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Abstract

The copolymers of iV-vinylcarbazole/vinyl acetate (V/A) of different compositions were prepared by solution polymerization
using AIBN as an initiator. The copolymer composition was determined from quantitative "Cf'H} NMR spectroscopy.
Reactivity ratios for the comonomers were calculated using the Kelen-Tudos (KT) and non-linear error in variable (EVM)
methods. Two-dimensional heteronuclear single quantum correlation (two-dimensional-HSQC) and total correlation spectro-
scopy (TOCS Y) spectra were used to resolve the complex 'H NMR spectra of the copolymers.
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1. Introduction

Poly(Af-vinylcarbazole) (PVK) has been the subject
of intensive investigation because it is one of the most
sensitive photoconductive organic polymers [1,2]. It
has important applications in electrophotography,
microlithography, electrochromic display devices,
photoelectric devices, electroluminescent displays
and photothermoplastic imaging [3]. PVK is a stiff,
brittle substance with poor mechanical properties.
Copolymerization with suitable monomers could
soften the resulting product leading to better film
properties and improve its mechanical properties.
North and Whitelock [4], Mikawa et al. [5], Hall
and Daly [6] and Guthrie et al. [7] have reported the

synthesis of copolymers of A^-vinylcarbazole with
several monomers.

The determination of microstructure in copolymers
is of value in establishing structure property relation-
ship [8]. It is well known that NMR spectroscopy is
probably the most effective method for characterizing
the microstructure of polymers. Complete NMR reso-
nance assignments of copolymers are usually compli-
cated because of overlapping lines arising from the
diverse range of microenvironments present. Thus, it
is often observed that the sequence determination by
!H and ^Cj^H} experiments is difficult due to the
large overlap of the signals. Two-dimensional NMR
techniques [9,10], especially the two-dimensional
heteronuclear shift correlation experiments simplify
the task as one can obtain the compositional [11,12]
and configurational [13] sequence assignments of the
copolymers.

Recently, with the help of two-dimensional NMR
techniques Dais et al. [14], have reported the complete
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Table 1
Copolymer composition and molecular weight averages of JV-vinylcarbazole/vinyl acetate copolymers (/y and/A are the mole fractions of V- and
A-comonomers, respectively, in feed. Fv and FA are the mole fractions of V- and A-comonomers, respectively, in the copolymer. Mn and Mw

are number average and weight average molecular weight of copolymers calculated using GPC technique)

Sample

VA1
VA2
VA3
VA4
VA5
VA6

Feed

/v

0.10
0.15
0.20
0.30
0.35
0.40

(mole fraction)

/ A

0.90
0.85
0.80
0.70
0.75
0.60

Copolymer composition

FY

0.34
0.45
0.53
0.67
0.73
0.80

FA

0.66
0.55
0.47
0.33
0.27
0.20

Mn

2.2
2.7
2.2
2.5
2.8
3.2

X wminmA (g/mole) Mutinies; 10m (g/mole) Polydispersity

3.6
4.9
3.6
5.2
5.4
8.1

1.6
1.8
1.6
2.1
1.9
2.8

assignments of !H and 13C spectra of PVK. The
photoconductivity of A^-vinylcarbazole/vinyl acetate
(V/A) copolymers has been reported [15], but
literature survey reveals that the detailed micro-
structure of V/A copolymers has not been reported
so far. In this paper, we report the complete assign-
ment of lH and "Cj'H} NMR spectra of V/A
copolymers in terms of compositional sequences
with the help of two-dimensional heteronuclear
single quantum correlation (two-dimensional-HSQC)
and total correlation spectroscopy (TOCSY) NMR
experiments. The reactivity ratios of the comonomers
have been calculated using Kelen-Tudos (KT) [16]
and the non-linear error in variable (EVM) [17]
methods.

2. Experimental

2.1. Synthesis of copolymers

Af-vinylcarbazole (Aldrich) was used as supplied
and vinyl acetate (Fluka) was distilled under reduced
pressure and stored below 5°C. A series of V/A copo-
lymers containing different mole fractions of A -̂vinyl-
carbazole in feed, were prepared by solution
polymerization using benzene as a solvent and
AIBN as an initiator at 70°C. The conversion was
kept below 10% by precipitating the copolymers in
methanol. The copolymers were further purified using
CHCl3/methanol.

