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1 | INTRODUCTION

Over past few years, controlled radical polymerization (CRP)
has become one of the most versatile methods for the synthe-
sis of well-defined polymer composition, architectures, and
functionalities.!* The development of CRP techniques in
the past decade has attracted the synthetic polymer scien-
tists to synthesize novel polymers with controlled and desired
properties.>>® In past few years, it has been witnessed rapid
development of few new CRP methods. All of these meth-
ods are based on establishing a rapid dynamic equilibration
between a minute amount of growing free radicals and a large

majority of the dormant species.’

| Bishnu P. Koiry?> | Dhruba J. Haloi'

Abstract

This investigation reports the synthesis of poly(methyl methacrylate) via activa-
tors regenerated by electron transfer atom transfer radical polymerization (ARGET
ATRP) and studies the effect of solvents and temperature on its polymerization
kinetics. ARGET ATRP of methyl methacrylate (MMA) was carried out in differ-
ent solvents and at different temperatures using CuBr, as catalyst in combination
with N,N,N',N” ,N" -pentamethyldiethylenetriamine as a ligand. Methyl 2-chloro pro-
pionate was used as ATRP initiator and ascorbic acid was used as a reducing agent
in the ARGET ATRP of MMA. The conversion was measured gravimetrically. The
semilogarithmic plot of monomer conversion versus time was found to be linear,
indicating that the polymerization follows first-order kinetics. The linear polymer-
ization kinetic plot also indicates the controlled nature of the polymerization. N,N-
Dimethylformamide (DMF), tetrahydrofuran (THF), toluene, and methyl ethyl ketone
were used as solvents to study the effect on the polymerization kinetics. The effect of
temperature on the kinetics of the polymerization was also studied at various temper-
atures. It has been observed that polymerization followed first-order kinetics in every
app = 694 1073 min~") at

a fixed temperature when DMF was used as solvent. Activation energies for ARGET

case. The rate of polymerization was found to be highest (k

ATRP of MMA were also calculated using the Arrhenius equation.
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There are three major CRP methods. They are (1)
atom transfer radical polymerization (ATRP) or degenera-
tive transfer, when dormant species are alkyl halides, (2)
reversible addition-fragmentation chain transfer process, and
(3) nitroxide mediated polymerization or stable free radi-
cal polymerization, where dormant chains are thioesters and
alkoxyamines, respectively.>'> Among the different CRP,
ATRP is the most commonly used polymerization tech-
nique. It is applied to polymerize a wide range of monomers
at a wide range of polymerization temperature (—20 to
2OO°C).13’14 Also, the reagents used in ATRP are commer-
cially available.!''> ATRP has successfully been applied to
synthesize a wide range of polymers with varied molecular
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weights, different architectures, functionalities, and disper-
sity. Transition metal catalyzed CRP (commonly known as
ATRP) is an important CRP method.!*!® ATRP is carried
out in the presence of an active alkyl halide using a transi-
tion metal halide as catalyst in combination with a suitable
ligand.'* There are several reports on the polymerization of
different acrylate monomers using ATRP.”-13-19

ATRP is a repetitive transfer process of a halogen or
pseudo-halogen atom between an alkyl halide R-X and a
redox active transition metal complex Cu(I)X/ligand. The
active species or radicals are generated by homolytic cleav-
age of alkyl halide R—X and are catalyzed by the transition
metal complex (Cu(I)X/ligand). This process occurs with a
rate constant for activation (k,), propagation (kp), deactiva-
tion (ky), and the growing radicals terminate either by dis-
proportionation or recombination (rate constant k,).">7-2% In
this process, the atom transfer step is the key elementary reac-
tion step responsible for the uniform growth of the polymeric
chains.” The presence of a metal catalyst limits the wider
application of ATRP. However, attempts were made to recy-
cle and reduce the use of catalysts.?’ These catalysts may add
high cost to production, which may cause undesired cost to
polymer.> Moreover, high conversions with control of poly-
mer molecular weight become difficult with normal or con-
ventional ATRP.!

