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ABSTRACT: Highly branched polymethacrylates have recently
offered new perspectives in lithographic performance and drug
delivery. The control of branching remains yet challenging and
requires fundamental investigation to consider new applica-
tions. Therefore, an advanced study of the formation mechan-
ism of branched polymers synthesized by self-condensing vinyl
copolymerization (SCVCP) of a methacrylic AB* inimer, 2-(2-
bromoisobutyryloxy)ethyl methacrylate (BIEM), with methyl
methacrylate (MMA) via atom transfer radical polymerization
(ATRP) has been performed. Evidence of branched structures
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was obtained with a conventional GPC apparatus equipped with a multiangle light scattering detector and detailed "H NMR
analyses. A three-step reaction scheme is suggested according to the dependence of molecular weight with conversion. Controlled
radical polymerization mainly occurs until moderate conversions, with the participation of inimer as chain initiator. Then the
polymerization of small macromolecules, through consumption of polymerizable moiety, dramatically increases the molecular
weight of polymer. Finally, a loss of control partially due to thermal decomposition of residual comonomers occurs at high
conversion. This mechanistic methodology will allow, with adequate reaction process, the one-step preparation of controlled
branched macromolecular architectures leading to functional materials.

1. INTRODUCTION

Dendritic and hyperbranched structures are of particular inter-
est in polymer science.' " This is mainly due to their promising
use in various industrial applications thanks to inherent specific
characteristics compared to linear counterparts.'>”"* For ex-
ample, their unusual globular and highly branched structure
increases their compactness while providing a high density of
functional sites on their periphery. They are consequently
widely used as viscosity modifiers," catalyst supports'®'” and
drug carriers."®"** However the control of the architecture
remains challenging. Several polymerization techniques, such
as step-growth polymerization and ring-opening polymeriza-
tion, can lead to various branched structures.'** 2 Free
radical copolymerization of a monofunctional monomer and a
multifunctional comonomer, also called a cross-linking agent,
has also been performed®” but showed limitations in the
synthesis of well-defined branched structures despite the use
of chain transfer agents.”® In order to control the architecture
while simplifying synthesis, Fréchet and co-workers have devel-
oped a one-pot synthesis, self-condensing vinyl polymerization
(SCVP),* that has been statistically described in terms of
molecular weight distribution and branching degree.***' SCVP
has been adapted to various polymerization techniques such as

v ACS Publications ©2011 american chemical Society

7124

living ionic, >33 grou transfer,>* and controlled/ “living” free-
radical processes.”> >” Regarding the atom transfer radical
polymerization (ATRP), a specific monomer named inimer
(AB*) is employed. This monomer can undergo a polymeriza-
tion with its vinyl function (A) and/or can initiate a new branch
from its halogen site (B*). ATRP offers a good control over
polymer architecture and is versatile enough to control the
chain length between two branching points simplzr by adjusting
the monomer to inimer concentration ratio.**~*

This convenient polymerization technique has already been
performed by our team for the synthesis of polymers dedicated to
lithographic applications.** To consider new perspectives in this
field, it is now essential to precisely understand the formation of
the branching architecture. Therefore, a fundamental study has
been performed on a model chemical system. In this work, we
report on our investigations on the formation mechanism of
highly branched polymers (HB) via atom transfer radical polym-
erization. Multidetection GPC coupled with "H NMR analyses
allow us to suggest a general scheme for the formation of highly
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Scheme 1. Synthetic Route to Highly Branched Polymethacrylate by SCVCP of BIEM and MMA
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Figure 1. (a) "HNMR spectrum (CDCl;) of a typical reaction mixture containing 90—10% MMA-BIEM after 6 h of polymerization. (b) Monomer and
inimer conversions (in %) with polymerization time (inh) for SCVCP of BIEM and MMA (feeding ratios are MMA/BIEM/Br-iB/CuBr =294/6/1/1.8
and 270/30/1/5) at 60 °C, in 50 wt % THF. HB X% means highly branched polymer containing X% inimer.

branched polymethacrylates by SCVCP via ATRP and to de-
scribe the evolution of this polymerization method from low to
high conversions. The fine-tuning of this versatile polymerization
process could allow further improvements in the control of the
macromolecular branched architectures.

