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ABSTRACT: Atom transfer radical bulk copolymerization
of styrene (St) and methyl acrylate (MA) initiated with tri-
chloromethyl-terminated poly(vinyl acetate) macroinitiator
was performed in the presence of CuCl/PMDETA as a
catalyst system at 90°C. Linear dependence of In[M]y/[M]
versus time data along with narrow polydispersity of
molecular weight distribution revealed that all the homo-
and copolymerization reactions proceed according to the
controlled/living characteristic. To obtain more reliable
monomer reactivity ratios, the cumulative average copoly-
mer composition at moderate to high conversion was deter-
mined by "H-NMR spectroscopy. Reactivity ratios of St and
MA were calculated by the extended Kelen-Tudos (KT) and
Mao-Huglin (MH) methods to be rg; = 1.018 + 0.060, rva =
0.177 £ 0.025 and rg; = 1.016 & 0.053, rva = 0.179 £ 0.023,
respectively, which are in a good agreement with those
reported for the conventional free-radical copolymerization
of St and MA. Good agreement between the theoretical and

experimental composition drifts in the comonomer mixture
and copolymer as a function of the overall monomer
conversion were observed, indicating that the reactivity
ratios calculated by copolymer composition at the moderate
to high conversion are accurate. Instantaneous copolymer
composition curve and number-average sequence length of
comonomers in the copolymer indicated that the copoly-
merization system tends to produce a random copolymer.
However, MA-centered triad distribution results indicate
that the spontaneous gradient copolymers can also be
obtained when the mole fraction of MA in the initial
comonomer mixture is high enough. © 2009 Wiley Periodicals,
Inc. ] Appl Polym Sci 114: 2509-2521, 2009
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INTRODUCTION

Synthesis of polymers with controlled architecture,
molecular weight, and narrow molecular weight dis-
tribution by controlled/living radical polymerization
(CLRP) is of interesting field in the polymer chemis-
try.'> Among other CLRP methods, the atom
transfer radical polymerization (ATRP) is one of the
most successful methods to polymerize styrenes,
methacrylates, acrylates, and a variety of other
monomers in a controlled fashion.'?

The three-component ATRP initiating system con-
tains an organo-halide-type initiator, catalyst in the
form of a salt of transition metal in the lower oxida-
tion state, and a complexing ligand based mostly on
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amine-type. The combination of a catalyst and an
appropriate ligand affects the redox potential of the
system, leading to the equilibrium between dormant
and active forms of growing chains, which minimize
an extent of termination reactions. Thus, the equilib-
rium between halogenated polymer chain (dormant
form) and growing free macroradical (active form) is
the key step of ATRP, as simply described in the
Scheme 1.7

The recent development of ATRP has opened a
new route for the controlled synthesis of several
block copolymers.*” A wide variety of block copoly-
mers can be derived from the same family of vinyl
monomers® or different families of vinyl monomers
via ATRP.

Atom transfer radical copolymerization of various
monomers has been performed to compare the
monomer reactivity ratios of this system with those
reported for the conventional free-radical copolymer-
ization and to evaluate the mechanism of atom
transfer radical polymerization. Monomer reactivity
ratios in conventional free-radical and atom transfer
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Scheme 1 Schematic illustration of ATRP mechanism.

radical copolymerization of various comonomer
pairs®'* have been studied and the results did not
show any significant difference in the monomer
reactivity ratios, indicating that there are similarities
between the mechanism of ATRP and conventional
free-radical polymerization (Scheme 1).

Monomer reactivity ratios of styrene (St) and
methyl acrylate (MA) in the conventional free-radi-
cal copolymerization have frequently been reported
in the literature to be in the range of 0.73-0.9 and
0.07-0.24, respectively.”” Monomer reactivity
ratios in the controlled/living radical copolymeriza-
tion of St and MA via nitroxide- mediated polymer-
ization (NMP) have recently been reported.”'* It
has been concluded by considering the calculated
monomer reactivity ratios that nitroxide-mediated
radical copolymerization of St and MA follows a
free-radical polymerization mechanism. To our
knowledge, there is no report in the literature on
the atom transfer radical copolymerization of St
and MA.

A wide variety of monomers have been polymer-
ized by ATRP reaction. However, ATRP of vinyl
acetate (VAc) has been reported to be difficult and
impossible due to the low equilibrium constant
(Keq = kact/kgeact, €€ Scheme 1) and possible side
reactions such as the decomposition of the dormant
species.” Recently, controlled synthesis of poly(vinyl
acetate) (PVAc) with respect to the molecular weight
and its distribution as well as the chain end func-
tionality via cobalt- mediated radical polymerization
of VAc has been reported.** PVAc-based block
copolymers are now readily obtained by combina-
tion of cobalt-mediated radical polymerization with
a second type of controlled/living radical polymer-
ization (for example, ATRP).**?*® On the other hand,
conventional free-radical polymerization techniques
producing mono- or di-functional polymers can also
be suitably combined with some CLRP systems to
give novel block copolymers. For example, PVAc-
based block copolymers have been synthesized by
consecutive radical telomerization of VAc with
chloroform or carbon tetrachloride and then ATRP
of various monomers in the presence of trichloro-
methyl (CCls)- terminated PVAc telomer.'##" 34 Tt
has been found that PVAc telomer synthesized by
conventional free-radical polymerization technique
can be used as an effective macroinitiator in the
ATRP of various monomers to prepare PVAc-based
block copolymers. It has been reported that PVAc-
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based block copolymers can be used to prepare
surfactant or membrane.*

Atom transfer radical homopolymerization of
St™3¢ and MA® has been reported in the literature.
However, to our knowledge, there is no report in
the literature on the atom transfer radical copoly-
merization of St and MA. In this study, atom trans-
fer radical homo- and copolymerization of St and
MA is performed in the presence of CCls- termi-
nated PVAc telomer as a macroinitiator. To obtain
more reliable reactivity ratios of St and MA and
compare them with those reported for the nitroxide-
mediated and conventional free-radical copolymer-
izations, the copolymer composition at moderate to
high conversion was measured by 'H-NMR and
then used to calculate monomer reactivity ratios.'*
Integrated intensities of the three observed peaks
related to the oxymethyl (—OCHj;) group of MA in
the "H-NMR spectra were used to calculate triad
sequences in the copolymers. Theoretical composi-
tion drifts in the comonomer mixture and copolymer
chains were also investigated by the monomer reac-
tivity ratios calculated here. Results were compared
with some experimental data to evaluate the accu-
racy of calculated reactivity ratios of St and MMA.

