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ABSTRACT: Copolymers of styrene and n-butyl acrylate
were prepared by atom transfer radical polymerization
(ATRP) using CuBr/N,N,N’,N’,N"-pentamethyl-diethylene-
triamine as catalyst and Methyl 2-bromopropionate as initi-
ator. The 3polydispersity of the copolymers is quite low
(1.1-1.3). *C {'H} NMR spectra of these copolymers show
that the methylene and methine signals of the main chain are
compositional sensitive and highly overlapped. Even the
distortionless enhancement by polarization transfer (DEPT)

was not able to assign the complex and overlapping signals.
Assignments of the various resonance signals were done
with the help of heteronuclear single quantum coherence
(HSQC), total correlation spectroscopy (TOCSY), and het-
eronuclear multiple bond correlation (HMBC) experiments.
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INTRODUCTION

Copolymers of styrene and n-butyl acrylate (S/B)
have attracted great deal of interest in the recent past
because of their wide applications, mostly, in adhe-
sives and coating industries. Free-radical polymeriza-
tion is one of the most versatile method of preparing
copolymers, but, it has been limited by the inevitable,
fast, and irreversible termination of the growing rad-
icals by the coupling and disproportionation reac-
tions, leading to the poor control of the reaction and
high polydispersity of the resulting polymer. Thus,
much research has been devoted to develop a con-
trolled radical polymerization method to synthesize
well-defined polymers with narrow molecular weight
distributions and desired complex architectures.! One
of the most successful method has been atom transfer
radical polymerization (ATRP).>* This technique is
versatile and has successfully been applied to vinyl
monomers such as acrylates,”® methacrylates,” and
styrene(s)'? to prepare polymers with controlled mo-
lecular weights and well-defined structures."' A suc-
cessful ATRP will not only have a small contribution
of terminated chains, but also a uniform growth of all
the chains, which is through fast initiation and rapid
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reversible deactivation. Therefore, the molecular
weight distributions are narrow with the polydisper-
sity index (M,,/M,,) similar to that of living polymer-
ization. Copolymers of styrene and n-butyl acrylate
were prepared by ATRP having low polydispersity
M, /M, = 1.1-1.3).

Knowledge of the microstructure of the polymers is
very important for understanding the relation be-
tween structure and property. High-resolution one-
dimensional (1D) NMR'>"® spectroscopy has proven
to be a very informative technique for the structure
elucidation, but in case of polymers, generally, over-
lapping signals are observed due to various composi-
tional and configurational sequences. Thus, two-di-
mensional (2D) NMR techniques are required to re-
solve the signals. Various 2D NMR'*"'® experiments,
especially HSQC and TOCSY experiments, have been
used to assign the microstructure of the polymers'”—*
in terms of compositional and configurational se-
quences.

In this manuscript, we report the microstructure of
styrene/n-butyl acrylate(S/B) copolymer, with the
help of various two-dimensional NMR techniques.
Earlier, Guzman et al.* reported the structure of S/B
copolymers by >C {'"H} NMR prepared by emulsion
polymerization. In continuation of the earlier investi-
gation, we have already reported the one dimensional
NMR studies of the S/B copolymer in our earlier
publication.”® The 'H and "*C {'H} NMR spectra of the
S/B copolymers are very complex, and it was difficult
to ascertain various compositional and configurational
sequences only by one dimensional NMR spectros-
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Figure 1 Expanded HSQC spectrum of S/B copolymer (F; = 0.80) in CDCl; at 25°C.

copy. The complete assignment of the complex and
overlapping 'H and *C {'H} NMR spectra of S/B
copolymers in terms of compositional sequences are
done with the help of two-dimensional HSQC,
TOCSY, and HMBC experiments.

EXPERIMENTAL

n-Butyl acrylate (CDH) and styrene were distilled un-
der reduced pressure to remove inhibitors and stored
below 5°C. Methyl 2-bromopropionate (Aldrich, 98%)
was distilled at reduced pressure. N,N,N',N’,N"-Pen-
tamethyldiethylenetriamine, PMDETA (Aldrich,99%),
copper(I) bromide (CuBr; Aldrich, 98%), and copper
metal powder (Cu(0),CDH,99.5%) were used as such.
Chloroform was dried over Phosphorus pentaoxide
and distilled. Methanol was dried over Calcium chlo-
ride and distilled.

Copolymers of styrene and n-butyl acrylate were
prepared by ATRP as reported in our previous publi-

cation.”® The resulting copolymers were dried under
vacuum at 78°C for 24 h.