2. RESULTS

2.1. Synthesis of Branched Polymethacrylates through
One-Pot ATRP. Controlled radical polymerization of linear
polymers via ATRP involves the use of an initiator that deter-
mines the number-average degree of polymerization (DP,)
of the polymer at full conversion** (DP, = [monomer]/
[initiator]). As can be seen in Scheme 1, a common ATRP-
initiator, 2-ethyl bromoisobutyrate (Br-iB), was used for the
synthesis of branched polymers, in order to obtain a reference
regarding molecular weight that could be compared to the
linear counterpart. For theoretical calculations, we have con-
sidered that all chains have been initiated by Br-iB. One Br-iB
equivalent is thus added to the n equivalents mixture of comono-
mers. The initial comonomer mixture (for one equivalent of
initiator Br-iB) contains n, equivalents of inimer 2-(2-bromoiso-
butyryloxy)ethyl methacrylate (BIEM) and n, equivalents of
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methyl methacrylate (MMA). The chemical composition of
the synthesized polymethacrylates is defined by the percentage
of each of the two comonomers, and particularly by the inimer
(BIEM) content in the polymer, defined to the following:
Inimer(BIEM)% = (n;/n) X 100 = (n;/(n, + ny) x 100). In
this case, BIEM is considered as a monomer that reacts with its
methacrylate double bond (A) and whose addition increases
the length of the vinyl chain.

2.2. Investigation on the Reactivity of Both Comonomers.
After the optimization of the catalyst content®**"** (for more
details see section C in the Supporting Information), a kinetic
study was conducted, at two different inimer contents (2% and
10% inimer) to compare the mechanism for comonomers
incorporation in the polymer chain. Conversions of MMA and
BIEM could be separately determined by "H NMR, as shown in
Figure 1a (see also section B in the Supporting Information for
precise "H NMR chemical shifts and NMR calculations). BIEM
and MMA seem to be incorporated into the polymer chains at
similar rates (see Table 1 and Figure 1b). Hence, the comonomer
composition in the polymer at intermediate conversions is in fair
agreement with the composition in the feed. This observation is
further supported by the estimation of the reactivity ratios (r, = k;,/
ki, and 7, = ky,/ky;) of comonomers MMA (1) and BIEM (2).

dx.doi.org/10.1021/ma2011443 |Macromolecules 2011, 44, 7124-7131
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Table 1. Conversions and C=C Content in the Polymer by "H NMR for Branched Polymers*

reaction conditions

comonomers conversions® (%)

C=C % in the polymer

inimer content (mol %)”  polymerization time (h) MMA
2 05 2
2 1 42
2 2 61
2 4 74
2 6 78
2 8 81
10 0,5 54
10 1 59
10 2 65
10 4 70
10 6 72
10 8 74

BIEM inimer 9% that initiates a branch®  theoretical’  experimental®

12 61

37 87 reference 1.10
62 82 0.75 0.76
79 85 0.62 0.26
84 73 0.59 0.22
78 87 0.57 0.30
58 48

66 S0 reference 1.57
68 S1 145 1.65
75 49 1.34 0.94
75 49 1.30 0.65
81 43 1.26 1.11

“ Copolymerization of BIEM and MMA (feeding ratios are MMA/BIEM/Br-iB = 294/6/1 and 270/30/1) at 60 °C with optimized CuBr/HMTETA
quantity in 50 wt % THEF. " BIEM feeding ratio in the comonomer feed. “ Determined by 'H NMR. 4 Calculated using C=C % in the polymer after 1 h of
reaction time as reference and considering a controlled radical process until the end of the reaction (linear increase of molecular weight with conversion

and no further chain initiation).