EXPERIMENTAL
Materials

Styrene (St) (Merck, >99%) and MA (Merck, 99%)
were distilled over calcium hydride under reduced
pressure before use. CuCl (Merck, 97%) was washed
by glacial acetic acid (three times), absolute ethanol
and diethyl ether in turn and then dried
under vacuum. N,N,N',N”,N”-pentamethyldiethyle-
netriamine (PMDETA) (Merck, 99.8%) as a ligand
and tetrahydofuran (THF) as a solvent were used as
received. CCls;- terminated poly(vinyl acetate)
telomer with 91.2% end functionality (i.e., telomer
percentage), number-average molecular weight of
1370 g mol ™' (calculated from "H-NMR, M, cpc =
1380 g mol ') and polydispersity index of the
molecular weight distribution of 1.85 (measured by
gel permeation chromatography [GPC]) (see'* for
more details) was prepared by radical telomerization
of VAc monomer in the presence of chloroform at
60°C for 5 h'***° and used as a macroinitiator in
the atom transfer radical homo- and copolymeriza-
tion of St and MA (Table I). Initial concentration of
VAc in the reaction mixture was 2.42 M and the
molar ratio of reaction ingredients [VAc]y/[CHCl3]o/
[AIBN]g was 1/4/0.01. Conversion of the reaction
was 71.3% after 5 h. After performing the telomeri-
zation reaction, unreacted monomer and chloroform
were evaporated at room temperature. THF was
then added to product and refluxed for 5 h to
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TABLE I
Atom Transfer Radical Homo- and Copolymerization
Recipes of St and MA Initiated with CCl;- Terminated
PVAc Macroinitiator”

Exp. No. [St]o (mol 171 f&(fa)
MS1.0° 8.59 1.0 (0.0)
MS0.9 7.90 0.9 (0.1)
MS0.7 6.43 0.7 (0.3)
MS0.5 481 0.5 (0.5)
MS0.3 3.03 0.3 (0.7)
MS0.1 1.06 0.1 (0.9)
MS0.0 0 (10.92) 0.0 (1.0)

3 [CCl; — PVAc]y : [CuCl]y : [PMDETA], : ([Stly +

[MA]p) =1 :1:2:300. Polymerization was carried out at
90°C % 0.1°C.

" Numbers given in all the symbols indicate the mole
fraction of styrene in the initial comonomer mixture (f2, =
[Stlo/([Stlo + [MA]o))

¢ Value given inside the parenthesis shows the molar
concentration of MA.

decompose traces of the unreacted AIBN initiator.”” >’

Finally, THF was evaporated at room temperature,
and the polymer was dried under vacuum at 50°C up
to a constant weight.

Atom transfer radical homo- and copolymerization
of St and MA initiated with CCl;- terminated
PV Ac macroinitiator

A required amount of CuCl was introduced to glass
tubes equipped with a magnetic stirrer (Table I). The
glass tubes were sealed with a rubber septum and
were cycled between vacuum and nitrogen three
times. Mixtures containing required amounts of St,
MA, macroinitiator (CCls- terminated PVAc telomer)
and ligand (PMDETA) (Table I) were degassed by
purging nitrogen for 20 min and then added to the
glass tubes. The molar ratio of reaction ingredients
[St + MA],/[PMDETA]y/[CuCl]o/[PVAc-CCl;], was
kept constant for all experiments (300/2/1/1) (Table
I). The molar ratio of comonomers was only variable
in the experiments. The “freeze- pump-thaw” cycle
was carried out three times to remove oxygen from
the glass tubes and sealed under vacuum. The sealed
tubes were then immersed in a preheated oil bath at a
desired temperature (i.e.,, 90°C % 0.1°C). The tubes
were removed from the oil bath at the various time
intervals, and reaction mixture was diluted with
THEF, filtered and dried under vacuum to a constant
weight and conversion was then determined gravi-
metrically. The dried copolymer was redissolved in
THF and passed through a short column of neutral
alumina to remove the remaining copper catalyst.
The sample was then dried again under vacuum at
50°C up to a constant weight and used in "H-NMR
and GPC analyses. It should be mentioned that sam-
ples were taken from the glass tubes in the case of
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homopolymerization reactions and then analyzed
directly by '"H-NMR to measure the unreacted mono-
mers as well as the monomer conversion. Conver-
sions obtained from gravimetric and 'H-NMR
analyses were the same (Table III in the next section).

Characterization

Overall mass conversion of comonomers (X) was
calculated gravimetrically. Poly(vinyl acetate)-block-
poly(St-co-MA) terpolymers were dissolved in CDCl;
and characterized by using 400 MHz 'H-NMR
spectroscopy (DRX 400 Bruker Avance) at ambient
temperature. It is essential for quantitative NMR
analyses to achieve complete relaxation of the nuclei
between the individual pulses. The specific combina-
tion of the relaxation delay (D1) (25 s) and pulse
angle (30°) allows for a complete relaxation of the
protons of both St and MMA, which has been veri-
fied by determination of the longitudinal relaxation
time (Ty). Acquisition time (AQ) was about 2 s.
Under these conditions, sum of AQ and D1 was at
least five times greater than T,, which is necessary
for the best quantitative results. Polymer concentra-
tion in the CDCl; Solution was about 2%.