So, different modified methods were developed with an
aim either to reduce the concentration of catalyst or use of
higher oxidation state air-stable catalyst. Few such methods
are activators generated by electron transfer ATRP,?!P¢ acti-
vator regenerated by electron transfer (ARGET),!¢13:212,22
initiators for continuous activator regeneration ATRP,!-23-27
supplemental activators and reducing agents ATRP,?? etc.

In this work, use of ARGET ATRP is reported. Scheme 1
shows the ARGET ATRP of MMA along with the use of
other ingredients. ARGET ATRP is one of the methods of
ATRP that makes use of active catalyst in the ppm level. It
also uses a reducing agent.'? In this technique, the reducing
agent regenerates the activator continuously maintaining the
normal ATRP. It is also possible to reduce the Cu catalyst
even to very low ppm levels using the starting compound as
an oxidatively stable deactivator species.”® It has also been
reported that ARGET ATRP can be used to synthesize poly-
mer with high molecular weight.'3

OCH,

OCH,

Poly(methyl methacrylate)
Where, X = Cl, Br

SCHEME 1 ARGET-ATRP of MMA

The monomer methyl methacrylate (MMA) is one of the
highly used commercial monomer, which can undergo poly-
merization by all major techniques such as free radical,
anionic, and group transfer polymerization.>*3! The resul-
tant homopolymer, poly(methyl methacrylate) has very high
glass transition temperature (100—130°C) and possess the
qualities that make it applicable in optics, pneumatic actu-
ation, sensor, conductive devices, as additives in lubricants,
etc.29:30.32

This study mainly focuses on the effect of solvents
and polymerization temperatures on the ARGET ATRP of
MMA.

2 | EXPERIMENTAL

2.1 | Materials

MMA (Aldrich; 99%, India) was purified by passing through
basic alumina packed column and stored at 0°C. A ligand
N.N" .N" N',N'-pentamethyldiethylenetriamine (PMDETA)
(99%) was purchased from Sigma-Aldrich (India) and was
used as received. Catalyst cupric bromide (CuBr,) (99%;
SRL, India) was used as received. Methyl-2-chloro propi-
onate (MCP) (97%; Alfa Aesar, India) was used as received.
N,N-Dimethylformamide (DMF) (99%; Emplura, India)
was used as received. Other chemicals methanol (> 99%),
L-ascorbic acid (99.7%) (Extrapure; AR) were purchased
from SRL (India) and were used as received.

2.2 | ARGET ATRP of MMA

In a typical solution for polymerization, the catalyst CuBr,
(0.1115 g, 0.50 mmol) and the ligand PMDETA (0.1298 g,
0.75 mmol) were taken in a dry Schlenk tube equipped with
a magnetic stirring bar and the tube was then sealed with a
rubber septum. Methanol (2 g) was injected to the Schlenk
tube to dissolve the catalyst and ligand. This mixture was
stirred for 10 min to form the catalyst/ligand complex. A solu-
tion of MMA (5 g, 0.05 mol) and initiator MCP (0.0612 g,
0.50 mmol) was then injected to the Schlenk tube. With con-
tinuous stirring, solvent toluene (5 g) and ascorbic acid (0.5 g,
2.83 mmol) were then injected to the Schlenk reaction tube
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TABLE 1 Apparent rate constants of ARGET ATRP of MMA in different solvents and temperatures®

Experiment No. Solvent Temperature (°C) Rate constant Kapp (min™!)