Table 2. Molecular Weights, Polydispersity Indexes, and
Ryt = My, ji/M,, gpc.mars Values for Linear and Branched
Polymers”

BIEM” % M, gpcri Mw,GPC—MALSd M, /M’ Ryt
17 100 16 400 1.20 1.04

14300 15800 1.75 091

10 13900 17900 1.63 0.78

20 12200 17200 2.11 0.71

“(Co)polymerization of BIEM and MMA at 60 °C in 50 wt % THF,
polymers with targeted similar molecular weight. ¥ Determined by the
comonomers feeding ratios. “With refractive index detector. I With
multi-angle light scattering detector.

Using the Fineman—Ross (F-R) linearization method,***” the
reactivity ratios r; and r, were found to be equal to 0.99 and 1.56,
respectively (see section D in the Supporting Information for
more details). Given that both values are close to 1, we can
consider that MMA and BIEM are incorporated into polymer
chains with proportions similar to the comonomer feeding ratio.
This observation also suggests that the polymerization continues
to occur through the A* site (corresponding to the methacryloyl
radical or halide) after inimer incorporation, which is necessary
to obtain branching points in the architecture.

2.3. Branching Characterization by GPC Multidetection.
The incorporation of inimer was also characterized through its
branching ability as the inimer can initiate polymerization with its
bromoester (B*) group and generate branching points in the
structure. Linear and branched polymers were then characterized
by conventional GPC-RI, using PMMA standards for calibration,
and GPC-MALS as mass-sensitive detector, to confirm the
branching architecture of the polymers. The apparent average
molecular weight determined by GPC-RI (M,, ;) is based on
the hydrodynamic volume of the chains; while the absolute
molecular weight of the polymer is determined with the online
MALS detector (M,, pars)- Considering that branched struc-
tures are more compact than linear polymers for a given
molecular weight the ratio between M,,_r; and M, yars gives
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qualitative information about the degree of branching of the
polymers. As can be seen in Table 2, the ratio Ryy = My, ri/My.mars
significantly varies as polymer architecture moves from linear
(R = 1.04, theoretically 1.00) to highly branched architectures
(Ry = 0.71). This parameter thus indicates a trend of branching
density of the synthesized polymers.

2.4. Quantitative Measurements of Topological Structure.
The topological structure of branched polymers has been pre-
cisely investigated through detailed "H NMR analyses, demon-
strating the presence of branching points in the polymer. A
branching point is created when an inimer unit is incorporated in
the polymer chain and when both reactive sites (A* and B*) of the
inimer continue to add new comonomer units. We have pre-
viously shown that reactivity of both comonomers is quite
similar; we can thus consider that a branched structure is formed
if B* is capable of initiating a new branch when the inimer is
incorporated in the polymer chain. As can be seen in Figure 2
(especially Figure 2, panels b and c), two peaks distinctly
characterize branch initiation.

Copolymers obtained by SCVCP of MMA and BIEM show
peaks at 2.6—2.9 ppm attributed to methylene protons geminal
to a bromine atom. The peak comes from the creation of a new
active site under the form A* or M* (corresponding to the
methacryloyl radical/halide from the AB inimer or from the M
monomer respectively) and above all to a new branching point in
the structure. Obviously this new peak is not observed in the
linear analogue (Figure 2a). The normalized integral ratio of
peaks at 2.6—2.9 ppm and peaks at 4.0—4.5 ppm, which
correspond to ethylene protons in ethylene glycol spacer, is
independent of molecular weights.*® This ratio characterizes end
groups and, in the same way, the incorporated inimer that really
initiates a new branch. As can be shown in Table 1, for polymer
containing 2% inimer, about 80% of the incorporated inimer
initiate a new branch whereas only 50% of the incorporated
inimer create branching points in the case of polymer containing
10% inimer (for more details, see also section B in the Supporting
Information). This difference can be partially explained by steric
hindrance and the difficulty associated with bringing reactive
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Figure 2. '"H NMR spectra (CDCl;) of a typical polymethacrylate
containing (a) 100% MMA, (b) 90—10%: MMA-BIEM, and (c)
80—20%: MMA-BIEM.

species to all the bromine sites at high inimer content, when the
structure is more compact.