Apparent (i.e., polystyrene-equivalent®) molecular
weight and polydispersity of the terpolymers dis-
solved in THF was determined by a Waters 150C
GPC equipped with a 10% 10%, and 500 A set of
Ultrastyragel columns and a refractive index detec-
tor. Polystyrene standards with the narrow molecu-
lar weight distributions and molecular weights in
the range of analyzed molecular weights were used
to calibrate the columns and obtain calibration curve
(Figure S1 in Supporting Information). Equation of
the polystyrene calibration curve has been given in
the Supporting Information (Table S1) to allow any
other laboratory to reproduce and compare GPC
measurements. THF was used as an eluent with the
flow rate of 1 mL/min at 35°C. It should also be
mentioned that as the solubility of PVAc macroini-
tiator and PMA is almost comparable with that of
polystyrene (see Mark- Houwink coefficients of THF
solution of VAc, St and MA in Table S2 of Support-
ing Information), it is expected that there are no
significant difference between apparent and true
values of molecular weight and polydispersity.”
Moreover, it has been reported in a previous study
on the St/MA copolymers that hydrodynamic
volume is independent of copolymer composition.*’

RESULTS AND DISCUSSION

Atom transfer radical homo- and copolymerization
of St and MA initiated with CCl;- terminated
PVAc macroinitiator

CCl;- terminated PVAc telomer has been used as a
macroinitiator in the homopolymerization of various

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Overall mass conversion as a function of time
for the atom transfer radical homo- and copolymerization
of St and MA containing various mole fractions of como-
nomers in the initial feed initiated with CCl;- terminated
PVAc macroinitiator at 90°C (Table I). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

monomers such as St, 27?03 MMA282932 and MA28%°
as well as in the copolymerization of MMA/
MA™13% and St/MMA'™ to synthesize PVAc-based
block copolymers. In this study, atom transfer radi-
cal homo- and copolymerization of St and MA was
performed in the presence of CCls- terminated PVAc
telomer as a macroinitiator at 90°C (Table I). It
should be noted that accurate amount of macroini-
tiator required for the reactions was calculated by
considering the telomer percentage in the synthe-
sized PVAc telomer. Overall mass conversion (X) as
a function of time for all ATRP experiments (Table I)
is shown in Figure 1. It should be mentioned that
since the molecular weights of St (104.15 g mol )
and MA (86.09 g mol ') are close to each other, the
overall mass conversion would be almost same as the
overall molar conversion (see the next section). It is
clear from Figure 1 that at the same condition,
polymerization rate decreases by increasing the mole
fraction of MA in the initial feed (f{,,) from zero up
to 0.7 and then increases for the reaction mixture con-
taining 0.9 mole fraction of MA in the initial feed.
Finally, polymerization rate decreases again in the
case of MA homopolymerization (f{;, =1.0). There-
fore, there is no specific trend for the effect of initial
comonomer composition on the polymerization rate,
which will be discussed in detail in the next section.

Generally, polymerization rate (R,) can be
expressed by eq. (1).
dM] -+
Ry =~ ey (1)

in which Ep is the average propagation rate constant
(in the case of copolymerization) and [R°] and [M]
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are the instantaneous concentration of radical and
monomer respectively. It will be shown later in this
article that for all initial feed compositions, drift in
the comonomer mixture composition with conver-
sion is not significant at least up to moderate conver-
sion. Therefore, by assuming that Ep and [R°®] are
constant during the reaction, eq. (2) can be derived
by integration from eq. (1).
(Mo

1 a a 1 .
IDW =In (m> =kP.t where kPP =k, [R°] (2)

in which x is the overall molar conversion, k;pp is
the apparent polymerization rate constant and [M]
and [M] are the initial and instantaneous monomer
concentration, respectively. Figure 2 shows the plots
of In (1/(1 — x)) as a function of time. It is clear
from Figure 2 that dependence of In (1/(1 — x)) on
time is linear for all homo- and copolymerization
reactions, indicating that radical concentration is
constant throughout the reaction and R, is also pro-
portional with the first order of monomer concentra-
tion. As the k, values for the homopolymerizations
of MA and St at 90°C have been reported in the lit-
erature to be 56,000*" and 900 1 mol~! s714?, respec-
tively, it is possible to calculate steady state radical
concentration ([R°]) for the homopolymerization
reactions from the slope of the corresponding curves
in Figure 2 where slope is equal to kgpp [eq. (2)] (kzpp
= 1276 x 10°° and 7.069 x 10 °s ' for St and MA
homopolymerizations respectively). [R°*] for St and
MA homopolymerizations was calculated to be
142 x 10°® and 1.26 x 107" mol 1" respectively,
indicating that radical concentration in both St
and MA homopolymerizations are low enough to
minimize termination of macroradicals during the
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Figure 2 In (1/(1 — x)) as a function of time for the atom
transfer radical homo- and copolymerization of St and MA
containing various mole fractions of comonomers in the
initial feed initiated with CCls- terminated PVAc macroini-
tiator (Table I). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 3 Dependence of k" on f3,, in the atom transfer
radical homo- and copolymerization of St and MA initi-
ated with CCls- terminated PVAc macroinitiator at 90°C
(Table I). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

polymerization. Consequently, reactions can proceed
up to high conversion. However, radical concentra-
tion in the St homopolymerization is higher than
that in the MA homopolymerization, indicating that
the monomer type affects ATRP equilibrium at the
same condition. The similar results have been
reported in the literature for the homopolymeriza-
tions of St and MA at the same condition.”’

k)*P for all experiments were obtained directly
from slope of the curves plotted in Figure 2. Figure
3 shows k,*" versus the mole fraction of MA in the
initial feed (f;,). Apparently, there is no general
trend for variation of k¥ as a function of f3,.
Hence, to better understanding the effect of initial
feed composition on k" value, it is necessary to
individually evaluate the k, and [R®] [see eq. (2)]. It
has been reported that kinetics of radical copolymer-
ization of St and MA can be explained by the
restricted (implicit) penultimate unit model (PUM)
where the copolymer composition and microstruc-
ture could be explained by TUM while average
propagation rate constant of copolymerization
(kpcop) is affected by the penultimate unit.* It
should also be mentioned that controlled/living
(nitroxide-mediated) radical copolymerization of St
and MA has been reported to follow the free-radical
polymerization mechanism.”"** Therefore, kycop
value for radical copolymerization of the St/MA can
be calculated by the known values of radical and
monomer reactivity ratios via the implicit penulti-
mate unit model [eq. (3)].