1 N,N-Dimethylformamide 30 6.94 x 1073

2 Toluene 30 2.12x 1073

3 Tetrahydrofuran 30 1.05x 1073

4 Methylethyl ketone 30 1.04 x 1073

4a Toluene 40 391 x 1073

4b Toluene 50 5.71x 1073

4c Toluene 60 7.54x 1073

4d Toluene 70 1.23 x 1072

*Where [MMA]:[CuBr, ]:[PMDETA]:[MCP]:[Ascorbic Acid] = 100:1:1.5:1:5.

to start the polymerization. To carry out the polymerization
at elevated temperature, the reaction tube was placed in an oil
bath preheated at desired temperature. The aliquots were taken
out at different polymerization times, and the conversion was
determined gravimetrically.

3 | RESULTS AND DISCUSSION

3.1 | Polymerization kinetics

The polymerization kinetic results of ARGET ATRP of MMA
are summarized in Table 1. The reactions were carried out in
different solvents and at different temperatures. The relative
molar concentrations of the ingredients were kept constant
for all the experiments. Since, in ARGET ATRP, the rate of
polymerization and the activator concentration increase with
the presence of excess amount of ligand, therefore, the ligand
was used at higher concentration as compared to the catalyst
concentration in our case.

Ascorbic acid was chosen as reducing agent as it allows the
reaction to restart by simply feeding into the reaction mix-
ture if it is stopped at any point of time during the course of
polymerization reaction.>* The concentration of ascorbic acid
was calculated on the basis of weight of all the ingredients to
ensure a constant concentration regardless the size of the reac-
tion batch.

3.2 | Nature of solvents

A series of solution polymerizations of MMA in a wide vari-
ety of polar and nonpolar solvents were carried out at ambi-
ent temperature to investigate the effect of the solvent on the
ARGET ATRP process. In all cases, CuBr, was used as cata-
lyst in combination with PMDETA as ligand at a molar ratio
of [MMA]:[CuBr, :[PMDETA]:[MCP] is 100:1:1.5:1. DMF,
toluene, tetrahydrofuran (THF), and methylethyl ketone were
chosen as solvents for this study. The ambient temperature
ARGET ATRP of MMA proceeds at faster rate in DMF as

compared to other solvents used but toluene was chosen for
studying the effect of temperature on polymerization. This
is because, toluene has lower boiling point than DMF and it
becomes easier to obtain the pure polymer when toluene is
used as solvent.

Figure 1 shows linear semilogarithmic kinetic plots for all
the four solvents. The linear dependency of In(1 — x)~! (where
x is the percentage of monomer conversion) with polymer-
ization time indicates the first-order kinetics for the polymer-
ization. The first-order kinetics is also the characteristics of a
CRP. The apparent rate constant for the corresponding reac-
tions were calculated from the slope of the plots and are shown
in Table 1. The highest apparent rate constant was obtained
for DMF (6.94 x 10~ min~!). It has been reported that on
addition of a polar solvent accelerates the rate of polymeriza-
tion of acrylates. The solubility of the catalyst in the reaction
mixture is a very important factor to increase the polymeriza-
tion rate and to reduce the polydispersity of the obtained poly-
mer. Wang and Matyjaszewski studied the polymerization of
MMA in various solvents with different polarities.>* It was
found that the system becomes more soluble as the polarity
of the solvent increases.*3> Haloi and Singha reported that
addition of a small amount of acetone helps in solubilizing the
copper catalyst in 2-ethylhexyl acrylate (EHA) and increases
the rate of ATRP of EHA.?® The second best polymeriza-
tion result in terms of the polymerization rate was achieved
when toluene was used as solvent. It has also been reported
that toluene complexes strongly with MMA,37 and this has
been reflected in the results shown in Table 1. Earlier, the
change in the reaction rate was attributed to the effect of sol-
vent in the initiation step.3®3° But, Henrici-Olieve and Oleive
proposed that it is the propagation step which is influenced
by a solvent for formation of a complex between macroradi-
cal and either monomer or solvent molecule.*’ Bamford and
Brumby have shown later that termination can be diffusion
controlled, and it is the aromatic solvent that affects the kp
and k.*! Burnet et al. showed that the effect of solvent is
minor on initiation but has marked effect on propagation and