Furthermore, the broad peaks at 0.7—1.5 ppm are attributed to
the methyl group in the backbone. When inimer content increases,
peaks at 1.1—1.2 ppm are convoluted with the methyl group peaks
(see Figure 2c). The peaks at 1.1—1.2 ppm can be attributed to the
six methyl protons previously adjacent to a bromine atom of free
inimer (at 1.93 ppm) and then included in the backbone near the
branching point. Unfortunately no quantitative result concerning
the peaks at 1.1—1.2 ppm can be obtained because of the overlap
of methyl groups in the backbone. This further supports the
formation of a branched architecture. The advanced characteriza-
tion by "H NMR consequently confirms the results suggested by
the comparison of GPC results (GPC-RI vs GPC-MALS). The
branched architecture of poly(MMA-co-BIEM) has been ob-
served and partially quantified by the calculation of the incorpo-
rated inimer rate, whose bromine atom initiates polymerization by
adding new comonomer units.

35
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Figure 3. Evolution of the controlled/“living” character of the reaction
according to molecular weight M, (from GPC-MALS analysis) as a
function of overall conversion (in %). The polymerization consists in
ATRP of MMA (linear PMMA) and SCVCP via ATRP of MMA and
BIEM (feeding ratios are MMA/BIEM/Br-iB/CuBr =294/6/1/1.8 and
270/30/1/5) at 60 °C, in 50 wt % THF. The PDI obtained from GPC-
RI analysis is shown for each sample.
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Figure 4. 'H NMR spectra (CDCl3) of a typical polymethacrylate
containing 90—10%: MMA-BIEM.

2.5. Kinetics Investigations Correlated with Chain Ends
Determination. To investigate the formation of the branched
architecture, a kinetic study has been performed for several
inimer feeding ratios. As shown in Figure 3, the evolution of
absolute number-average molecular weight M, _maLs, deter-
mined using M,,_pars and PDI results from GPC measurements
(M, _mars = My, mars/PDI), was plotted as a function of overall
comonomer conversion, determined by "H NMR. The PDIs of
the samples were given for each sample. The study, carried out
for linear poly(methyl methacrylate), validates the conclusion
that molecular weights (M, _maLs) increases linearly with con-
version and that PDIs of the obtained samples are low.

The linear increase of molecular weight with conversion is not
observed for branched polymers. To more precisely investigate
the polymer samples, "H NMR analyses were performed on the
purified polymer samples (recovered by precipitation of the
polymerization reaction media). As can be seen in Figure 4,
protons from the CH, group at 6.14 or 5.59 ppm from the double
bond of the inimer were still present in polymer chains and were
sufficiently well-defined compared to the baseline noise. This
allowed for approximate integrals to be calculated. By comparing
the integral of these peaks and the normalized integral of peaks at
4.0—4.5 ppm, corresponding to methylene glycol linkage of all
incorporated BIEM, it is possible to calculate the proportion of
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Figure 5. Inimer % (determined by 'H NMR) among the overall
polymerized inimer that initiates a polymer chain as a function of overall
conversion. The polymerization consists in SCVCP of typical poly-
methacrylates containing 98—2% and 90—10%: MMA-BIEM. The
polymerization time is mentioned on the curves.

inimer that plays the role of chain initiator among all of the
incorporated comonomers. According to numerical values in
Table 1, after 1 h of polymerization, 1.10% or 1.57% of the
incorporated comonomers are inimers under the form of chain
initiators (with a double bond), for copolymers containing 2% or
10% inimer respectively. As shown in Figure S, the presence of
inimer as the chain initiator corresponds to above 30% or 10%
(depending on the inimer content) of the overall polymerized
inimer (for more details, see also section B in the Supporting
Information).