NMR measurements

All the NMR spectra were recorded in CDCl; at 25°C
on a Bruker DPX-300 NMR spectrometer operating at
300.13 and 75.48 MHz for 'H and "*C nuclei, respec-
tively, using the standard pulse sequences. Gradient
heteronuclear single quantum coherence (HSQC) ex-
periment was performed using the standard Bruker
invigptp pulse sequence. The spectrum was obtained
with 512 increments in the F, dimension and 2048 data
points in the F, dimension. Total correlation spectros-
copy (TOCSY) experiment was carried out using stan-
dard pulse sequence. A total of 32 scans were accu-
mulated with a relaxation delay of 2 s for each of the
512 t; experiments (where f, is the increment in evo-
lution time between pulses). Gradient heteronuclear
multiple bond correlation (HMBC) experiment was
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Figure 2 Expanded HSQC spectrum of S/B copolymer (F; = 0.22) in CDCl; at 25°C.

performed using the standard Bruker invdgplplrnd
pulse sequence.

RESULTS AND DISCUSSION
2D HSQC studies

HSQC NMR spectrum of S/B copolymer is very com-
plex. Resonance signals of the main chain methine and
methylene groups of both styrene and n-butyl acrylate
units are overlapping. Therefore, it is very difficult to
determine the microstructure of S/B copolymer as
such. However, on the basis of variation in the com-
position of the copolymers, and on comparison with
the spectra of poly(n-butyl acrylate) and poly(styrene),
the various compositional and configurational se-
quences are assigned. Expanded 2D HSQC NMR spec-
tra showing methylene and methine carbon signals of
the two different compositions of the S/B copolymer

(Fg = 0.80 and Fz = 0.22) in CDCl, are shown in
Figures 1 and 2.

In the HSQC spectrum of the poly(n-butyl acrylate)
the main chain methylene region shows three cross
peaks. The meso configuration of the methylene re-
gion gives two cross peaks at §35.0/1.90 and 35.0/1.46
ppm because of the two nonequivalent methylene pro-
tons. The racemic configuration gives one cross peak
in between these two cross peaks at 6 35.8/1.62 ppm.
In the HSQC spectrum of poly(styrene), the SS dyad
resonates from 6 40.5-47/1.2-1.7 ppm.

The methylene carbons in the S/B copolymers are
sensitive to compositional sequences. The resonance
signals of the methylene carbon region are dyad sen-
sitive. On the basis of variation in intensity of signals
with the change in copolymer composition and on
comparison with the spectra of poly(n-butyl acrylate)
and poly(styrene), various dyad compositional se-
quences in the methylene region are assigned to BB,
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Figure 3 Expanded TOCSY spectrum of S/B copolymer (Fz = 0.80) in CDCl; at 25°C.

BS, and SS. The BB dyad resonates in the region
around 6 33-37/1.1-1.9 ppm. The two methylene pro-
tons of the r dyad are under similar environment, and
hence, should give a single cross peak in 2D HSQC
NMR spectrum, while the two methylene protons of
the B unit in m dyad, being in two different environ-
ments, should give two cross peaks in HSQC spec-
trum. As shown in Figure 1, the cross peak 2 centered
at 6 35.3/1.60 ppm is assigned to the methylene dyad
of B unit in racemic (r) configuration (BrB), whereas
the cross peaks 1 and 3 centered at 6 35.2/1.85 and
35.2/1.40 ppm are assigned to the meso (m) configu-
ration (BmB) of the methylene dyad of B unit, respec-
tively. The BS dyad resonates in the region & 37-42/
1.2-2.1 ppm. The cross peak 4 centered at 6 39.4/1.78
ppm is assigned to the methylene protons of the BS
dyad in meso configuration. Similarly, cross peak 5

centered at 6 39.4/1.56 ppm is assigned to the meth-
ylene protons of the BS dyad in racemic configuration.
The SS dyad resonates in the region 6 42-46/1.4-1.7
ppm. The cross peak 6 (Fig. 2) centered at & 44/1.52
ppm is assigned to the SS dyad by comparing with the
HSQC spectrum of poly(styrene).

In the HSQC spectrum of poly(n-butyl acrylate) and
poly(styrene), the methine carbons resonate in the re-
gion 8 39.5-42.5/1.60-2.33 ppm as in the S/B copol-
ymer, therefore, it can not be resolved.

2D TOCSY studies

To determine various vicinal and geminal couplings
between different protons in the polymer chain, the
TOCSY spectra of the copolymers of different compo-
sitions, and of poly (styrene) and poly(n-butyl acry-
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Figure 4 Expanded TOCSY spectrum of S/B copolymer (Fp = 0.22) in CDCl; at 25°C.

late) are compared. The vicinal couplings between the
methine protons in both B and S centered triads with
the methylene protons in BB, BS, and SS dyads can be
clearly seen in the 2D TOCSY NMR spectrum.
Figure 3 shows the expanded TOCSY spectrum of
S/B copolymer (Fz = 0.80). In this TOCSY spectrum,
three bond coupling between the methylene and me-
thine protons of the BBB unit is observed. The cross
peaks 7 and 9 centered at 6 1.85/2.22 and 1.40/2.22
ppm, respectively, are assigned to coupling between
the methylene and methine protons of BBB unit in
meso (m) configuration. The cross peak 8 centered at 8
1.60/2.20 ppm is assigned to coupling between the
methylene and methine protons of BBB unit in racemic
(r) configuration. The cross peaks 10 and 11 centered
at 6 1.40/1.82 ppm and 1.60/1.80 ppm are due to the
overlap of the geminal coupling of the protons of the
BBB triad and due to the coupling of methine of the B
unit with the methylene protons of styrene in BmBS

