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Incremental calculation of sequence distribution of isotactic poly(isobutyl

acrylate) and poly(sec-butyl acrylate)

SUMMARY. The microstructure characterization of two butyl acrylate homopolymers poly(isobutyl acrylate),
PiBuA and poly(sec-butyl acrylate), PsBuA, prepared by anionic polymerization, was investigated by 13C NMR
spectroscopy. It was found that the carbonyl signal in the 100 MHz 13C NMR spectra of both homopolymers was
sensitive to configurational effects and provided sufficient resolution to perform detailed analysis of sequence distri-
bution at the triad/pentad level. The line assignments can be verified by spectral simulation based on incremental
calculation of the chemical shifts of individual sequences.

INKREMENTALNE OBLICZENIA ROZK£ADU SEKWENCJI DLA IZOTAKTYCZNEGO POLI(AKRYLA-
NU IZOBUTYLU) I POLI(AKRYLANU sec-BUTYLU)
Streszczenie. Wykorzystuj¹c spektroskopiê 13C NMR przeprowadzono charakterystykê mikrostrukturaln¹ dwóch
homopolimerów akrylowych, poli(akrylanu izobutylu), PiBuA, oraz poli(akrylanu sec-butylu), PsBuA, uzyska-
nych na drodze polimeryzacji anionowej. Stwierdzono, ¿e sygna³ karbonylowy obydwu homopolimerów jest czu³y
na efekty konfiguracyjne, a rozdzielczoœæ sygna³u C=O pozwala na analizê rozk³adu sekwencji na poziomie triad
i pentad konfiguracyjnych. Przypisanie sygna³ów zosta³o zweryfikowane przez komputerow¹ symulacjê widma
opart¹ na inkrementalnych obliczeniach przesuniêæ chemicznych poszczególnych sekwencji

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is
a very powerful method for characterizing stereochemi-
cal structure of polymers because the chemical shifts are
substantially affected by configurational influences. In
the case of acrylic polymers, the carbonyl signal in the
13C NMR spectra has been found to be very sensitive to
configurational differences in the macromolecular chain.
Microstructural effects in the chains of acrylic homo and
copolymers can be observed by means of 13C NMR spec-
troscopy for practically every signal in the spectrum of
such systems, however the carbonyl signal is one of the
most interesting since it is present in all acrylic structures
and provide information about the odd sequences [1]. De-
tailed analysis of sequence distribution can be performed
if we can assign individual lines in the spectrum to res-
pective sequences. The method adopted here was based
on the calculation of line intensities for different sequen-
ces according to Bernoulli or Markov statistics on one
hand, and on the other, the chemical shifts for respective
sequences were calculated by a separately developed in-
cremental method. Using these data, the carbonyl signal
was simulated. The method of incremental calculation of
chemical shifts of the individual lines in the carbonyl sig-
nal of the 13C NMR spectra has been developed for a copo-
lymer of methyl methacrylate and ethyl acrylate [2] and
was then positively applied to similar calculations for
methyl methacrylate homopolymer, PMMA [3]. In our
pervious paper we presented microstructural characteri-

zation via b-CH2 signals of four butyl acrylate homopoly-
mers: poly(n-butyl acrylate) (PnBuA), poly(isobutyl acry-
late) (PiBuA), poly(sec-butyl acrylate) (PsBuA) and po-
ly(tert-butyl acrylate) (PtBuA), obtained by free radical
polymerization in solution yielding predominantly syn-
diotactic chains [4]. In this paper we focused on carbonyl
signal of two butyl acrylates, poly(isobutyl acrylate),
PiBuA and poly(sec-butyl acrylate), PsBuA where the po-
lymer chains should have predominantly isotactic confi-
guration.

EXPERIMENTAL

The samples of isotactic poly(isobutyl acrylate) and
poly(sec-butyl acrylate) were prepared by anionic po-
lymerization initiated by n-butyllithium (2.5 M in he-
xane). The monomer/solvent (hexane) weight ratio
was 1/2.5 and the monomer/initiator molar ratio was
1/50. The polymerization was carried out at -80 °C for
3 h. After reaction the polymer was precipitated from
methanol–water mixture and vacuum dried at 80 °C to
constant weight [5].