In addition, it is possible to evaluate the percentage of inimer
as chain initiator (C=C) in the polymer as a function of
conversion by taking samples after one hour of polymerization
as references for calculation. In these calculations, we consider
that all polymer chains have been initiated during this first hour
and that polymer chains have grown simultaneously, which are
reasonable assumptions for controlled/”living” polymerization.
Theoretical percentages of inimer as chain initiator (C=C) in
polymer were evaluated (see Table 1 and section B in the
Supporting Information for more details) for each sample. As
described below, these kinetics results correlated with advanced
"H NMR analyses of purified polymer samples, allowing us to
suggest a mechanism for the formation of highly branched
architectures.

3. DISCUSSION

Copolymerization of MMA and BIEM does not exhibit a
linear evolution of molecular weight with conversion from the
beginning to the end of the reaction (see Figure 3). Three
domains can be distinguished on the collected experimental
results. The first domain (I) corresponds to conversions from 0
to 55%. The second domain (II) occurs between conversions
from 55% to 75%, and the third domain (III) is attributed to
higher conversions (>75%). In the following, a possible polym-
erization mechanism for the formation of the branched archi-
tecture is suggested. This study aims at highlighting the
predominant phenomenon at the origin of chain growth for
each domain.

Domain I has been mainly attributed to a controlled radical
polymerization process because of a linear evolution of the
molecular weight with conversion (Figure 3). This can also be
correlated to a decrease of polydispersity from more than 2.4 to 1.8.

However, the number-average molecular weight corresponding
to an extrapolated curve is three times lower than the theore-
tical molecular weight, which is calculated taking into account
the assumption that all of the polymer chains were initiated by a
Br-iB initiator. This apparent low molecular weight has been
attributed to a participation of the inimer to chain initiation
step. As well as Br-iB initiator, BIEM also has the ability to
initiate polymer chain from its bromine atom (B*). When
inimer initiates a polymer chain, a carbon—carbon double bond
is located at the end of the macromolecule, as shown via 'H
NMR analyses of purified polymer samples. This has been
confirmed by the synthesis of a branched polymer (containing
10% BIEM) carried out without the Br-iB initiator. Kinetics
results were similar for samples with or without the presence of
this initiator (for more details see section E in the Supporting
Information).

The predominant behavior in the second domain of Figure 3,
proceeding from 55 to 75% conversion, can be attributed to a
convergence phenomenon. This means that low molecular
weight chains, created by controlled radical polymerization
during the first step, couple. As can be seen in Figure 3, the
average molecular weight approximately doubles while poly-
dispersity decreases. This two-by-two macromolecular cou-
pling is confirmed by "H NMR analyses, summarized in
Table 1. A great difference between theoretical and experi-
mental percentages of inimer as chain initiator (C=C) in
polymer can be observed at approximately 70% conversion.
Experimental values are about 2 times lower than the theore-
tical ones. This difference can be explained by a disappearance
of double bonds caused by the inimer playing the role of
initiator in the polymer chain. This tendency can also be
observed in Figure S, where the quantity of inimer as initiator
(C=C) among the overall polymerized inimer dramatically
decreases after 2 h of polymerization. The double bond of a first
macromolecule reacts with an active species (*) of a second
macromolecule; as a result molecular weight sharply increases.
This coupling can also occur at lower conversion but the effect
on the polymer properties, especially on its molecular weight, is
more significant in the second domain. If convergence occurred
until the end of the reaction, PDI would continue to decrease
with conversion and all polymer chains would have the same
final DP,, with one initiator molecule (of 2-ethyl bromo-
isobutyrate) at the end of each chain.

Nevertheless, coupling generates large compact structures
and limits further polymerization because of diffusion limita-
tions. A phase separation appears in the Schlenk at high
conversion (in the third domain of Figure 3): one very colored
phase being rich in catalyst, even turning dark green and
another phase being less colored. GPC analyses, made selec-
tively on the less colored phase, showed similar molecular
weight to the one obtained on the entire sample. This result
suggests that similar macromolecules are present in both
phases and that the concentration of cupper does not influ-
ence largely the polymerization process at high conversion.
Furthermore, the dark color of the catalyst probably reveals a
loss of catalyst efficiency. These observations let us think that
controlled/“living” ATRP is no more the predominant phe-
nomenon responsible for chain growth at high conversion.
Even though coupling step could still occur at high conver-
sion, gelation should be maintained at a reasonable rate due to
the presence of Br-iB initiator that induces the presence of a
minimum number of polymer chains. In addition, even if some
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Scheme 2. Proposition of Reaction Scheme for the Formation of Highly Branched Polymethacrylates by SCVCP via ATRP
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gelation may occur, it is probably not the main phenomenon
as, despite the filtration of the sample before GPC analysis,
very high molecular weights would also be present on the
chromatogram if coupling of high molecular weights occurred,
which is not the case. Finally, we suggest that uncontrolled
polymerization is most likely conducted at high conversion
(>75%) (for more details see section F in the Supporting
Information). Methacrylates are indeed capable of pure