termination.*?
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FIGURE 1 Kinetic plots for ARGET ATRP of MMA in different solvents at ambient temperature, where [MMA]:[CuBr2]:[PMDETA]:[MCP]

is 100:1:1.5:1

Figure 2 shows the linear kinetic plots for all the five reac-
tions carried out at different temperatures. In all cases, the
plots are found to be linear, indicating the controlled nature
of the polymerization. From the rearranged Arrhenius equa-
tion [In k = —%% + In A], a plot of In A versus I/T would
give a straight line of slope equal to —E,.,/R (where terms
have their usual significance). The slop obtained from this
plot can be used to calculate the activation energy for the poly-
merization. Figure 3 shows the semilogarithmic plot of appar-
ent rate constants versus the polymerization temperatures (in
kelvins). The slope of this linear plot (-3984.0319) is used to
calculate the activation energy. Thus the energy of activation
for the ARGET ATRP of MMA in toluene is calculated to be
3.3123 x 10* J mol .

4 | CONCLUSION

The ARGET ATRP of MMA was carried out successfully
in different solvents and at different temperatures using
CuBr,/PMDETA as the catalyst system and MCP as the ini-
tiator. The effect of solvents on the polymerization rate was
studied using four different solvents. At ambient temperature,
DMF offers the fastest polymerization route among the four
solvents as evident by the apparent rate constant value. It has
also been established that successful polymerization in solu-
tion depends on the proper selection of solvent.

The kinetic plots were prepared by plotting conversion of
monomer in percentage against the polymerization time. All
the plots were found to be linear. This is the characteristics of
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FIGURE 2 Kinetic plots of ARGET ATRP of MMA in toluene at different temperatures, where [MMA]:[CuBr2]:[PMDETA]:[MCP] is

100:1:1.5:1
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FIGURE 3 Semilogarithmic plot of apparent rate constants
versus the polymerization temperatures (in Kelvins)

a first-order reaction and eventually establishes the controlled
nature of the polymerization. The apparent rate constant for
a particular polymerization was determined from the slop of
the semilogarithmic kinetic plot and was used subsequently to
calculate the activation energy.
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Abstract

This investigation reports the analysis of different microstructures present in poly(methyl methacrylate) (PMMA) using1D and
2D NMR spectroscopy. The PMMA used in this study has been prepared via activators regenerated by electron transfer atom
transfer radical polymerization (ARGET-ATRP) in DMF at ambient temperature using methyl 2-chloro propionate (MCP) as
initiator, CuBr;, as catalyst in combination with N, N, N’, N”’, N"’- pentamethyldiethylenetriamine (PMDETA) as ligand and
ascorbic acid as reducing agent.'>*C NMR, which provides good information about tacticity of a polymer, has been used
extensively along with "H NMR spectroscopy to extract the information about the different microstructures present in
PMMA. Heteronuclear multiple-bond correlation (HMBC), heteronuclear single-quantum coherence (HSQC), and total corre-

lation spectroscopy (TOCSY) were also used to study the position of protons, couplings with carbon etc. in the PMMA.

Keywords PMMA - ARGET-ATRP - *C NMR - HSQC - TOCSY - HMBC

Introduction

Polymers are widely prepared using conventional free radical
polymerization which has limitations like uncontrolled molec-
ular weight, molecular architecture and dispersity. But, with
the advent of controlled radical polymerization (CRP) these
limitations are mitigated. It helps in synthesizing polymers
with controlled and desired properties. There are different
types of CRPs methods has been established and among these,
atom transfer radical polymerization (ATRP) is the most com-
monly used technique [1-3].