c_ rif? +2ffi +1if?
R

ki~ ki

©)
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B TABLE II

ky,cop and [R°] Values Estimated for the Atom Transfer
Radical Homo- and Copolymerization of St and Ma
Initiated with CClz- Terminated PVAc Macroinitiator

Exp. No. (%) kpcop (I mol ' s71) [R°] (mol 171)
MS1.0 1.0 (0.0) 900 142 x 1078
MS0.9 0.9 (0.1) 980 1.25 x 1078
MS0.7 0.7 (0.3) 1148 1.08 x 10°®
MS0.5 0.5 (0.5) 1343 5.64 x 1077
MS0.3 0.3 (0.7) 1625 4.04 x 107°
MS0.1 0.1 (0.9) 2555 3.53 x 107
MS0.0 0.0 (1.0) 56,000 1.26x 10710

_ ki (v:f: +f;
ki = 1”( ’f’ f}) (4)

" rfi+ (/s

where f; is the mole fraction of monomer 7 in the feed,
r; and s; are the reactivity ratio of monomer and radi-
cal i, respectively.7 ki;; is identified with the propaga-
tion rate constant in the homopolymerization of the
pure monomer i. Ep,wp values for the radical copoly-
merization St and MA were estimated from eq. (3) by
using the monomer reactivity ratios of St and MA
obtained in this study (rs; = 1.016 and rya = 0.179 by
Mao-Huglin method, see the next section) in conjunc-
tion with the reported values of radical reactivity
ratios (Ss; = 0.94 and Syia = 0.11) for the free-radical
copolymerization of St and MA at 60°C** and propa-
gation rate constants of St (900 1 mol ! s7! at 90°C*?)
and MA (56,000 1 mol " s " at 90°C*'") homopolymeri-
zations. Then, [R°] was calculated from eq. (2) by
known values of k;** and k, cp of all the homo- and
copolymerization reactions of St and MA (Table II).
Figure 4 shows variations in Ep,cop and [R°®] values
with £ . It is clear from Figure 4 that [R®] decreases
gradually by increasing kY;, from 0 to 0.5 and then
remains almost constant up to f3,, = 0.9, followed by

160 60000
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:’::a 100 + 40000 '_l‘h
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Jaas

Figure 4 Dependence of k,.,, and [R*] on f{;, in the
atom transfer radical homo- and copolymerization of St
and MA initiated with CCl;- terminated PV Ac macroinitia-
tor at 90°C. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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rapidly decrease in [R*] by increasing 3, from 0.9 to
1.0. Generally, [R°] decreases by increasing the f{,,,
indicating that the equilibrium constant between the
halogenated polymer chain (dormant form) and
growing free-(macro)radical (active form) in the
ATRP reaction is affected by the monomer type. At
the same condition, the equilibrium constant between
the active and dormant species in the ATRP of MA
has been reported to be much smaller than that in the
ATRP of styrene.”” Consequently, decrease in [R°] by
increasing the f3;, and thereby observed trend of k;""
versus f 3, seems to be reasonable.

Relatively high concentration of growing (macro)-
radical ([R°]) in the range of fOMA =00 — 09 (e,
until styrene comonomer exists in the initial reaction
mixture) may be attributed to the ability of styrene
monomer to generate styrene ended-growing (mac-
ro)radicals. In the absence of styrene (ie., fl, =
1.0), [R°] decreases suddenly due to the smaller
equilibrium constant between active and dormant
species, which in turn results in the lower concentra-
tion of active species (i.e., methyl acrylate ended-
growing macroradicals.’”

Table III shows the results obtained from GPC
and "H-NMR for poly(St-co-MA) copolymers blocked
with PVAc. There is a good agreement between the
theoretical and experimental values of M,, (Table III).
Decreased PDI of terpolymers (Table III) in compari-
son with the PDI of CCl3-PVAc macroinitiator (1.85)
as well as the linear dependence of experimental M,,
on x (Fig. 5) indicates that all reactions proceed
according to the controlled/living characteristic.

TABLE III
Data Obtained for the Atom Transfer Radical
Homo- and Copolymerization of St and MA
Initiate with CCl;- Terminated PVAc Macroinitiator
at 90°C (Table I)

Mn,theorb Mn,GPC
Exp. No. X (%)* (g mol 1) (g mol™") PDI
MS1.0 32.71 (32.15)¢ 11,590 11,359 1.41
MS0.9 36.40 12,545 11,608 1.37
MS0.7 28.59 9838 10,139 1.37
MS0.5 18.85 6748 6676 1.33
MS0.3 21.03 7143 6875 1.33
MS0.1 28.23 8815 8696 1.27
MS0.0 20.72 (20.52)° 6723 7232 1.34

* Overall mass conversion was obtained gravimetrically.

b Mn,theor_: Z[ % X Xi X Mn,M,] + My macroinitiator
in which M, macroinitiator 15 the number-average molecular
weight of  CCl;-  terminated  PVAc  telomer
(Mlgmer = 1370 gmol ') and [Miy, x; and M, are the
individual molar concentration, individual molar conver-
sion (see data in Table V) and molecular weight of
comonomer i respectively.

 Values given inside the parenthesis were obtained
from "H-NMR spectrum of the reaction mixture containing
both unreacted monomer and produced polymer.
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Figure 5 Experimental M, (Tables III and IV) as a func-
tion of conversion for PVA- based block copolymers syn-
thesized by atom transfer radical homo- and
copolymerization of St and MA initiated with of CCl;- ter-
minated PVAc macroinitiator ([CC13-PVAc]y : [CuCl], :
[PMDETA], : ([Stlp + [MA]g) =1 :1:2: 300 with various
concentration of styrene in the initial feed (Table I)). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Samples from experiment MS0.9 at the various
conversions were subjected to the GPC analysis
(Table IV and Figures 6 and 7). It is clear from Fig-
ures 6 and 7 that, as it is expected, PDI decreases
gradually from 1.85 for CCl;- terminated PVAc mac-
roinitiator at zero conversion to 1.37 for PVAc-b-
P(St-co-MA) at X = 36.40%, which is in the expected
range of PDI for the controlled/living polymeriza-
tions. Results in Figure 7 indicate again that there is
a linear relationship between experimental M, and
x. Thus, polymerization proceeds according to the
controlled/living characteristic.