thermal initiation*® and this phenomenon could become more
visible than previously during the polymerization if con-
trolled/”living” or coupling phenomena are largely unfavored.
After six hours of polymerization, molecular weight decreases
and polydispersity increases. These characteristics could ac-
tually arise from an increase of the number of chains and from
their probable short length, due to low concentration of
residual comonomers.
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Scheme 2 summarizes the suggested three-step polymeriza-
tion mechanism for the formation of highly branched polymetha-
crylates. In this scheme, the curved lines represent polymer
chains. B* and M* are active units, whereas a, b, and m are
incorporated ones. A corresponds to a methacryloyl group of
BIEM and M stands for MMA unit. Polymerization can be mainly
seen as a controlled radical polymerization predominantly in-
itiated by a part of inimer until moderate conversion. Then
convergence of low molecular weight macromolecules signifi-
cantly increases the molecular weight and finally a loss of control,
supported by uncontrolled polymerization of residual comono-
mers, may occur.

4. CONCLUSIONS

In this work, we have suggested a precise mechanism of SCVCP
via ATRP, using a fine analytical methodology, for the one-pot
synthesis of branched polymer architectures. Even though the
polydispersity was quite low, the dependence of the molecular
weight with conversion was not linear during the entire reaction,
contrary to what is expected for classical controlled/“living” radical
polymerization process. We investigated the polymerization pro-
cess (from low to high conversions) on a model chemical system
(MMA and BIEM), which enabled the suggestion of a three-step
mechanism, based upon the predominant mechanism at the origin
of chain growth. First, controlled radical polymerization mainly
occurred with the participation of inimer mainly as a chain
initiator. Then, incorporation of these formed macro-monomers
through copolymerization led to a sudden increase of average
molecular weight. Finally, neither ATRP nor coupling phenomena
mainly occurred but uncontrolled polymerization thermally in-
itiated by residual comonomers contributes to molecular weight
evolution at high conversion. Thus, the present work using model
monomers with simple chemical structures, allows us to better
understand the synthesis of highly branched architecture. This
mechanistic study of the SCVCP via ATRP will help to further
develop controlled highly branched polymer architectures by
influencing the polymerization process using various configura-
tions of chemical reactor systems. It is expected that a continuous-
flow microprocess (instead of a batch reactor) might provide
significant benefits*”>° to the discussed polymerization reaction as
it has been demonstrated for the synthesis of homo-"' and
copolymers®*®  through nitroxide-mediated polymerization
(NMP). Therefore, through a convenient polymerization tech-
nique and an adapted reaction process, other comonomers could
be considered for the material design based on highly branched
polymers depending on the targeted applications. For instance,
drug delivery systems offering versatile functionalization and/or
branching density might be synthesized thanks to the control
of macromolecular architecture resulting from the present and
future works.
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(s ) Supporting Information. A. Experimental section; B.
summary of "H NMR main chemical shifts and NMR calculations;
C. optimization of the catalyst amount for ATRP; D. Fine-
man—Ross linearization method for the determination of reactiv-
ity ratios r; and r,; E. comparison of the polymerization kinetics
with and without 2-ethyl bromoisobutyrate initiator, for the
synthesis of branched polymers; F. uncontrolled polymerization

occurring at high conversion (domain III). This material is
available free of charge via the Internet at http://pubs.acs.org.
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