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Abstract NMR spectroscopy and quantum chemical
calculations were applied for structural characterization
and determination of the preferred stereochemical
sequence distribution of the monomer units in the homo-
polymer chains of poly(butyl-a-cyanoacrylate) nanoparti-
cles. The stereochemical sequence distribution of the
monomer units was defined by analysis of their high-res-
olution 1D 'H and °C NMR and 2D J-resolved, 'H/"*C
HSQC and '"H/"*C HMBC NMR spectra. The results were
verified by employment of B3LYP/6-31G(d) calculations
and are consistent with the preferred tendency of polymer
chains of PBCN to adopt syndiotactic placements. The
proton and carbon chemical shielding were calculated at
BPWO91/6-314+G(2d,p) level using the GIAO approach and
B3LYP/6-31G(d) optimized geometry.
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Introduction

In recent years, there has been intensive research on the
development of novel multifunctional nanoparticles for
biomedical and diagnostic applications [1-3]. The main
challenge in the design of drug delivery systems is to
obtain a higher therapeutic effect with minimal toxicity,
and the protection of the incorporated drugs from pre-
mature deactivation before reaching the desired site of
action.

Poly(alkyl-a-cyanoacrylate) (PACA) nanoparticles have
been developed as colloidal drug carriers intended for an
intralysosomal drug delivery by Couvreur et al. [4]. This
specific function of the nanoparticles is facilitated by their
susceptibility to degradation by lysosomal enzymes [5-7]
such as carboxylic ester hydrolases. The possibility of
lysosomal degradation is very important in relation to the
biocompatibility of these polymers and could be a key to
their successful functioning as drug delivery systems [8]. It
was shown that PACA nanoparticles undergo enzymatic
ester side chain hydrolysis yielding a respective primary
alkylalcohol and water-soluble poly(-a-cyanoacetic) acid
[5-7, 9, 10], which could be eliminated in vivo by kidney
filtration. Nowadays, the ester side chain hydrolysis is
assumed as the main degradation route of PACA nano-
particles in vivo [9]. In the literature, there is a number of
publications about the control of the length of alkyl side
chain over the rate of polymerization and biodegradation of
poly(alkyl-a-cyanoacrylates) [11-14]. Surprisingly, to the
best of our knowledge, there is no data about the influence
of polymer microstructure on the rate of degradation
that could connect the length of alkyl side chains and
microstructure of PACA. This seems strange because the
accessibility of the ester side bonds of poly(alkyl-o-
cyanoacrylates) for the active site of hydrolytic enzymes

@ Springer



816

Struct Chem (2012) 23:815-824

should be closely related with this microstructure and
thereby could be a key factor for the rate of degradation
and release characteristics of these polymers.

It is well established that chemical and physical prop-
erties of polymers, such as biodegradability, strength of
adhesion, polymer hydrophilic/hydrophobic properties, and
biocompatibility are directly related to their chemical
structure and stereochemical sequence distribution. The
knowledge of the chemical composition and tacticity of
polymers and influence of these parameters on various
polymer properties is important for the biomedical and
diagnostic applications of alkyl-a-cyanoacrylate-based
polymers. Nuclear magnetic resonance (NMR) spectros-
copy is one of the most efficient and powerful experimental
methods for evaluation of structural and stereochemical
characteristics of polymers [15]. NMR spectroscopy offers
the chance to monitor chemical composition and distribu-
tion of monomer units of copolymers as well as the ste-
reochemical sequence distribution of the monomer units in
homopolymers.

The aim of the work is to find all possible sequences
with relation to COOBu and CN groups’ position to main
chain in the tetramers of butyl-xz-cyanoacrylate. We report
a structural study of poly(butyl-a-cyanoacrylate), based on
NMR spectroscopy and theoretical calculations. The
structural characterization and preferred stereochemical
sequence distribution of the monomer units in the homo-
polymer chains of poly(butyl-a-cyanoacrylate) were stud-
ied by 'H and 'C NMR spectroscopy employing one- and
two-dimensional NMR techniques and the results have
been verified by quantum chemical calculations.

