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Abstract

The graft copolymer with polytetrahydrofuran (PTHF) as branch chain was prepared by atom transfer radical copolymerization of styrene
(St) and PTHF with an end-standing methacrylate (MA-THF). GPC and 'H NMR were used to characterize PTHF macromers and
copolymers. The straight line on the profile of the molecular weight versus yield of copolymer was obtained, and the molecular weight
distribution is relative narrow, supporting that the copolymerization is controllable. The relative reactivity ratio (1/r5) of MA-PTHF to St was
measured, and is independent of polymerization degree of the macromer. Atom transfer radical polymerizations (ATRP) of PTHF macromer
were also investigated. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Graft copolymers represent a valuable class of polymeric
materials, which have potential applications in the fields of
impact-resistant plastic, thermoplastic elastomers, surface
modifiers, polymeric emulsifiers, etc. [1-6]. They are
composed of a main polymer chain to which one or more
side chains are connected through covalent bonds, and the
branches are usually randomly distributed along the back-
bone. Compared to block copolymers, graft copolymers
offer all properties of block copolymers, but are usually
easier to synthesize. Moreover, the branched structure of
the copolymer leads to the decrease of melt viscosity,
which is a great advantage for process of polymer materials.
According to the theory of Eruhimovich [7], graft copoly-
mers should show better phase separation than triblock
copolymers do.

As we know, controlling polymer properties through
design and synthesis of copolymers and macromolecular
architectures is a continuing theme for polymer chemistry
[8,9]. Recent attention has focused on nonlinear architec-
tures such as graft copolymers, dentrimers, hyperbranch
derivatives, and star (co)polymers [10—14]. In order to
study the influence of polymer structure on its properties
and compare with theoretical models, it is essential to use
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well-defined materials. However, very little is known about
the influence of chain architecture on properties until now
due to the difficulties associated with the synthesis of well-
defined polymeric materials with special architecture [14].
In previous work [15-18], we prepared several kinds of
well-controlled PTHF/PSt copolymers, such as triblock
copolymer (PTHF-PSt—PTHF), star block copolymer [S-
(PTHF-PSt-PMMA),], A,B, miktoarm star copolymers
[(PTHF),(PSt),, n=2 or 4], by combination of cationic
ring-opening polymerization (CROP) and ATRP. For inves-
tigating the difference in properties of copolymers with the
same composition, but different structure, so we prepared
another kind of copolymer with nonlinear structure, graft
copolymers of PSt with PTHF.

Graft copolymers are generally prepared by the following
three methods [1]: (1) ‘grafting from’ techniques, that is,
more or less active sites on a polymer backbone initiate
polymerization of a second monomer, forming a graft
copolymers; (2) ‘grafting onto’ methods, this involves the
reaction of functional group (such as, COOH) at the end of
polymer with another reactive group (such as OH) distri-
buted randomly or regularly on a polymer backbone; (3)
‘grafting through’ techniques, in which macromers copoly-
merize with vinyl monomers. The third method is
considered as an effective method of preparing well-defined
graft copolymers, and offers better control of copolymeriza-
tion than grafting from and grafting onto techniques [19].
Here, so-called ‘control’ includes the control of molecular
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weights and molecular weight distributions of the polymer
backbone and the branch chain as well as average chain
length between two branching points.

Synthetic methods initially developed for graft copoly-
mers led to the formation of rather ill-defined polymers.
These techniques are mainly based on traditional free
radical polymerization techniques. For example, the graft
copolymers of styrene and PTHF macromer were prepared
by conventional free-radical polymerization [20,21].
However, there is no report on the controlled polymeriza-
tion of PTHF macromers.

Recently, the development in the controlled/‘living’
radical polymerization based on the use of reversibly block-
ing agents, such as sulfur compounds [22,23], stable
nitroxyls [24-27], organometal complexes [28,29], and
halogens [30-33], has provided possibilities for synthesiz-
ing well-defined polymers with narrow polydispersity and/
or novel architecture. Some of these techniques have been
used to the preparation of well-defined graft copolymer by
means of macromer [34—-36]. Among these methods, the
transition metal-catalyzed ATRP [30-34] was proved to
be a versatile route for the synthesis of polymers with
well-defined structure from a variety of radical polymeriza-
tion of macromers. Here, we report the preparation and
characterization of graft copolymers of PSt with MA-PTHF.

