2; A, Mn of
The purified copolymers P1, P3 and P4 P3; O, Mw/Mn of P1; [1, Mw/Mn of P2; +, Mw/Mn of P3.

were analyzed by 500 MHz 'H-NMR (fig. 3).

the first stage.

The proton signals of ~ poly (styrene) segment and

a " ~ poly (THF ) segment are separated clearly. The

signals at 6.2—7.5 (peaks a and b) and 1.2—2.

3 b 5 (peaks ¢ and d) are assigned to the aromatic

2 ring, the methylene and methine in ~ poly

1 (styrene ) segment respectively. While peak ¢’

6 BB 18 24 (~3.4) and peak b’ ( ~1.6) are assigned to the
Retention time/min methylene proton in the ~ poly(THF) segment. Es-

. . . 1
Fig. 2. GPC trace of P2 obtained from different polymeriza- P€Ci8lly, due to the high resolution of 500 MHz "H-
tion stages. Curve 1 obtained from the first stage; curve 2 ob- NMR, the attached methylene fragment between

tained from the second stage; curve 3 is the GPC trace of pu- ~ poly (styrene) and ~ pO]y (THF) segments is
rified copolymer. 1, 2.5 h, Mn = 3865; Mw/Mn =1.52;
2a, 10.0 h, 6104, 1.22; 2b, 10.0, 429, 1.31; 3, 22.0,
6576, 1.18.

also observed clearly. The signal of the attached
atoms is shown at about 3.7 or 4.5 (peak a’)
which neighboring peak ¢’ .

Moreover, the copolymers were thermally analyzed by DSC (fig. 4) . The results were in agree-
ment with the other characterizations summarized in table 1. In poly (S-b-THF) block copolymer, the
hard segment is ~ poly(styrene) segment, the soft segment is ~ poly(THF). It is well known that
Tg of polystyrene is about 100°C, Tg of poly (THF) is lower than 0°C. Moreover, because poly
(THF) is a crystalline polymer, Tm also can be observed in its DSC curve. In fig. 4, only one Tm
and/or one Tg, which is between that of poly(THF) and polystyrene, is observed in each curve, it
means ~ poly(styrene) and ~ poly(THF) segments in the obtained copolymer are compatible. Due to
the high content of ~ poly(THF) in block copolymer, Tg of AB type block copolymers P1 and P2 are
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Fig. 3. "H-NMR spectra of AB and ABA type styrene-THF block copolymers. Cl-PS-Cl was obtained with
I/C system (c). P1, P3 and P4 refer to table 1.
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Fig. 4. DSC curves of AB and ABA type styrene-THF block copolymers. P1, T, =38.93C; 7,=24.24C; P2, T, =1.
62C, T,=37.03C; P3, T,=80.09C; P4, T,=77.42C.
near to that of poly(THF) (24.24°C for P1, 1.62°C for P2), and a sharp melting peak of this
~ poly (THF) crystalline segment is also shown clearly (38.93°C for P1, 37.03°C for P2). While in
the ABA type block copolymers P3 and P4, the chain length of ~ polystyrene segment is longer, Tg
of the copolymers are near to that of PS (80.09°C for P3 and 77.42°C for P4, respectively), and no

Tm is observed.
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In conclusion, all the characterizations confirm that the resulted polymers were all block copoly-

mers. The result demonstrates that the in situ transformation provides an efficient and simplified way

to synthesize AB or ABA type styrene-THF block copolymers using monofunctional initiator or difunc-

tional initiator.
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