Experimental and computational details
Materials

The monomer, n-butyl-o-cyanoacrylate (n-BCA) was pur-
chased from the Research Centre for Specialty Polymers,
Bulgaria. Dextran 40 (mol. wt. 40,000 g/mol) was obtained
from Pharmachim (Bulgaria) and citric acid as monohy-
drate from Aldrich. Other chemicals were of laboratory
grade purity and used as obtained.

Preparation and characterization of nanoparticles

Poly(butyl-o-cyanoacrylate) nanoparticles (PBCN) were
produced by in situ anionic polymerization, accomplished
as a dispersion polymerization process. The monomer,
butyl-a-cyanoacrylate (130.7 mmol/L) was carefully drip-
ped to an aqueous polymerization medium, containing
citric acid (9.5 mmol/L) as an acidifying agent and dextran
40 (molecular weight 40,000 g/mol) at concentration of
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0.2 mmol/L) as a steric colloidal stabilizer. Polymerization
was carried out for 3 h at room temperature with contin-
uous magnetic stirring. The resulting colloidal polymer
suspension was then adjusted to pH 7 using 1IN sodium
hydroxide.

The diameter of PBCN was measured by photon cor-
relation spectroscopy (PCS) using a laser beam scattered at
173° and temperature 25 °C (Zetasizer ZS, Malvern
Instruments, England). Zeta-potential was measured by
laser Doppler electrophoresis on the same apparatus at
25 °C. Their molecular weight was determined by gel
permeation chromatography (GPC, Waters 150 GPC sys-
tem fitted with refractive index (Waters R401) in THF.

To perform the GPC and NMR analyses, the intact
aqueous colloidal suspension of PBCN was filtered over a
0.1-um pore-sized VC membrane (Millipore, England).
After filtration, the moist nanoparticles mass was trans-
ferred from the filtration membrane to a small plastic test
tube, dried under vacuum, and was kept in a vacuum
desiccator over P,Os.

NMR spectroscopy

The NMR spectra were recorded on a Bruker Avancelll
400, operating at 400.15 MHz for protons and 100.62 MHz
for carbons, equipped with pulse gradient units, capable of
producing magnetic field pulsed gradients in the z-direction
of 50.0 G/cm. All NMR spectra were acquired in DMSO-
dg as a solvent at a temperature of 300 K. The solvent
resonance peak at 2.49 ppm for proton and 39.5 ppm for
carbon were used as a chemical shift reference. Standard
1D '"H NMR experiments with 30° pulses, acquisition time
16.4 s, relaxation delay 1 s, 64 transients of a spectral
width of 2,000 Hz were collected into 32 K time domain
points. Following acquisition parameters were used for the
full range broad-band proton decoupled '*C and DEPT
NMR spectra: a pulse width of 8 s, an acquisition time of
2 s, a relaxation delay of 2 s, a spectral with of 16,000 Hz,
64 K time domain points, and 10,000 transients were col-
lected. For the purpose of quantitative analysis, '>*C NMR
spectra were recorded using the inverse-gated decoupling
technique, with the decoupler off except during the
acquisition time, in order to obtain '*C NMR spectra
decoupled from the protons but without Nuclear Overha-
user Enhancement (NOE). More than 5,000 scans were
normally accumulated to achieve a good signal to noise
ratio necessarily for the quantitative analysis. The relative
intensities of the carbon resonance signals in '>°C NMR
spectra were obtained by deconvolution of the spectral
lines using the standard Bruker software and Lorentzian
curves.

Two-dimensional 'H/'H correlation spectra (COSY),
gradient-selected 'H/'*C heteronuclear single quantum
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coherence (HSQC), and '"H/'3C heteronuclear multiple
bond coherence (HMBC) spectra were acquired using the
standard Bruker software. Magnitude-mode ge-2D-COSY
spectra with double quantum filter, gradient pulses for
selection, gradient ratio 16:12:40, and 1H J-resolved NMR
experiments were recorded at relaxation delay 2s, a
spectral width of 2,000 Hz, a total 2K data points in F»,, and
512 data points in F; for COSY and 128 for J-resolved
spectra, FT size 2K x 2K.