2.2. NMR measurements

The !H and l3C{lH} NMR spectra of the copoly-

mers were recorded in CDCI3 on Bruker 300 MHz
DPX spectrometer operating at 300.13 and
75.5 MHz, respectively. Two-dimensional-HSQC
and TOCSY spectra (18 ms) were also recorded in
CDCI3 on Bruker 300 MHz DPX spectrometer using
their respective standard pulse sequences [18,19]. The
copolymer composition was determined experimen-
tally by quantitative ^Cj'H} NMR spectroscopy
using inverse gated decoupling pulse program where
relaxation delay was kept 10 s.

3. Results and discussion

3.1. Reactivity ratios determination

The compositions of V/A copolymers were deter-
mined from quantitative ^Cj^H} NMR spectroscopy
using standard pulse program. The comonomer mole
fractions in the feed and in the copolymer are shown
in Table 1. The copolymer composition data was used
to calculate the terminal model reactivity ratios using
the KT method [16]. These reactivity ratio values
along with the copolymer composition data were
used to calculate the reactivity ratios from the EVM
program [17]. The values of reactivity ratios obtained
from KT and EVM methods are rv = 5.86 ± 1.54,
rA = 0.26 ± 0.09 and rv = 5.41, rA = 0.24, respec-
tively. The errors in determining the monomer
composition for both feed and copolymer were esti-
mated to be 3%. The molecular weight averages as
determined by gel permeation chromatography (GPC)
using polystyrene as narrow standards are also given
in Table 1.
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Fig. 1. The UC{ !H} NMR spectrum of V/A copolymer of composition FY = 0.53.

3.2. 13C{'H} NMR studies

The "Cj 'H} NMR spectrum of V/A copolymer
(Fv = 0.53) taken in CDC13 is shown in Fig. 1
along with the complete signal assignments. The
carbonyl carbon of A unit resonates around 8
167.5-171.5 ppm. The aromatic carbons of the V
region resonate at 8 108.0 (C-l), 110.5 (C-8),
117.8-121.5 (C-3, 6, 4, 5), 122.5 (C-4a), 124.5 (C-
5a), 124.7-126.5 (C-2, 7), 137.5 (C-8a) and 140.0 (C-
la) ppm. Despite the fact that the carbazole moiety
belongs to Ciy symmetry group yet the two benzene
rings are magnetically non-equivalent resulting in an
asymmetric spectrum. This observation has been
attributed to restricted rotation of the bulky carbazole
combined with the ring current effects of the neigh-

boring rings [14]. The spectral region around 8 65.0-
70.5 ppm can be assigned to the methine carbon of A
unit and the region around 8 46.5-51.5 ppm to the
methine carbon of V unit of the copolymer. The (3-
methylene carbon of both V and A units resonate
around 8 34.0-39.5 ppm. The signals around 8
19.5-21.0 ppm can be assigned to the methyl carbon
of A unit. These assignments are made with the help
of the 13C{ !H} NMR spectra of the homopolymers.

The methine carbon resonances of the A unit are
sensitive to compositional sequences. The expanded
region of methine carbon resonance signal in the
"Cj 'H} NMR spectra of V/A copolymers with
different mole fractions of A and the corresponding
homopolymer is shown in Fig. 2(a)-(f). The signals
resonating around 8 65.4-67.0 ppm increase in
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Fig. 2. The expanded 13C{ !H} NMR spectrum showing methine carbon resonance signals of the A unit of V/A copolymers of composition (a)
Fv = 0.73, (b) Fv = 0.67, (c) Fv = 0.53, (d) Fv = 0.45, (e) Fv = 0.34 and (f) poly(vinyl acetate).

intensity with increase in the A content in the
copolymer, the signals resonating around 8 67.0-
68.8 ppm first show increase and then decrease in
intensity with increase in A content in the copolymer
and the signals resonating around 8 68.8-70.5 ppm

show decrease in intensity with increase in A content
in the copolymer. Thus on the basis of change in
intensity of the signals with change in the copolymer
composition and by comparing with the methine
region of the homopolymer, the three resonating
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Fig. 3 . The two-d imens iona l -HSQC spectrum of V/A copolymer of composi t ion F v = 0 .53.

signals around 8 65.4-67.0, 67.0-68.8 and 68.8-
70.5 ppm are assigned to ArArA + AmArA, AAV +
AmAmA and VAV triads, respectively.