In ATRP a repetitive transfer process of a halogen or
pseudo-halogen atom between an alkyl halide R-X and a re-
dox active transition-metal complex Cu(I)X/ligand is takes
place. But, it has a limitation of control of molecular weight
at high conversion [4, 5].
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To overcome this limitation and to prepare polymer with
control over molecular weight a new technique viz. Activators
Generated by Electron Transfer (ARGET) ATRP is used.
Matyjaszewski et al. reported the synthesis of high molecular
weight polymer using ARGET-ATRP technique [6]. In
ARGET-ATRP there is use of higher oxidation state catalyst
in ppm level and a proper reducing agent and free radical
thermal initiator like AIBN [7, 8].

In this manuscript the microstructure of PMMA prepared
via ARGET-ATRP has been studied. The term microstructure
is used for the specific structure of the repeat unit and sequenc-
ing of the repeat unit. By definition, polymer is a large mole-
cule consisting of small repeating units [9]. These units can
arrange themselves in different ways along the backbone of
the chain. This alignment of the repeating unit in the chain is
described by polymer microstructure [10]. From the polymer
microstructure various information like, tacticity, stereochem-
istry of different group, number-average sequence lengths and
degree of polymerization can be obtained [10, 11]. It has
strong influence on both physical and chemical properties of
the polymer [12]. For example, the isotactic PMMA melts at
160 °C and syndiotactic PMMA at 200 °C; similarly, isotactic
polystyrene melts at 240 °C and syndiotactic polystyrene at
200 °C. In addition, the crystallinity of the polymers also
varies with the degree of the tacticity [13]. Hence, the study
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of microstructure is very important and it helps to understand
the relationship between the polymer properties and its struc-
ture and to prepare a new copolymer of required physico-
chemical properties [11].

The study of microstructure of polymers for both homopol-
ymer [9, 14] and copolymer [10, 15-17] is possible with
NMR spectroscopy as the chemical shift obtained in NMR
spectroscopy is affected by the configuration of the chain [14].

To elucidate the complete structure of the polymer using
only "H NMR spectroscopy is not sufficient as major portion
of the information remains unseen due to the presence of mul-
tiple peaks of broad range. Therefore '* C NMR spectra are
used along with "H NMR spectra to study the complete struc-
ture of polymer [13]. The '*C NMR spectrum of polymer with
carbonyl carbons e.g. acrylic polymer gives detailed informa-
tion about uneven distribution of configurational sequences
[14, 18, 19]. The microstructure of polymer obtained also
varies with the type of polymerization techniques:
syndiotactic polymer is mainly obtained from free radical po-
lymerization technique, a range of tacticities can be obtained
from anionic polymerization but PMMA formed via group
transfer polymerization is mainly syndiotactic [20].

Experimental
Preparation of poly (methyl methacrylate)

PMMA (M, =7700 a. u. , PDI = 1.55) used for this investiga-
tion was prepared via ambient temperature ARGET-ATRP as
reported in our earlier report [21]. The structural characteriza-
tion of the PMMA was carried out by 'H and '>C NMR
spectroscopy.

Characterization
NMR spectroscopy

The 1D and 2D NMR spectra of PMMA were recorded on
Bruker NMR Spectrometer in solvent CDCl;. 'H and '*C
experiments were carried out at frequencies of 400 and
800 MHz, respectively and calibrated with respect to the sol-
vent signal. Gradient HMBC and HSQC experiments were
recorded using the pulse sequence hmbcgpndgf and hsqcetgp
of Bruker software, respectively. The spectra acquired in
HMBC with 1200 increments in the F1 dimension and 1216
data points in F2 dimension. Total correlation spectroscopy
(TOCSY) experiment was performed using standard pulse
sequence of 8 scans, accumulated for 440 experiments with
1.5 delay time. HSQC experiment was acquired with 100
increment in F1 dimension and 1208 data points in F2
dimension.