Determination of the reactivity ratios of
St and MA

In conventional free-radical copolymerization, mono-
mer reactivity ratios are generally determined by
performing experiments at low conversion where
composition drift in the comonomer mixture can be

TABLE IV
GPC Results Obtained at the Various Conversions for
the Atom Transfer Radical Copolymerization of St and
MA Containing 0.9 Mole Fraction of St in the Initial
Comonomer Mixture (MS0.9 in Table I)

Exp. No. X (%) M, cre (g mol ) PDI
MS0.9(T) 0 1380° 1.85%
MS0.9(a) 5.96 2674 1.64
MS0.9(b) 11.91 4342 1.59
MS0.9(c) 27.30 9033 1.46
MS0.9(d) 36.40 11,600 137

? Molecular weight and its distribution related to the
CCl;- terminated PVAc macroinitiator were obtained by
GPC analysis.
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Figure 6 GPC chromatograms of PVAc-b-P(St-co-MA) ter-
polymers obtained at the various conversions for experiment
MS0.9 (Table V). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

considered to be negligible. The average chemical
composition of the resulting copolymer is analyzed
by various methods such as '"H-NMR. Then, copoly-
mer composition versus initial comonomer composi-
tion is fitted with the differential copolymer
composition (Mayo- Lewis) equation.**

For conventional free-radical copolymerization of
St and MA, it has been known that copolymer com-
position and its microstructure is well-described by
the TUM.""9* Therefore, differential copolymer
composition equation44 for copolymerization of St
and MA is expressed by eq. (5).

e BERR
roe(fgr) +2f5 fia + ™ (fiia)

in which Fg; is the instantaneous mole fraction of
comonomer St in the produced copolymer and f! is
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Figure 7 Dependence of experimental M,, and PDI (Table
V) on X for atom transfer radical copolymerization of St
and MA containing 0.9 mole fraction of styrene in the ini-
tial feed (experiment MS0.9 in Table I). [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

2515

the mole fraction of comonomer i in the initial reac-
tion mixture.

Equation (5) holds only when polymer chains are
very long to exclude the influence of possible prefer-
ential addition of one of the comonomers onto the
(macro)initiator-derived (macro)radical. However, in
the controlled/living radical polymerizations such as
ATRP, the situation is completely different. As all
polymer chains are growing throughout the reaction
time, it is not useful to determine copolymer composi-
tion at low conversion because the chains are too short
at the low conversion to allow accurate determination
of monomer reactivity ratios. As a result, moderate to
high conversion experiments should be carried out to
accurately evaluate the monomer reactivity ratios in
ATRP." Hence, one has to use the integrated form of
the copolymerization equation (i.e., Meyer-Lowery
equation,45 see the next section) or methods in which
the effect of conversion is also considered in the calcu-
lation of monomer reactivity ratios. Consequently,
extended KT and MH methods are chosen in this
study to calculate the monomer reactivity ratios in
such situation. Then, Meyer-Lowery equation is used
to evaluate accuracy of the calculated reactivity ratios
as well as to investigate composition drift in the como-
nomer mixture with conversion.

"H-NMR spectroscopy technique was used to
characterize composition of P(St-co-MA) copolymers
blocked with PVAc at the moderate to high conver-
sion. Figure 8 shows 'H-NMR spectra for PVAc-b-
P(St-co-MA) terpolymers containing various mole

b f o
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Figure 8 'H-NMR spectra of PVAc-b-P(St-co-MA)
terpolymers containing various mole fractions of styrene in
the P(St-co-MA) copolymers at the corresponding conversions
(Table III) synthesized by atom transfer radical copolymeriza-
tion of St and MA initiated with CCls- terminated PVAc mac-
roinitiator. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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TABLE V
Data of the Overall Mass (X) and Molar (x) Conversion
of Comonomers, Individual St (xs;) and MA (xpa)
Conversions and Mole Fraction of St in the Initial Feed
(f%) and Copolymer (Fs;) Used for the Calculation of
Reactivity Ratios of St and MA in the Atom Transfer
Radical Copolymerization of St and MA Initiated with
CCl3- Terminated PVAc Macroinitiator (Table I)

EXp. No. X fgt FSt Xst XMA X

MS0.9 01794 090 09070 0.1806 0.1667 0.1792
MS0.9 03640 090 09105 03676 0.3251 0.3633
MS0.7 02859 070 07614 03075 0.2248 0.2827
MS0.7 0.1307 070 0.7506 0.1389 0.1076  0.1295
MS0.5 0.1593 050 0.6149 0.1917 0.1201  0.1559
MS0.5 0.1885 0.50 0.6129 0.2262 0.1428 0.1845
MS0.3 0.1549 030 04986 0.2477 0.1068  0.1490
MS0.3 0.2103 030 04794 03246 0.1510 0.2031
MS0.1 0.1352 0.10 02815 0.3669 0.1041 0.1304
MS0.1 02823 010 0.2486 0.6812 0.2287  0.2740

fractions of St in the P(St-co-MA) copolymers at the
corresponding overall mass conversion (Table III).
"H-NMR signals were assigned to the corresponding
protons.'®?! Tt should be mentioned that a weak
peak appeared at the chemical shift of about 4.3
ppm corresponds to the j or g protons present at the
o-end of terpolymer chains (i.e., >CH—CI), indicat-
ing the livingness of the terpolymer chains.

From "H-NMR spectrum, it is possible to calculate
the cumulative average mole fraction of St (Fs;) and
cumulative molar ratio of St to MA (Fg;/Fyma) incor-
porated into the P(St-co-MA) copolymer chains by
egs. (6) and (7) respectively.

SEMSARZADEH AND ABDOLLAHI

poto 3 7)
Fva  Slk

in which F is defined as the cumulative molar ratio
of St to MA in the produced copolymer chains. I,
and i indicate the peak areas of the aromatic (from
St) and methoxy (from MA) protons resonance,
respectively. Results of the cumulative copolymer
composition calculations are given in Table V.