2. Experimental
2.1. Materials

Styrene (St), CuBr (AR, The First Shanghai Chemical
Reagent Factory, 98%), and 2.2'-bipyridine (bpy, Aldrich)
was of analytical grade and purified by the method
described in our previous paper [37]. Ethyl 2-bromobutyrate
(EBB) was synthesized in this laboratory [38]. The reagents
used for the cationic ring-opening polymerization of THF
were purified as before [39]. Methacryloyl chloride (95%
Aldrich) was purified by distillation in vacuum before use.
All other reagents were of analytical grade, and used as
received.

2.2. Synthesis of MA-PTHF

MA-PTHF was synthesized according to the method
described in reference [40] with a slight modification. A
typical procedure was as follows: a 50 ml two-necked
flask with a magnetic bar was evacuated and purged with
pure nitrogen alternatively three times, 10.5 ml of methylene
chloride and 0.181 g (1.73 mmol) of methacryloyl chloride
were then added, stirring was commenced. Under nitrogen
atmosphere, 0.374 g (1.73 mmol) of silver perchlorate was
transferred into the flask at —15°C. After one hour, 19.5 ml
(240 mmol) of THF was added with a syringe. The
samples used for measurements of polymerization con-
version and molecular weight (MW) was withdrawn from
the polymerization system at prescribed time intervals. The

polymerization was stopped by adding excess distilled
water. The mixture was filtered to remove AgCl, and the
solution was added into methanol at —30°C. The product
MA-PTHF was precipitated, collected by filtration, and
finally dried at 40°C/0.2 Torr for 24 h.

2.3. Copolymerization of St and MA-PTHF by ATRP

A glass tube with a magnetic bar was charged with 3.48 g
of MA-PTHF (1 mmol), 0.028 g (0.143 mmol) of EBB,
0.020g (0.143 mmol) of CuBr, 0.067g of bpy
(0.429 mmol) and 5.20 g of St (50 mmol) and 2 ml THF.
The mixture was immediately degassed by three freeze-
evacuate-thaw cycles. The tube was then sealed under
vacuum and placed in an oil bath at 105°C. After a
prescribed time, the reaction mixture was cooled to room
temperature, dissolved in THF, and passed through a short
neutral alumina column to remove the copper complexes.
The copolymers were obtained by precipitating polymer
solution in excess methanol three times to remove unreacted
macromer, and the filtrates were combined and distilled
under vacuum to recover macromer. All samples were
then dried at 40°C/0.1 Torr for 24 h, and 3.63 g of copoly-
mer and 1.75 g of unreacted macromer were obtained.

2.4. Homopolymerization of MA-PTHF by ATRP method

With a similar procedure of copolymerization, homo-
polymerization of MA-PTHF was carried out in a sealed
tube. After polymerization was finished, copper complexes
was removed, the polymer solution in THF was subjected to
GPC measurement.

2.5. Characterization

The conversion measurements of THF were carried out
on a 102G gas chromatography (Shanghai Analysis Instru-
ment) equipped with 3 m long column in which a 101
white support coated with 15 wt % OV-17 was filled. 'H
NMR spectra were recorded on a Bruker DMX-500 nuclear
magnetic resonance spectrometer with CDClj; as solvent and
tetramethylsilane (TMS) as standard. Molecular weight
(MW) and molecular weight distribution (MWD) were deter-
mined on a Waters 150C gel permeation chromatography
(GPC) equipped with microstyragel columns (500, 10°,
and 10* A) using polystyrene standards, and THF as eluent

at a flow rate of 1.0 ml min™".

3. Results and discussions

3.1. Macromer synthesis by cationic ring-opening
polymerization

The basic outline for the synthesis of PTHF termi-
nated with methacrylate group (MA-PTHF), its homo-
polymerization and copolymerization of MA-PTHF with
St is shown in Scheme 1. The conditions and results for
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Scheme 1. ‘Atom transfer radical copolymerization’.

cationic ring-opening polymerization (CROP) of THF
initiated by acrylium ions, which was formed in situ by
the reaction of methacryloyl chloride with AgClO,, are
listed in Table 1.

In order to confirm the structure of the macromer carrying
a methacrylate group at the end of chain, a typical '"H NMR
spectrum of MA-PTHF is shown in Fig. 1.