and BrBS triad, respectively. On the basis of variation
in the composition of the copolymers, and on compar-
ison with the 'H spectrum of poly (n-butyl acrylate),
various triad sequences in the 'OCH, region are as-
signed. The cross peak 12 centered at 6 1.51/3.95 ppm
is assigned to the coupling of 'OCH, with *CH, in BBB
triad. The cross peak 13 centered at 6 1.40/3.80 ppm is
assigned to the coupling of 'OCH, with 2CH, in BBS
triad. The cross peaks 14, 15, and 16 centered at &
0.86/1.30,0.86/1.51 and 1.30/1.51 ppm are assigned to
the coupling of *CH, with *CH,, *CH, with °*CH, and
of *CH, with CH, respectively. The cross peak 17
centered at 6 1.3/3.95 ppm is assigned to the coupling
of 'OCH,, with *CH,.

Figure 4 shows the expanded TOCSY spectrum of
S/B copolymer (Fz = 0.22). The cross peak 18 centered
at 6 0.85/1.19 ppm is assigned to the coupling of the
*CH, with *CH,_ The cross peaks 19 and 20 centered at
6 1.40/3.78 and 1.28/3.46 ppm are assigned to the
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Figure 5 Expanded HMBC spectrum of S/B copolymer showing carbonyl region (F; = 0.54) in CDCl; at 25°C.

coupling of 'OCH, with *CH, and of 'OCH, with
2CH, in BBS and SBS triad, respectively. The cross
peak 21 centered at 8 1.50/2.12 ppm is due to the
overlap of coupling of the methine proton of the B unit
with the methylene protons of the B unit and also with
one of the two different methylene protons of the S
unit in SSB triad. The cross peak 22 centered at &
1.26/2.12 ppm is due to the coupling of the methine
proton of the S unit with one of the two different
methylene protons of the S unit in SSB triad in the
different environments. The cross peaks 23 and 24
centered at 6 1.50/1.92 and 1.26/1.94 ppm are due to
the geminal coupling of the methylene protons in the
SS dyad due to the two different environments in the
SSB and SSS triads, respectively. The cross peak 24 is
also due to the geminal coupling of the two methylene
protons of the B unit. The cross peak 25 centered at 8
1.26/1.59 ppm is due to the overlap of geminal cou-
pling of the methylene protons in the SS dyad and to
the coupling of *CH, with *CH, of the B unit.

All these assignments are confirmed by comparing
the two-dimensional TOCSY NMR spectra of the co-
polymers of various compositions to that of the
poly(n-butyl acrylate) and poly(styrene).

2D HMBC studies

HMBC spectrum can be used to study long-range
couplings between proton and carbon nuclei. The car-
bonyl carbon region of the HMBC spectrum of S/B
copolymer (Fp = 0.54) in CDCl; is shown in Figure 5
along with complete signal assignments. The cross
peak 26 centered at 8 175.86/3.74 ppm is due to the
coupling of carbonyl group with BBB of the 'OCH, of
the pendant group of the B unit. The cross peaks 27
and 28 centered at § 176.96/3.51 and 176.96/3.43 ppm
are due to the coupling of the carbonyl group with
BBS and SBS of the 'OCH, of the pendant group of the
B unit. Figure 6 shows the methylene and methine
carbon resonance signals in the expanded HMBC
spectrum of S/B copolymer (Fz = 0.54) in CDCl,.
The cross peaks 29, 30, and 31 centered at & 30.3/
3.82, 30.3/3.66, and 30.3/3.46 ppm are assigned to
the coupling of 'OCH, with *CH, in the BBB, SBB,
and SBS triads, respectively. Similarly, the cross
peaks 32, 33, and 34 centered at 8 18.9/3.82, 18.9/
3.66, and 18.9/3.46 ppm are assigned to the cou-
pling of 'OCH, with *CH, in the BBB, SBB, and SBS
triads, respectively. The cross peak 35 centered at &
18.9/0.89 ppm is assigned to the coupling of *CHj,
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Figure 6 Expanded HMBC spectrum of S/B copolymer showing methylene and methine region (Fz = 0.54) in CDCl; at

25°C.

with CH,. Similarly, the cross peak 36 centered at &
30.3/0.89 ppm is assigned to the coupling of *CH,
with 2CH,.

CONCLUSIONS

The overlapped and broad signals in 'H and *C {'H}
NMR spectra were assigned completely to various
compositional sequences, using 2D HSQC, TOCSY,
and HMBC experiments. The methylene carbon reso-
nances of B and S unit were assigned to dyad compo-
sitional sequences. The unresolved overlapped reso-
nances for the different tacticities of the copolymer in
the one-dimensional spectra have been resolved using
two-dimensional NMR techniques.
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