Now, the overall molar conversion (x) as well as
the individual molar conversion of St (xg) and MA
(xma) can be calculated by known values of X (over-
all mass conversion), f O (initial molar ratio of St to
MA in the initial comonomer mixture) and f via the
following equations'*:

_ X(ut )

XMA (T B (8)
xs = xma (F/f°) )
x :fé’t X Xst +ff,[A X XMA (10)

in which p is the molecular weight ratio of MA
(86.09 g mol ') to St (104.15 g mol ™). Results of the
calculations are given in Table V.

By data collected in Table V, reactivity ratios of St
and MA were calculated by extended KT (Fig. S2 in
Supporting Information) and MH (Table S3 in Sup-
porting Information) methods to be rg, = 1.018 =+
0.060, ra = 0.177 £ 0.025 and rg; = 1.016 £ 0.053,
rva = 0.179 £ 0.023, respectively (Table VI). It is

Fo = 3l ©) clear from Table VI that rg, and ry;a obtained in this
7 31, + 5 study are in a relatively good agreement with those
TABLE VI

Summary of the Reactivity Ratios of St and Ma Obtained in This Work Along with
those Reported in the Literature for Various copolymerization systems of St and MA

Method Conversion T'st ™MA Reference
Bulk ATRP

Extended KT Moderate to high 1.018 £ 0.060 0.177 £ 0.025 This work

MH Moderate to high 1.016 + 0.053 0.179 £ 0.023 This work
Bulk NMP

Finemann-Ross <30% 0.89 0.22 21

Extended KT <30% 0.89 0.22 21

Extended KT <30% 1.32 0.14 22
CFRP

KT <10% (bulk) 0.84 + 0.08 0.21 £+ 0.05 15

Tidwell-Mortimer <10% (bulk) 0.84 0.21 15

KT <15% (solution) 0.73 £ 0.05 0.19 £ 0.05 16

- - 0.75 0.18 17,18

- - 0.825 0.238 19

- - 0.82 0.24 20

- - 0.722 0.168 20

- - 0.9 0.07 20

- - 0.871 + 0.022 0.148 + 0.026 20

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Monomer reactivity ratios and 95% joint confi-
dence limits for the reactivity ratios of St and MA obtained
in this work by extended KT and MH methods. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

reported in the literature for nitroxide-mediated radi-
cal copolymerization of St and MA. Data collected in
Table VI also indicate that there is a relatively good
agreement between the reactivity ratios calculated
here for atom transfer radical copolymerization of St
and MA and those reported in the literature for con-
ventional free-radical copolymerization of St and
MA. As a result, one can conclude that ATRP reac-
tions proceed via a mechanism similar to the radical
polymerization mechanism as shown in Scheme 1.
However, there is a small but important difference
between the rg; calculated for ATRP in this study and
that reported for both conventional free-radical and
nitroxide-mediated radical copolymerizations, which
may be attributed to the different reaction conditions.

The 95% joint confidence limits for the reactivity
ratios of St/MA system have been shown in Figure 9.
It is clear from Figure 9 that the area of uncertainty is
small enough for both methods. Therefore, as
expected, both MH and extended KT methods result
in more reliable reactivity ratios. However, MH
method gives the most precise estimate. It should be
noted that in all calculations where reactivity ratios of
St and MA are required, reactivity ratios obtained by
MH method will be used preferentially.

Composition drifts in the comonomer mixture
and copolymer

The instantaneous copolymer composition equation
of Mayo-Lewis** is expressed by eq. (5). Integration
from eq. (5) leads to the Meyer-Lowry equation® as

follows:
() G ()
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where
1’]‘ ri 1 —7’,‘7‘]‘
o= B= (Y = and
1—7’j B 1—7’iy (1—7’1')(1—7‘]')
1-—r7
d=——_1— (12
2—7’,‘ —7’]' ( )

in which f; is the instantaneous mole fraction of como-
nomer i in the reaction mixture, f? is f; in the initial state.
According to the Meyer-Lowry equation, the overall
molar conversion (x) is related to the comonomer com-
position in the reaction mixture and monomer reactivity
ratios. Some of these parameters are also related by a
material balance in the following equation, where F; is
the cumulative average mole fraction of comonomer i
(St or MA) incorporated into the copolymer.

poff0=x) (13)

X

By using the Meyer-Lowry equation [eq. (11)] in
conjunction with eq. (13), theoretical f; and F; were
obtained as a function of overall monomer conver-
sion for the various initial feed compositions, as
shown in Figures 10 and 11 respectively. Monomer
reactivity ratios obtained by MH method was prefer-
entially used in the Meyer-Lowry equation.

Figure 10 shows changes in the theoretical (along
with the some experimental data) comonomer mix-
ture composition versus the overall monomer con-
version for various mole fractions of St (or MA) in
the initial reaction mixture. Figure 10 reveals that in
the various mole fractions of St in the initial feed,
the incorporation of St comonomer into the copoly-
mer chain is more favor than that of MA comono-
mer. Moreover, this difference in the rate of
incorporation of comonomers into the copolymer

MS0.9

)

0.8 - — Theoretical Values
: = Experimental data

1Ms0.7

fu 057 s

Figure 10 Comonomer mixture composition as a function
of the overall monomer conversion for the various mole
fractions of St in the initial feed calculated by Meyer-
Lowry equation [eq. (11)] using reactivity ratios of the MH
method. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 11 Plots of the cumulative average copolymer
composition versus the overall monomer conversion for
the various mole fractions of St in the initial reaction mix-
ture calculated by the Meyer-Lowry equation [eq. (11)] in
conjunction with the material balance equation [eq. (13)]
using reactivity ratios of the MH method. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

chain increases by decreasing the mole fraction of St
in the initial feed, indicating that P(St-co-MA) copol-
ymer chain formed during the ATRP reaction will
be intramolecularly heterogeneous.

It is expected that changes in the cumulative co-
polymer composition will be more pronounced
when changes in the comonomer composition in the
comonomer mixture is considerable, as shown in
Figure 11. The theoretical values along with the
some experimental data in Figure 11 reveal that until
changes in the comonomer composition is not signif-
icant, the copolymer composition drift is not consid-
erable. In other words, when the amount of St in the
comonomer mixture reduces drastically, the copoly-
mer composition will be changed significantly with
increasing the overall monomer conversion.