@ Springer

Result and discussion

The tacticity of the polymer PMMA synthesized via ARGET-
ATRP [21, 22] has been studied by "H and '>C NMR spec-
troscopy. The '>C NMR spectra of PMMA are divided into
four resonance regions. The first region from 16 to 20 ppm is
assigned to a-methyl carbon resonances, shown in Fig. la.
The splitting in this region from low to high chemical shift
is assigned to different tactic configurations: rr, rm/mr and
mm triads. A single peak was observed for triad rr at
16.5 ppm and mr triad was observed to be splitted into two
peaks at 18.8 and 19.0 ppm. Further, for mm triads, two ob-
tained peaks at 21.2 and 21.7 ppm were assigned to rmmr and
rmmm/mmmyr pentads respectively as earlier assigned by A. S
Brar [10].

The second region from 44 to 45.6 ppm is assigned to
quaternary carbon shown in Fig. 1b. the peaks at 44.6, 44.9
and 45.6 ppm within this region are assigned to the mm,
rm/mr and rr triads respectively. The third region for meth-
ylene and methoxy region is in the range of 52-55 ppm as
shown in Fig. lc. The single peak at 52.0 ppm was
assigned to Methoxy (~OCHj3;) group, while the peak in
the large chemical shift region from 51.7-54.6 ppm is
assigned to methylene carbon resonances. It has also been
reported that tetrads will have the order rmr, rrr, mmr, mrr,
mmm and mrm from high to low chemical shift [10]. As
shown in Fig. 1d, the fourth region, from 176.5-179.0 ppm
is assigned to carbonyl carbon. Three sets of resonances for
Carbonyl carbon were observed from 176.3-176.6, 177.0—
177.4 and 177.9-178.7 ppm and were assigned as mm, rm/
mr and rr triads respectively. The peaks at 176.3, 176.4
and 176.6 ppm assigned to rmmr, mmmr/rmmm and
mmmm pentads on splitting by the mm triads were ob-
served. As the same peaks for rrrr, rrrm/mrrr and mrrm
pentads of centered 7 were observed at 178.0, 178.3 and
178.6 ppm respectively. The mmrr/rmrr and mmrm +
rmrm pentads of centered mr triads with the different in-
tensities were observed at 177.2 and 177.3 ppm.

Researchers have already discussed about the assign-
ments of carbon of methylene group and reported about
the order of the tetrads, that tetrads will have rrr, rmr,
mrr, mmr, mrm and mmm order from high to low chem-
ical shift [10]. HSQC provides correlation between carbon
and its attached protons.

In PMMA, methylene proton depends on diad of repeating
unit. There are two similar protons of methylene of » diad due
to same environment of functional group. Therefore, there will
be only one crosspeaks in 2D HSQC between methylene car-
bon and protons. But in case of m diad methylene protons will
be different to each other due to different environment of
functional groups. Therefore, in 2D HSQC two crosspeaks
will be observed between methylene carbon and its corre-
sponding attached protons.
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Fig. 1 Expanded'>C NMR spectra of: (a) c-methyl carbon, (b) quaternary carbon. Expanded '*C NMR spectra of (¢) methylene and methoxy region,

(d) carbonyl carbon region

2D HSQC study

The coupling of methylene region covering carbon resonances
and proton resonances ranging from 51.0-54.5 ppm and 1.4—
2.2 ppm is showed in the 2D HSQC spectrum Fig. 2. Direct
attached carbon with protons (‘*C-'H) couplings between
methylene carbon and proton are labeled from A to [/ in
Schemes (1, 2 and 3) which resulted to corresponding
crosspeaks shown in Fig. 2.

In Fig. 2, crosspeaks between methylene carbon and its
protons A [as shown in Scheme la, b], proton B [as shown
in Scheme 1b, c, 2a, b] and proton C [as shown in Scheme
2c, d] are seen.

Crosspeaks of couplings D and E [Scheme 2c] and F
and G [Scheme 2a] observed for rmr tetrad and coupling
D/E and E/F were assigned to H, and Hp protons, respec-
tively. The couplings H and / were assigned to H, and Hp
of mmr tetrad [Scheme 2b, d] and [Scheme 3a, b].
Crosspeaks H and [ due to these couplings in 2D HSQC
are shown in Fig. 2.