3.3. Two-dimensional -HSQC NMR spectra studies

The two-dimensional-HSQC NMR spectrum of V/
A copolymer (Fy = 0.53) recorded in CDCI3 is shown
in Fig. 3 along with the complete signal assignments.
The cross peaks at 8 108.0/5.60, 125.5/6.68, 118.5/
6.88, 119.5/7.42, 120.0/7.90, 119.0/7.12, 125.7/7.20
and 110.7/7.00 ppm are assigned to carbon 1-8 of
the carbazole ring, respectively, with the help of the
13C{ !H} NMR spectrum.

The expanded two-dimensional-HSQC NMR
spectra are shown in Fig. 4(a)-(c) (Fv = 0.34, 0.53
and 0.73). The methine group in both A and V units

show compositional sensitivity. The methine reso-
nances of A unit, centered at 8 67.5/4.7, 68.05/4.0 and
69.5/3.7 ppm are assigned to triad compositional
sequences ArArA + AmArA, VAA + AmAmA and
VAV on the basis of change in intensity with the change
in copolymer composition and the assignments done in
the poly(vinyl acetate) HSQC NMR spectrum.

The methine region of the V unit in the ^Cj'H}
NMR spectrum is quite complex and overlapped and
can only be assigned with the help of two-dimen-
sional-HSQC NMR spectra (Fig. 4(a)-(c) Table 2)
as this region shows triad compositional sensitivity
along the proton axis. The cross peaks centered at 8
49.5/3.6, 49.5/3.9 and 49.5/4.2 ppm are assigned to
triad compositional sequences VVV, VVA and AVA
on the basis of change in intensity with the change in
copolymer composition.
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Fig. 4. The expanded two-dimensional-HSQC spectrum showing the methine and (3-methylene region of V/A copolymers of composition (a)
Fv = 0.34, (b) F v = 0.53 and (c) F v = 0.73.

The (3-methylene group shows dyad compositional
sensitivity. This region is quite complex and over-
lapped in both proton and ^Cj^H} NMR and can be
resolved and assigned only with the help of two-
dimensional-HSQC NMR spectra. The cross peaks
centered at 8 44.0/2.4, 43.5/2.2 and 41.5/1.4 ppm

are assigned to VmV, VA and AA + VrV dyads as
shown in Fig. 4(a)-(c) on the basis of change in
intensity of the signals with change in the
copolymer composition and by comparing with (3-
methylene region of the HSQC NMR spectra of the
homopolymers.
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Table 2
Assignments of resonance signals of two-dimensional-HSQC NMR
spectra

Serial number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Peak assignments

C-l
C-2
C-3
C-4
C-5
C-6
C-7
C-8
ArArA + AmArA
VAA + AmAmA
VAV
VVV
VVA
AVA
VmV
VA
AA + VrV

Peak positions/ppm

108.0/5.60
125.5/6.68
118.5/6.88
119.5/7.42
120.0/7.90
119.0/7.12
125.7/7.20
110.7/7.00
67.5/4.7
68.5/4.0
69.5/3.7
49.5/3.6
49.5/3.9
49.5/4.2
44.0/2.4
43.5/2.2
41.5/1.4

3.4. 1H spectra studies

The !H NMR spectrum along with the complete
signal assignments is shown in Fig. 5 (Fv = 0.53).
The various overlapped resonance signals in the !H
NMR spectrum are assigned by one to one correla-
tions between carbon and proton with the help of two-
dimensional-HSQC NMR spectrum. The spectral
region around 8 0.2-3.0 ppm can be assigned to the
methyl protons and (3-methylene protons (both A and
V units) of the copolymer, the region around 8 3.2-
5.0 ppm to the methine protons (both A and V units)
and the region around 8 5.0-8.2 ppm can be assigned
to the aromatic protons of the carbazole ring.