The theoretical instantaneous copolymer composi-
tion curve obtained from the differential copolymer
composition equation of Mayo-Lewis [eq. (5)] by
using monomer reactivity ratios of MH method is
shown in Figure 12. Copolymerization system of St/
MA shows no azeotropic point.

The instantaneous number-average sequence
length of comonomers incorporated into the copoly-
mer chains can be related to the monomer reactivity
ratios as follow'*:

gy = 7Stfi +1 (14)
fma

ﬁMA = T’MAfM—A + 1 (15)
ft

Instantaneous number-average sequence lengths
of both comonomers incorporated into the copoly-

Journal of Applied Polymer Science DOI 10.1002/app
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mer chains as a function of overall molar conversion
were calculated from eqs. (14) and (15) by using
reactivity ratios of MH method and instantaneous
comonomer mixture composition (calculated from
eq. (11)). Results have been shown in Figure 13.
Under conditions of r; > 1 and 7; < 1 as be in the case
of St/MA pair comonomers, both adduct radicals
incline to react with the comonomer i (St in the pres-
ent case). Thus, when the radical M} is formed, it
inclines to reacts with comonomer i and generates the
radical M. This later radical inclines to react with the
comonomer i and generates again M;. In other words,
at low conversion, mole fraction of more reactive
comonomer 7 (St in this study) in the copolymer will
be higher than that in the comonomer mixture (Figs.
10 and 11 as well as Fig. 12). Thus, it is expected that
at low conversion, number-average sequence length
of comonomer i incorporated into the copolymer
chain will be significantly higher than that of como-
nomer j (Fig. 13). By progress of the reaction, mole
fraction of the more reactive comonomer i in the
comonomer mixture and thereby in the copolymer
chain decreases. As all copolymer chains are growing
throughout the reaction time of the controlled/living
radical copolymerizations such as ATRP, copolymer
formed under such condition will therefore be a ran-
dom copolymer with intramolecularly heterogeneous
chain and without azeotropic point.

To further investigating the microstructure of syn-
thesized copolymers and its dependence on the
initial comonomer mixture compositions and con-
version, it would be useful to evaluate the triad dis-
tribution of comonomers. The 'H-NMR spectra of
the copolymers P(St-co-MA) blocked with PVAc syn-
thesized with various mole fractions of comonomers

0.9 ~ - = = =ldeal
0.8 - StMA -

0.7 4 -

0.6 - .
Fg05 .-

0.4 - .

0.3 - 5

0.2 - '

014/ .-

0 02 04 0.6 0.8 1

Figure 12 Theoretical variation of the instantaneous copol-
ymer composition (Fg) as a function of the mole fraction of
St in the initial feed (f,) for St/MA copolymerization (theo-
retical values were calculated from the copolymer composi-
tion equation [eq. (5)] by using reactivity ratios of MH
method). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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(@)
MS0.9

13 Theoretical
sequence length of comonomers St (a) and MA (b) incor-
porated into the copolymer chains as a function of overall
molar conversion calculated from eqgs. (14) and (15),
respectively, by using reactivity ratios of MH method.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure instantaneous number-average

in the initial comonomer mixture are compared in
Figure 8. It is clear from Figure 8 that the evolution of
peaks of the aromatic and methoxy protons is related
to the copolymer composition, distribution of the
comonomer units and polymer tacticity. Broad signal
appeared at the chemical shift range of about 3.0-3.7
ppm is due to the methoxy protons of methyl acrylate
units.'® The methoxy region can be subdivided into
the three subregion I (3.5-3.7 ppm), II (3.3-3.5 ppm)
and III (3.0-3.3 ppm), which can respectively be
assigned to the MA-centered triads of MA/MA/MA
(MMM for simplicity) (homopolymer), MA/MA /St
(MMS for simplicity) (random) and St/MA /St (SMS
for simplicity) (alternating). Intensity of peak I
increases significantly by increasing the mole fraction
of MA in the initial feed (Fig. 8). Moreover, three dis-
tinct peaks I, II and III in the range of 3.0-3.7 ppm
can be observed only for the copolymer prepared at
the high mole fraction of MA in the initial feed (i.e.,
MS0.1 with 9, = 0.9). For other copolymers,
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methoxy region peaks overlapped with each other
and also overlapping of peaks increases by decreas-
ing the mole fraction of MA in the initial feed.

The probability distribution for the diad of the
comonomer sequence can be calculated from the
reactivity ratio of comonomers according to the Ito
and Yamashita method developed for styrene-
methyl methacrylate (St/MMA) copolymers.*® This
method can be used to determine the ratio of three
comonomer (MA or St)-centered triads as previously
described for St/MA comonomer pair.'®*' The in-
stantaneous MA-centered triad distribution can be
calculated by egs. (16)—(18).

Faovim = (Pam)® (16)
Fyvivs = 2Pyvim (1 — Pyvim) (17)
Foms = (1 — Pyiv)® (18)

_ (rma/f)
where Pyv = To ran /P (rvin /) (19)

In which F represents the number fraction of triads
normalized to unity and Py is the probability of a
growing chain having an MA-type chain end to add
comonomer MA. It is clear from eq. (19) that all these
instantaneous triad fractions can be predicted by
using the instantaneous comonomer mixture compo-
sition (f = [St]/[MA]) and reactivity ratio values.

To obtain the cumulative triad distribution which
varies with conversion, it is necessary to integrate
Fyvivivy Favivs and Fsyis between x and any conversion
x (x > xp). Then, theoretical cumulative triad distribu-
tion (Fyivm, Fyms, and Fsys) can directly be com-
pared with experimental one obtained from 'H-NMR
results. The theoretical values of Fymm, Emms, and
Fsyms along with some experimental ones are shown
in Figure 14 for the comonomer mixture containing
s = 09 (MSO0.1). There is a good agreement
between the theoretical and experimental values. It
should be mentioned that in a more complete and
detailed work, it is necessary to consider not only the
composition of triad but also the tacticity of triad.
However, since agreement between the theoretical
and experimental values of cumulative triad distribu-
tion is good, it is expected that Figure 14 can reflect
the evolution of the composition from one end to the
other end of the growing chain during the progress of
atom transfer radical copolymerization of St and MA.