The absorption peaks at 5.54, 6.09 and 1.94 ppm corre-
spond to methylene protons of the double bond and methyl
protons in the MMA unit, respectively. The signal at
4.17 ppm is ascribed to the methylene protons adjacent to
the oxygen of the ester group. The peak at 3.62 ppm origi-
nates from the methylene protons next to the end-standing

Table 1

=
=
—

L 1 1 L 1 i 1 1 1 L 1 " 1 n 1 1 1

8 7 6 5 4 3 2 1 0
Chemical shift (ppm)

a Cc d
CH2=$—COO/\/\»(O/\6/\/)I‘QZ/\/\E,OH
CHs
b

Fig. 1. "H NMR of PTHF macromer (No. 1 in Table 1).

hydroxyl group. For estimating whether every macromer
contains one methacrylate group, the number-average end
functionality (F,) was derived from the intensity ratio of the
peaks at 5.54 and 6.09 ppm (/) to that at 3.62 ppm (/354) as
described by Eq. (1)

Fn 216/13.6' (1)

The values of F, listed in Table 1 are all close to 1 within
*5% experimental errors, indicating that the macromer
contains one methacrylate group. The number-average
molecular weight of polymerization, M,(NMR) is deter-
mined by the intensity of the peaks at 1.63 ppm (/, 4), corre-
sponding to the two middle methylene protons in the
tetramethylene group, and at 1.94 ppm (/o)

M, (NMR) = (I, (/41 o/3) X 72 + 86, )

where 72 and 86 are the molar masses of THF and
mathacrylic acid, respectively.

The agreement of M,(NMR) with M,(th) demonstrates
that molecular weight can be controlled. In addition, the

Conditions and results of CROP of THF initiated by methacryloyl chloride in combination with AgClO, (the polymerization were performed at —15°C;

[THF]p=8.0mol 1" ")

No.* 1o [AgClO,] Time Conv® F,° M, MM,
(mmol 171 (mmol 177 (h) (%) (GPC)
(NMR)* (th)®
1 57.7 57.7 6 32 1.05 3480 3290 1.22
96.3 96.3 5 38 0.97 2590 2360 1.26
3 96.3 96.3 3 26 1.04 1710 1650 1.40

* Sample Nos. 1 and 2 were precipitated from excess of methanol at —30°C one time. Sample No. 3 was obtained after evaporation of THF in vacuum.

® Determined by GC.
¢ The number-average end functionality was calculated by Eq. (1).
4 The number-average molecular weight was calculated by Eq. (2).

¢ Theoretical molecular weight of poly(THF) macromers M,(th), was calculated according to M, (th) = ([THF]y/[I],) X 72 + 86.
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that of the polystyrene standard. So the number of branch in
graft copolymer calculated from GPC data are also under-
estimated. In spite of these, from Table 2 we can see the
trends that M, and the branch number of copolymers
increased with the increase of conversion.

The conversions of St or MA-PTHF versus time are
shown in Fig. 3a. The polymerizations took place smoothly
without induction time. It was found that the polymerization
of macromer was faster than that of St in the preliminary stage
due to more reactive methacrylate group, then the conversion
of MA-PTHF increased slowly. This might be attributed to the
increasingly high viscosity of the polymerization system