The 100 MHz 13C NMR spectra were recorded with a
Bruker AM 400 spectrometer at 40 °C, using sample con-
centration of 10% (w/w) in deuterated chloroform, benze-
ne and acetone as solvents. Good signal to noise ratio was
obtained for about 12000 scans, with a 4 s delay.

Simulations of the NMR spectra were performed
using our own software written in the Matlab environ-
ment (Math Works, Inc.).
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RESULTS AND DISCUSSION

Figure 1 shows the 100 MHz 13C NMR signals of the
carbonyl carbons recorded in three deuterated solvent:
CDCl3, C6D6 and acetone-d6 for PiBuA and PsBuA homo-
polymers. Comparing the spectra in the three deuterated
solvents we see that there is no significant difference in
splitting for both homopolymers, however, the effect of
solvent is visible as a significant shift of the band position.
For all carbonyl signals we observe a clear separation into
three groups of signals which come from the individual
configurational triads with further splitting into pentads.

Table 1. Triad probabilities for isotactic poly(isobutyl acrylate),

PiBuA, and poly(sec-butyl acrylate), PsBuA, acquired from the

integration of a-CH signals

Triads PiBuA PsBuA

rr 0.544 0.340

rm 0.404 0.520

mm 0.052 0.140

For PiBuA homopolymer the most dominant signal is
the mmmm pentad indicating high isotacticity of the chain
while for PsBuA the chain is not so predominantly isotac-
tic. For both homopolymers the triad probabilities can be

calculated from the methine backbone carbon signal,
a-CH, at about 44 ppm by simple integration of the well
resolved triads. It can be therefore concluded that both
homopolymers are predominantly isotactic, moreover,
isotacticity calculated for PiBuA is visibly higher than
that for PsBuA (Table 1).

Respective probabilities for Bernoullian and first-or-
der Markov probabilities can be then readily calculated
from these triads and used to verify the propagation sta-
tistics by simulation of the carbonyl signal splitting (Table
3 and Table 4). As can be seen for such triad distribution
of a predominantly isotactic chain, there is no significant
difference between Bernoullian and first-order Markov
statistics, hence, there is no need to differentiate them.
The chemical shifts of individual pentads have been cal-
culated based on the incremental method assuming addi-
tive influence of the neighboring units [1]. The influence
of the neighboring monomeric units closest to the central
unit is described as a increments, and the effect of subse-
quent units is described by b increments. Therefore, for
example, the position of rmrr pentad can be calculated as:

drmrr = d0 + am + ar + bmr + brr

where r and m stand for racemic and meso diad, respecti-
vely.

The values of corresponding increments determined
in this manner are listed in Table 2.
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Figure 1. Carbonyl region of the 100MHz 13C NMR spectra of PiBuA and PsBuA in CDCl3 C6D6 and acetone-d6



Table 2. Values of a and b increments (in ppm) used to calculate

the chemical shifts of carbonyl signals in configurational se-

quences of isotactic poly(isobutyl acrylate), PiBuA, recorded in

CDCl3.

d0 = 174.300

am = -0.060 ar = +0.215

bmm = +0.060 brr = -0.025

bmr = -0.060 brm = +0.025

Table 3. Probabilities of configurational pentads of isotactic

poly(isobutyl acrylate), PiBuA, in CDCl3 calculated according

to Bernoulli and first-order Markov statistics

PiBuA pentad Bernoulli
First-order

Markov
Chemical

shifts [ppm]

rrrr 0.0003 0.0004 174.68

rrrm 0.004 0.005 174.73

mrrm 0.013 0.014 174.78

rmrr 0.004 0.004 174.37

rmrm 0.027 0.026 174.42

mmrr 0.027 0.028 174.49

mmrm 0.174 0.170 174.54

rmmr 0.013 0.013 174.06

rmmm 0.174 0.172 174.18

mmmm 0.564 0.567 174.30

The sequence probabilities and line positions can be
used as starting parameters to calculate the spectrum of
the carbonyl region. Simulation of the C=O signals utili-
zing these values gave good results except for the pentads
with central mr triad. Such discrepancy can be explained

in terms of differences of chain conformation of various
sequences. Therefore it was necessary to apply slight cor-
rections for some of these lines which are summarized in
Table 5 for both solvents CDCl3 and C6D6. After applying
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b) d)