In 2D TOCSY spectrum two cross-correlation peaks are
observed labeled as ‘Y’ between non-equivalent protons and

the other labeled as ‘X’ is the result of another nonequivalent
proton shown in Fig. 3.

The assignments of different interaction (Fig.4) using 2D
TOCSY and HSQC NMR for 13C-labelled PMMA have been
found consistent with some earlier reports [10].

F1 [ppm]

56 55 54 53 52 51

TTITTTTITTIT T T TTIT TITTTTTTTT

TT T T T T T [T T T T[T T T T[T I T T[T I T T[T TTT [T

1.9 1.8 1.7 1.6 L5 1.4
F2 [ppm]
Fig. 2 The HSQC NMR spectrum of methylene region of PMMA
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2D HMBC NMR experiment is a very useful method to
study tacticity in high molecular weight polymer by extracting
stereo chemical information [23]. This technique gives
crosspeaks between carbon and proton that are separated by
two, three and sometimes four bonds (in conjugated systems).
The HMBC NMR spectrum of PMMA is shown in Fig. 5 and
shows the couplings between carbon of a-methyl group and
protons of methylene group of the molecule.Crosspeak /a is
assigned to the coupling /a [Scheme 1a] between carbon of a-
methyl group of 7r-triad with protons of methylene group of
rrr tetrad and crosspeak /b [Scheme 1b] and [Scheme 1c] for
the coupling /b between rr of a-methyl carbon and mrr of
methylene. The two resonance signals of triad mr is shown in
Fig. 1b and further mmrm and rrmr pentads were assigned to
signals at high and low chemical shift by comparing intensi-
ties of the signals [2]. The correlations between a-methyl
carbon and methylene protons are very similar to those report-
ed in the previous HMBC NMR result [10, 23].

@ Springer

In the 2D HMBC spectrum, the couplings /e and /d shown
in Scheme 2a and couplings /d and /f shown in Scheme 2c
corresponds to crosspeaks /e and /d, and crosspeaks /e and If
observed at low and high chemical shift signal. Further Brar
et al. assigned the crosspeak 3, crosspeak 4, crosspeak 5 and
crosspeak 6 to methylene of rmyr tetrads by correlating HSQC
and TOCSY spectrum. The crosspeaks / g shown in Scheme
2a, b is for the coupling between mr carbon of a-methyl group
with mrr proton of methylene group and the crosspeaks /7 &
Scheme 2c, d is assigned to mrm methylene.

Figure 6 shows the 2D HMBC spectrum of 3 bonds cou-
pling of carbon of carbonyl group with protons of a-methyl
group and with adjacent protons of methylene group. The
coupling a’ corresponding to crosspeak a' between protons
of a-methyl group of rr triad with rr triad of carbonyl carbon
is shown in Scheme 1 and the couplings b’ and ¢’ for mr and
mm triads shown in Schemes 2 and 3 corresponds to
crosspeaks b and ¢'. The couplings /j and 2a (Scheme 2a)
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and couplings 2b and 2c (Scheme 2c¢) were assigned for rmr
tetrad of rmrr and rmrm pentad based on the argument done
by Brar et al. [10]. The couplings /j, 2a, 2b and 2c¢ correspond
to crosspeaks /j, 2a, 2b and 2¢ shown in Fig. 6. Coupling 2f
(Scheme 2a, b) between carbon of carbonyl group of rrmr or
mmrr pentad and protons of methylene group of mrr tetrad
corresponds to crosspeak 2 /. Couplings 2d and 2e shown in
Scheme 3a, b and coupling 2 g (Scheme 1a) corresponds to
crosspeaks 2d, 2e and 2 g.