Two-dimensional 'H/'">*C HSQC and 'H/"*C HMBC
spectra were obtained using the standard Bruker software.
2D 'H/"*C HSQC experiments were carried out with a
spectral width of ca. 2,000 Hz for 'H and 8,000 Hz for '3C,
relaxation delay 1.5 s, FT size 2K x 1K. 1H/13C HMBC
spectra with a spectral width of 16,000 Hz in the carbon
dimension and 1,600 Hz in the proton dimension were
recorded and typical acquisition parameters: 90° pulses for
protons and carbons, 7 and 12.5 ps, respectively, a relax-
ation delay of 1.5 s, 512 increments and an FT size of
4K x 2K.

Computational details

Eight tetramers (SSRS, SRSS, RRSS, SRSR, RRRS,
SRRS, RRRR, SRRR) corresponding to the eight tetrads
(rrr, mrm, rrm, mrr, rmr, mmr, rmm, mmm) of poly(butyl-
a-cyanoacrylate) were considered. Geometry optimization
of these structures was carried out at two different com-
putational levels: semi-empirical PM3 method [16] and
DFT—the hybrid B3LYP functional which combines the
three-parameter exchange functional of Becke [17] with
the LYP correlation one [18] using 6-31G(d) basis set. The
calculations were carried out without symmetry constraints
by the gradient procedure. A gradient convergence
threshold of 1 x 10™* hartree Bohr~' was used. All cal-
culations were done using the computational chemistry
program Firefly [19].

The proton and carbon chemical shielding were calcu-
lated with different functionals (B3LYP, OLYP, OPBE,
BPWO91, B3PW91) and basis sets (MidiX, 6-31G(d),
6-31+G(d)) using the gauge-including atomic orbitals
(GIAO) approach [20, 21] and B3LYP/6-31G(d) optimized
geometry. The closest to experimental data results were
obtained at BPW91/6-314+G(2d,p) level. BPWO91 uses the
Becke [17] exchange functional and Perdew and Wang’s
[22] gradient-corrected correlation functional. The includ-
ing of the solvent as dielectric (polarizable continuum
model) in GIAO NMR calculations was used to estimate
the effect of the medium (DMSO) on the chemical shifts of
the poly(methyl-a-cyanoacrylate) tetramers because of
computational reasons. In order to compare with the
experimental data, the calculated absolute shieldings were
transformed to chemical shifts using the reference

compound tetramethylsilane (TMS): 0 = .qc(TMS) —
Ocale- Both 0.4.(TMS) and 6., were evaluated with the
same method and basis set. The NMR calculations were
carried out using GAUSSIAN 09 program package [23].

Results and discussion

One of the most frequently used methods to produce PACA
nanoparticles is based on the in situ polymerization of
monomers in various media. Depending on the presence or
not of an emulsifier, two types of polymerization processes
are adopted for the preparation of polymeric nanoparticles:
dispersion polymerization and emulsion polymerization.
Due to the presence of the two powerful electron-with-
drawing groups [the ester (-COOBu) and cyano (-CN)] in
the o-carbon of the double bond, n-BCAmonomer exhibits
a remarkable reactivity toward nucleophiles (OH, NH,
etc.), resulting in a very high-polymerization rate. In fact,
alkyl-a-cyanoacrylate monomers are able to polymerize
extremely rapidly in the presence of moisture or traces of
basic components. PBCN were prepared by in situ anionic
polymerization of n-BCAmonomer accomplished as a
dispersion polymerization process. The polymerization was
initiated by the hydroxyl ions of water, while the elonga-
tion of the polymer chains occurs according to an anionic
polymerization mechanism (Scheme 1). The anionic
polymerization in the aqueous medium that generates
simultaneously initiator (OH™) and terminated agent (H")
is mainly controlled by the pH of the system. This is the
reason for the presence of citric acid in the polymerization
medium. The polymer is formed in the continuous aqueous
phase (in which it is insoluble) and precipitates into a new
particulate phase stabilized by the polymeric stabilizer
(dextran 40). Nanoparticles are formed by the aggregation
of growing polymer chains precipitating from the contin-
uous phase when these chains exceed a critical chain length
[24]. The diameter of PBCN was 154.1 nm (monomodal
narrow size distribution, polydispersity index 0.075) as
measured by PCS, while Zeta-potential was —4.57 £
4.60 mV as measured by electrophoresis. Their molecular
weight as determined by GPC was 1,083.
Butyl-a-cyanoacrylate-based polymers are chiral struc-
tures with asymmetric centers positioned at the main-chain
quaternary carbons. The microstructure of the polymer is
dependent on the stereochemical configuration and
arrangement of the monomer units into the polymer chains.
An assembly of a small number of monomer units within a
macromolecular chain is called sequence and the first terms
of the series of sequences are referred to as dyad, triad,
tetrad, and so forth. Tacticity reflects the existence of a
relative configurational regularity of successive monomeric
units along the macromolecular chain. The configurational
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Scheme 1 Spontaneous anionic
polymerization of n-butyl-
o-cyanoacrylate monomer in an
aqueous medium