Figure 2. Simulation of the carbonyl signals of PiBuA in deuterated chloroform at the pentad level a) chemical shifts obtained solely by incremental

method b) with correction for mr triad (using Bernoulli statistic with 1Hz line width) c) using Bernoulli statistic with 3Hz line width d) using

First-order Markov statistic with 1Hz line width

Table 4. Probabilities of configurational pentads of isotactic

poly(isobutyl acrylate), PiBuA, in C6D6 calculated according to

Bernoulli and first-order Markov statistics

PiBuA pentad Bernoulli
First-order

Markov
Chemical

shifts [ppm]

rrrr 0.0006 0.0001 174.68

rrrm 0.0013 0.0005 174.73

mrrm 0.0065 0.0045 174.78

rmrr 0.0013 0.0009 174.37

rmrm 0.0130 0.0144 174.42

mmrr 0.0130 0.0086 174.49

mmrm 0.1340 0.1431 174.54

rmmr 0.0065 0.0069 174.06

rmmm 0.1340 0.1378 174.18

mmmm 0.6903 0.6832 174.30

Table 5. Chemical shift corrections for mr-centered triad of

PiBuA in CDCl3 and C6D6

Homopolymers

Sequences

mr

rmrr rmrm mmrr mmrm

CDCl3

chemical shift 174.37 174.42 174.49 174.54

shift correction +0.54 +0.13 +0.06 -0.09

C6D6

chemical shift 173.18 173.20 173.35 173.37

shift correction +0.18 +0.16 -0.17 -0.12



the corrections and matching the line width with experi-
mental spectra good agreement between simulated and
experimental spectra was obtained. In this case it is
enough to simulate the spectrum at the pentad level be-
cause individual signals of longer sequences are not ob-
served.

For PsBuA homopolymer the simulation of the C=O
signals utilizing the sequence probabilities and line posi-

tions gave quite good results except for the pentads with
central mr triad, like in the previous case. However, the
general shape of the simulated spectrum is very similar to
the experimental one. Therefore it was sufficient to apply
only slight corrections (Table 6) to some of these lines.
Moreover, we see that there is also a discrepancy in the
number of lines and their intensity, which can be explai-
ned in terms of further splitting into heptad lines. Finally,
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Figure 3. Simulation of the carbonyl signals of PiBuA in deuterated benzene at the pentad level a) chemical shifts obtained solely by incremental

method b) with correction for mr triad (using Bernoulli statistic with 1Hz line width) c) using Bernoulli statistic with 3Hz line width d) using

First-order Markov statistic with 1Hz line width

a)

b) d)

c)

Figure 4. Simulation of the carbonyl signals of PsBuA in deuterated chloroform using Bernoulli statistic with correction for mr triad a) at the pentad

level with 1Hz line width b) at the pentad level with 3Hz line width c) at the heptad level with 1Hz line width d) at the heptad level with 3Hz line

width



the spectra simulated at pentad level with splitting of
some lines into heptads show very good accordance with
the experimental data.

Table 6. Chemical shift corrections for mr-centered pentads of

PsBuA

Homopolymer

Sequences

mr

rmrr rmrm mmrr mmrm

PsBuA
chemical shift 174.08 174.05 174.24 174.21

shift correction +0.30 +0.90 +0.02 -

CONCLUSIONS

The microstructural characterization of poly(isobutyl
acrylate), PiBuA, and poly(sec-butyl acrylate), PsBuA, can
be performed by means of 13C NMR spectroscopy, focu-
sing on the carbonyl signal region of the spectrum. Appli-
cation of Bernoulli statistics to describe the probabilities
of sequence distribution and incremental calculation of
chemical shifts of the individual sequences can be used to
positively simulate the carbonyl signal at the pentad level
for both homopolymers having predominantly isotactic
chain. In the case of PsBuA it can be seen that some pen-
tads exhibit further splitting into heptad lines. Taking into

account splitting into heptads only for some selected pen-
tads can significantly augment the agreement of the simu-
lated spectra with the experimental ones.
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