Lt L L rather than to irreversible termination reactions, such as
20 22 24 2 28 30 32 34 36 e X )
combination of growing radicals. It was suggested for
Fig. 2. GPC curves of PTHF macromer (a) (No. 1 in Table 1) and copoly- homopolymerization of macromers [41,42] that as the poly-
mer (b) (No. 6 in Table 2). merization proceeds and the viscosity of medium increases,
the propagation mechanism can change from a chemical
results listed in Table 1 show narrow molecular weight distri- controlled to a diffusion controlled process. This phenom-
bution (1.22—1.40). The symmetric and unimodal GPC curve enon for MA-PTHF is more serious comparison with St (see
as shown in Fig. 2a and the controlled molecular weight Fig. 3a).
indicate that the cationic ring-opening polymerization of Fig. 3b gives plot of the molecular weight of copolymer
THF initiated by methacryloyl chloride in combination versus total conversion of St and MA-PTHF. The linear
with AgClO, is of living nature. relationship shows no chain-transfer reaction during the
copolymerization.
3.2. Copolymerization of styrene and MA-PTHF by ATRP As shown in Fig. 2b, the GPC curve of the copolymer is
symmetric and unimodal. No shoulder peaks corresponding
The conditions and results for the copolymerization of St to the PTHF macromer or its homopolymer were observed.
with MA-PTHF are summarized in Table 2. In general, M,s The GPC curves of the products obtained from filtration
determined from GPC are obvious underestimated due to solution are similar to that of macromers (see Fig. 2a), indi-
different hydrodynamic volume of the graft copolymer from cating that the homopolymers of MA-PTHF are negligible,
Table 2
Conditions and results of ATRP of St and MA-PTHF (the polymerization was performed at 105°C, [St], = 4.59 mol 1 [MA-PTHF], = 9.18 X 10 2mol 17Y)
No.* MW of Time M, MM, cP oy ce N,*
MA-PTHF (h) (GPC) (GPC) (%) (%) (%)
1 3480 3 8819 1.30 13.8 20.1 16.3 1.25
2 6.5 15950 1.30 26.2 343 29.4 2.14
3 10 24130 1.33 36.5 49.7 41.8 3.31
4 14 27470 1.34 453 56.5 49.8 3.59
5 18 30090 1.37 51.1 58.1 53.9 3.74
6 23 33970 1.38 58.2 61.1 59.4 4.02
7 30 35190 1.45 66.8 63.7 65.6 4.13
8 2590 3 10140 1.32 18.2 26.3 21.3 1.85
9 6 18150 1.29 33.0 48.2 38.8 33
10 10 25170 1.31 45.6 61.5 51.7 443
11 14 29930 1.34 55.1 67.9 60.0 5.02
12 19 33090 1.34 62.3 69.4 65.0 5.23
13 24 34160 1.39 66.7 70.0 67.9 5.22
14 30 36280 1.43 73.4 72.6 73.1 5.33

* From No. 1 to 7, [St]o/[MA-PTHF]y/[EBB]/[CuBr]/[bpy] = 350:7:1:1:3 (molar ratio); from No.8 to 14, [St]/[PTHF]/[EBB]/[CuBr]/[bpy] = 320:8:1:1:3
(molar ratio).

® €, and C, are the conversions of St and MA-PTHF, respectively, and determined by weight method. C, = (W, — W))/W,, C, = [W, — (W, —
Wo)I/W, o, where W, is weight of the copolymer obtained, W, and W, are the initial weights of M, and M,, respectively, W, is the weight of unreacted
macromer.

¢ C,is total conversion, and was calculated by C,% = [W /(W + W, )] X 100%, where W, is weight of the copolymer obtained, W; ; and W, are the initial
weights of M, and M,, respectively.

d Ny is average number of branch chain in one macromolecule, and was calculated according to N, = M W,/M,, here: M, is molecular weight of the
copolymer; W, is weight percentage of MA-PTHF in copolymer; M,, is molecular weight of MA-PTHF.
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Fig. 3. Conversions of St or MA-PTHF versus polymerization time (a) and
M, versus total conversion (b) for copolymerization of St and PTHF
macromer.

and the loss of copolymer during the precipitation is not
serious.

In order to confirm the formation of the graft copolymer
of St and MA-PTHF, the 'H NMR spectra of copolymer
were measured and a typical '"H NMR spectrum is shown
in Fig. 4. The peaks from 6.35 to 7.20 ppm are assigned to

- . Jkl JN e

8l7l6I5.4'3 2.1'0
Chemical shift (ppm)

Fig. 4. '"H NMR of graft copolymer (No. 6 in Table 2).
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Elution volume (ml)

Fig. 5. GPC curves of homopoly(macromer) for the MA-PTHF with
molecular weight 3480.

aromatic protons, and the absorption at 3.41 ppm is ascribed
to the methylene protons next to oxygen in THF unit, The
peaks located between 1.18 and 2.25 ppm correspond to the
methylene protons of the two middle methylene groups in
THF unit and to the methylene and methine groups on the
PSt backbone, respectively. These facts verify the formation
of graft copolymer.