The polymer chain in PVK has stacked structures
containing carbazole rings, that exert aromatic
shielding effects on each other [20]. Because of this
the proton 1 resonates at 4.9 ppm, which is a low
chemical shift value for an aromatic proton as it is
closest to the center of the shielding carbazole ring

CH2-)-

ppm

Fig. 5. The !H NMR spectrum of V/A copolymer of composition Fv = 0.53.
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Table 3
TOCSY 'H- 'H shift correlation

Peak number Type of proton (ppm) Coupled to (ppm)

Vicinal couplings between

1
2
3

4

5
6

7
8
9
10
11
12

((3-CH2) in AA dyad (1.45)
(P-CH2) in AA dyad (1.00)
(P-CH2) in VA dyad (1.95)

O-CH2) in VA dyad (1.55)

(P-CH2) in VV dyad (2.35)
((3-CH2) in VV dyad (1.85)

Couplings between the
carbazole ring protons
H-l (5.40)
H-2 (6.50)
H-3 (6.90)
H-6(7.10)
H-7 (7.30)
H-8 (7.00)

(CH) in AAA triad (4.70)
(CH) in AAV triad (4.40)
(CH) in AAV and AVA
triads (4.25)
(CH) in VAV and VVA
triads (3.85)
(CH) in VVA triad (3.90)
(CH) in VVV triad (3.40)

H-2 (6.50)
H-3 (6.90)
H-4 (7.75)
H-5 (7.90)
H-6(7.10)
H-7 (7.30)

[21]. In V/A copolymers, all the aromatic protons shift
downfield with increase in the content of vinyl acetate
in various compositions, but the protons 1 and 8 of the
carbazole ring in the copolymer are shifted more. The
downfield shift of these protons in the copolymer may
be due to the reason that as the vinyl acetate units
come between the vinylcarbazole units in the polymer
chain, the carbazole units become more distant and
their shielding effect is decreased.

3.5. Two-dimensional -TOCSY NMR spectra studies

In order to understand the connectivity between the
different protons and to confirm the various couplings
in the polymer chain, the TOCSY spectra of the copo-
lymers of various compositions were recorded (Table
3). The two-dimensional-TOCSY NMR spectrum
(18 ms) of the V/A copolymer (Fy = 0.53) recorded
in CDCI3 is shown in Fig. 6 along with the complete
signal assignments. The vicinal couplings between the
methine protons in both V and A centered triads with
the methylene protons in VV, VA and AA dyads can be
clearly seen in the two-dimensional-TOCSY spectrum.
The crosspeaks at 8 1.45/4.70 ppm (1) and 8 1.00/
4.40 ppm (2) are due to coupling of the (3-methylene
protons in the AA dyad with the methine protons in
AAA and AAV triads, respectively. The crosspeaks at
8 1.95/4.25 ppm (3) and 8 1.55/3.85 ppm (4) are due to

coupling of the (3-methylene protons in the VA dyad
with the methine protons in AAV + AVA and VAV +
VVA triads, respectively. The crosspeaks at 8 2.35/
3.90 ppm (5) and 8 1.85/3.40 ppm (6) are due to
coupling of the (3-methylene protons in the VV dyad
with the methine protons in VVA and VVV triads,
respectively. These assignments are confirmed by
comparing two-dimensional-TOCSY NMR spectra of
the copolymers of various compositions to that of the
corresponding homopolymers.

The assignments of the various aromatic ring
protons in the lH NMR spectrum are confirmed by
the two-dimensional-TOCSY NMR spectrum that
shows the three bond couplings between the various
carbazole ring protons. The cross peaks at 8 5.40/
6.50, 6.50/6.90, 6.90/7.75 ppm can be assigned to
the coupling between protons 1 and 2, 2 and 3 and 3
and 4, respectively, and the cross peaks at 8 7.10/7.90,
7.30/7.10, 7.00/7.30 ppm can be assigned to the
coupling between protons 6 and 5, 7 and 6 and 8
and 7, respectively.

4. Conclusions

The monomer reactivity ratios of V/A copolymer
system are found to be rv = 5.86 ± 1.54, rA =
0.26 ± 0.09 from KT and rv = 5.41, rA = 0.24 from
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Fig. 6. The two-dimensional-TOCSY spectrum of V/A copolymer of composition Fv = 0.53.

EVM method. The two-dimensional NMR spectro-
scopic techniques (HSQC, TOCSY) are used to
resolve the broad and overlapping signals in the !H
spectrum. The methine carbon resonance signals of
both V and A units are assigned to triad compositional
sequences and the methylene carbon resonances are
assigned to dyad compositional sequences with the
help of two-dimensional-HSQC and two-dimen-
sional-TOCSY NMR spectra of various compositions
of the copolymers.
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