Figure 7 shows the 2D HMBC spectrum of PMMA. It
shows couplings between carbon of quaternary and methylene
group and protons of a- methyl group. Couplings d', ¢’ and /'
(Schemes 1, 2 and 3) of the carbon of quaternary group with
rr, mr and mm triads with protons of a- methyl group, respec-
tively corresponds to crosspeaks d’, e’ and 1.

Crosspeaks 3a, 3b, 3¢, 3d, 3e, 3f and 3 g corresponds to
couplings 3a, 3b, 3c, 3d, 3e, 3fand 3 g between quaternary
carbon and methylene proton for different assignments of

@ Springer
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Scheme 3 Schematic
representation of couplings in
pentads with mm centered [10].
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proton H, and Hp of methylene. Coupling 3a is shown in
Schemes 1la, 3a, b in Scheme 2a, couplings 3d and 3e in
Scheme 2c¢ and couplings 3f'and 3 g in Scheme 2b.
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Fig. 3 2D TOCSY spectrum presentingcouplings of protons with m
centered methylene tetrads in PMMA
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In Fig. 7 shows the couplings of a- methyl protons with
methylene carbon. The crosspeaks 4a (as shown in Scheme
2a, c), 4b (as shown in Scheme 1a), 4c and 4d (shown in
Scheme 2b) and 4e (shown in Scheme 3a, b) corresponds to
coupling 4a, 4b, 4c, 4d and 4e. The crosspeaks 4a and 4b are

OCH,

TT T T [T T T T [ T T T T [ T T T T[T T T T [T T T[T T
35 3.0 25 2.0 15 1.0
[ppm]

Fig. 4 "H NMR spectrum showing methylene and a-methyl protons of
PMMA
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Fig. 5 2D HMBC spectrum presenting three bond couplings between -
methyl carbon and methylene protons

assigned to interaction of rmr and mrr of methylene carbon
with - methyl protons in mr configuration. While crosspeaks
4d and 4e are assigned to interaction of carbon of methylene
group with mrr and mmr tetrad with protons of a- methyl
group with rr and mm diad configuration, respectively. The
crosspeak Sa is due to the interaction of either 77 or rmr tetrad
carbon with mrm tetrad proton, thus it is not assigned partic-
ularly and the crosspeak 50 is assigned to interaction of rrr
carbon with r7r methylene tetrad, respectively. The
crosspeaks obtained and discussed were similar to that obtain-
ed by Brar et al. [10] and Kawamura et al. [24].

Conclusion

The different techniques of 2D NMR spectroscopy helped to
assign the different arrangements of the repeating unit along
the polymer chain. "H NMR spectra alone cannot give com-
plete information due to presence of multiple peaks of broad
range and therefore, along with "H NMR, '*C NMR spectra
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Fig. 6 2D HMBC spectrum presenting couplings of: (i) methylene pro-
tons with carbonyl carbon and (ii) a-methyl protons with carbonyl carbon
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Fig. 7 2D HMBC spectrum presenting couplings of: (i) quaternary car-
bon with methylene protons and (ii) c-methyl protons and methylene
carbon with «v -methyl protons and adjacent methylene carbon

were also carried out to study the complete structure of the
polymer, PMMA. 2D NMR spectra (TOCSY and HSQC)
were recorded to assign the different proton attached to meth-
ylene carbon. HMBC spectra helped to assign the couplings
between '*C of a-methyl and 'H protons of methylene group.
The spectra recorded was seen to be similar to the one record-
ed for PMMA prepared via conventional FRP, except the
crosspeaks for coupling between mr triad of a-methyl protons
with mrm tetrad methylene, coupling between '*C of methy-
lene group of mrr tetrad with protons (H, and Hg) of rmr
tetrad and coupling between '*C of methylene group of mrr
tetrad with 777 proton in the mrrr pentad were not found in our
prepared homopolymer PMMA via ARGET-ATRP. Hence,
2D NMR spectrum was found to be helpful to study the ho-
mopolymer of PMMA prepared via ARGET-ATRP.
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