The homopolymerization of MA-PTHF was also carried
out by ATRP. Because separation of MA-PTHF from its
homopolymers is difficult, the polymerization solutions
were directly used to GPC measurement as shown in
Fig. 5. It is obvious that there are two peaks in this figure.
One at lower molecular weight is attributed to MA-PTHF;
another is its homopolymers. Comparing the area of the two
peaks, only low conversion (~15%) of MA-PTHF was
obtained in 20 h, and the molecular weight distribution is
relatively wide (about 1.9). This is very different from
ATRP of poly(vinyl ether) macromers [43], but similar to
the results reported by Sierra-vargas [20]. The probable
reason may be due to the very high bulky group of MA-
PTHEF, and to the low encountering possibility of the active
sites. Because of the low molar ratio of the macromer to St,
and slow homopolymerization of the macromer, so the
random copolymerization can be considered.

3.3. Determining of reactivity ratio in copolymerization
system

Copolymerization of a conventional monomer (here is
St), M,, with a macromer (here is MA-PTHF), M,, gives a
graft copolymer with M, backbone and M, branch chain.
The monomer reactivity ratios could be derived from a
conventional Mayo—Lewis formula [44] as shown in Eq. (3)

d[M,)/d[M;]
(3)
= (M VM D{(r [M] + ra[MyD/(r,[M] + [M D)},

where d[M;]/d[M,] is the instant molar ratio of M; and M, in
the copoloymer, [M,] and [M,] are the concentrations of M;
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and M, in the feed at a given time, and r; and r, are the
reactivity ratios of M| and M,, respectively. When [M] >
[M,], Eq. (3) can be simplified as Eq. (4), which was firstly
suggest by Jaacks [45]:

d[M,)/d[M;] = r|[M,)/[M,]. 4
Integrating Eq. (4), Eq. (5) is obtained
In([M,],/[M;])y) = 1/ry In([M;]1,/[M,]), (5)

where [M,], and [M,;], are the initial concentrations, and
[M;]; and [M,], are the concentrations of M; and M, at
time ¢. Eq. (5), so-called Jaacks equation can be used up
to high conversions, provide that the large excess of M,
over M, throughout the copolymerization process. Comparing
to Mayo—Lewis equation, this proves a decisive advantage
in the practical application. If the conversions of M, and M,
at time ¢ are C; and C,, respectively, Eq. (6) can be obtained.

In(1 — Gy) = U/r, In(1 — C)). ©6)

Plotting In(1 — C,) against In(1 — Cy), 1/r; could be
obtained from the slope of the straight line as shown in
Fig. 6. As mentioned above, polymerization rate of macro-
mer decreased obviously faster than that of St did in the latter
stage (see Fig. 3a) because of the change of propagation
mechanism, the relative reactivity obtained would be more
accurate at primary polymerization stage. Within 50 or 60%
of conversion, the values of 1/r; are 1.41 and 1.46, respec-
tively, for MA-PTHF with molecular weights of 3480 and
2590. The small difference of 1/r; values due to molecular
weight of MA-PTHF is in the experimental error. These
values are similar with 1/rg (1.61) obtained from the
copolymerization of St and MMA by the conventional
radical polymerization [45]. For the probable explanation
of this result, a lower diffusion rate of macromer leads
that chain radical and methacrylate group will undergo
more collisions before diffusion apart, so its reactivity
does not reduce. However, the reactivity of macromer
obviously decreases at high conversion (such as >50%,

1.4
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08 —41.0
—~ | q08 __
%) 0.6 3
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404 '
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-n(1-C,)

Fig. 6. Jaacks plots of In(1 — Cy) as a function of In(1 — C,).

see Fig. 3a), because the diffusion control became more
serious in the latter stage.

4. Conclusions

A well-defined graft copolymer with PSt-co-PMMA as
backbone and PTHF as branch chain was prepared by
ATRP. The structures of the graft copolymer obtained
were characterized by GPC and 'H NMR spectra. The mole-
cular weight can be controlled by the molar ratio of St and
MA-PTHF consumed to initiator; the length of branch
chains is determined by the MW of PTHF macromer syn-
thesized from living cationic ring-opening polymerization
of THF; the average branch number of every macromole-
cule can be estimated by the conversions of St and MA-
PTHF, and the molar ratio of St and MA-PTHF to initiator.
The molecular weight distribution of the grafts is narrow
(M, /M,=1.29:1.43). The distribution of branch chain
along with the backbone is random. The monomer reactivity
ratio of macromer (1/r;) obtained by the Jaacks method is
independent on the molecular weight of macromer, and is
about 1.41 or 1.46, which is similar to the corresponding
value of MMA, indicating the independence of 1/r; on the
molecular weight of macromer.
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