As mentioned in the previous section, cumulative
copolymer composition measured at moderate to
high conversion was used to calculate more reliable
reactivity ratios of St and MA. Therefore, experimen-
tal values of Fj, Fy, and Fj; corresponding to the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 14 Theoretical (solid lines) and experimental (points)
values of Fypnvv (H), Faynvs (A) and Fsys (@) as a function of
conversion for the comonomer mixture containing f R,[ A =09
(MS0.1). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

fractions of three subregions I, II, and III of the
methoxy region (Fig. 8) are in fact cumulative ones.
Hence, it is not possible to estimate the value of coi-
sotactic parameter (G), which is necessary parameter
for complete and detailed investigation of the experi-
mental triad distribution via the following equations
introduced by Ito and Yamashita.*®

Fr = Fynm + (1 — 0)Fuis + (1 — 6)*Fous (20)
Fii = 6Fmms + 26(1 — o)Fswus (21)

Fiir = 6°Fsuis (22)

in which Fj, Fj; and Fjj; represent the fractions of the
areas I, II and III of the methoxy resonance of the co-
polymer at low conversion.

Moreover, a coisotacticity degree close to unity (o
= 0.9) has been reported for the free-radical solution
copolymerization of St and MA via the well-known
Ito and Yamashita assignment.'®*® Results of the
reactivity ratios of St and MA obtained in this study
with those reported for the conventional free-radical
copolymerization of St and MA (Table VI) indicate
that the microstructure (triad distribution and tactic-
ity parameter, c) of St/MA copolymers obtained by
conventional free-radical and atom transfer radical
copolymerizations are almost the same. Conse-
quently, on may assume ¢ ~ 1 for the atom transfer
radical copolymerization of St and MA. Then, egs.
(20)—(22) are simplified to the following equations.

Fi = Fymivm, Fir = Fvvs and Fryr = Fsus (23)

Results in Figure 14 indicate that eq. (23) may be
used to predict the experimental values of cumula-
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tive triad distribution (Fyiving, Fuvims, and Fsys) by ex-
perimental values of Fj, Fj; and Fyy in this study. In
other words, ¢ in this system seems to be close to
unity.

Theoretical changes in the cumulative MA-cen-
tered triad distribution as a function of conversion
were evaluated for various mole fractions of St (or
equivalently MA) in the initial feed (Fig. 14 as well
as Fig. S3 in Supporting Information). It was
observed that for f2 = 0.9 (MS0.9), 2, = 0.7 (MS0.7)
and f} = 0.5 (MS0.5), the proportion of random
triad MMS (Fyvs) is much lower than that of alter-
nating triad SMS (Fsys). The proportion of homopol-
ymer triad MMM (Fvav) is also negligible. This
behavior indicates that in the low mole fraction of
MA in the initial feed, the MA-centered triad in the
synthesized copolymer has a high tendency to
alternate.

The predominant structure for f2, = 0.1 (MS0.1)
is the homopolymer triad MMM (Fvmvv), which
also further increases with conversion, indicating
that the MA-centered triad in the synthesized
copolymer has a tendency to homopolymerize.
Moreover, drift in the cumulative triad distribution
is more pronounced when the mole fraction of MA
in the initial comonomer mixture is high enough
(MS0.3 and more especially MS0.1). For copolymer-
ization systems MS0.3 and more especially MS0.1,
significant drift in the cumulative triad distribution
with conversion is also expected from changes in
the instantaneous number-average sequence length
of MA incorporated into the copolymer (iy4) with
conversion [Fig. 13(b)]. Such behavior in the living/
controlled radical copolymerizations (ATRP in this
study) results in the generation of “spontaneous
gradient copolymers” in the growing macromolecu-
lar chains with the progress of the classical batch
copolymerization. The spontaneous gradient in the
chain prepared by living/controlled radical batch
copolymerization is obtained through the variation
of comonomer mixture composition with conver-
sion [see eq. (11)] due to the large difference
between the monomer reactivity ratios as well as to
the large difference between the mole fraction of
comonomers in the initial feed with very low frac-
tion of more reactive comonomer (St in this study)
in the initial comonomer mixture (MS0.1 in this
study).

On the other hand, random St/MA copolymers
can be obtained by lowering the mole fraction of
MA in the initial feed. Consequently, depending on
the mole fraction of MA in the initial feed, random
or gradient copolymers can be obtained by atom
transfer radical batch copolymerization of St and
MA. The similar results have been have been
reported for the nitroxide-mediated batch copoly-
merization of St and MA.*!
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CONCLUSIONS

Atom transfer radical bulk copolymerization of sty-
rene (St) and MA was performed successfully in the
presence of CuCl/PMDETA as a catalyst system and
CCl;- terminated PVAc telomer as a macroinitiator
at 90°C. Conversion versus time data and GPC
results confirmed the controlled/living characteristic
of all the reactions. Cumulative average copolymer
composition at moderate to high conversion was
determined by 'H-NMR spectroscopy and then used
to calculate more reliable reactivity ratios of St and
MA by using extended KT and MH methods. Mono-
mer reactivity ratios obtained in this study were in a
relatively good agreement with those reported for
the conventional free-radical and nitroxide-mediated
radical copolymerizations of St and MA, indicating
that atom transfer radical copolymerization of St and
MA proceed via radical polymerization mechanism.
95% joint confidence limits showed that MH method
results in most precise reactivity ratios. Accuracy of
the monomer reactivity ratios was further confirmed
by investigating the theoretical and experimental
composition drifts in the comonomer mixture and
copolymer as a function of the overall monomer con-
version. Instantaneous copolymer composition curve
showed that the atom transfer radical copolymeriza-
tion of St/MA system tends to produce a random
copolymer. However, MA-centered triad distribution
results indicate that the spontaneous gradient
copolymers (rich in St in the low to medium conver-
sion, followed by rich in MA in the medium to high
conversion) can also be obtained when the mole
fraction of MA in the initial comonomer mixture is
high enough.
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