and tactic arrangement of sequences can be described at
triad—tetrad level using the two configurational possibilities
offered by a dyad [25]. If the dyad consists of two identi-
cally oriented units, the dyad is called a meso dyad (m). If
the dyad consists of units oriented in opposition, the dyad is
called a racemo dyad (7). In the case of poly(butyl-a-cya-
noacrylate), a meso dyad is one in which the n-butoxy-
carbonyl chains are oriented on the same side of the
polymer backbone and the methylene protons are not in
chemically equivalent environments. On the other hand, in
the r dyad the two methylene protons have an identical
environment due to the opposite orientation of the equiv-
alent substituents with respect to the polymer backbone.
The possible triad and tetrad arrangements of the monomer
units of poly(butyl-a-cyanoacrylate) based on the two
configurational possibilities of dyads are presented sche-
matically on Scheme 2.

Thus, the meso—meso (mm) triad contains only meso
(m) dyads, the racemo-racemo (rr) triad contains only
racemo (r) dyads and the meso—racemo dyad contains one
m and one r dyad. The presented tetrad structures evidence
different molecular symmetry. The tetrads rrr and mrm
exhibit C, point group symmetry, while rmr and mmm
show C; point group symmetry. However, the other four
tetrads (rrm, mrr, mmr, rmm) are asymmetric in point
group C;. An equivalence of the methylene protons of the
main polymer chains of rrr and mrm tetrads and non-
equivalence of those belonging to the other tetrads should
be expected.

The structural characterization and estimation of the
preferred stereochemical sequence distribution of the
monomer units in the homopolymer chains of PBCN were
studied by 'H and '>C NMR spectroscopy employing one-
and two-dimensional NMR techniques. For a description of
the monomer sequence distribution and their relative ste-
reochemical configuration, it was taken into a consideration
the possible arrangement of the monomer units in terms of
triads and tetrads distribution. The types of triads and
tetrads with different relative configurational structure
were distinguished on the basis of m and r dyads, taking
into account the relative configurations and consequently
the immediate neighbors of stereosensitive sites under
consideration (see below). It was considered that the
methylene protons of the main polymer chains in r dyads
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have the same chemical environments and therefore the
same NMR resonance frequencies. However, in m dyads
these protons are not in chemically equivalent environ-
ments and should display two different resonance fre-
quencies, producing two different NMR signals. The
existence of different triads and tetrads arrangement of the
monomer units in the homopolymer chains results in an
additional splitting of the resonance signals corresponding
to each type of dyad. Stereochemical structures of tetra-
mers representing the possible tetrad structures are shown
on Fig. 1.

The assignment of the '"H and '*C resonances in the
spectra of PBCN was based on the analysis of the one- (1D:
'H, '*C, DEPT) and two-dimensional (2D: 'H/'H COSY,
J-resolved, 'H/'*C HSQC and HMBC) NMR spectroscopic
data. The "H NMR spectra were found to be much less
informative than '*C NMR spectra (Fig. 2).

The assignment of the resonance signals for triad and
tetrad sequence distribution was achieved by analysis of
the signals of OCH, (66 ppm) in '*C NMR spectra and
CH, of the main polymer chains in '*C (42-45 ppm) and
'"H (2.40-2.80 ppm) NMR spectra. Proton NMR spectrum
of PBCN shows broad, complex, overlapping resonance
signals at 0.88, 1.39, 1.62, 4.12, and 2.59 ppm, corre-
sponding to the protons belonging to the n-butoxycarbonyl
group and those of methylene protons from the main
polymer chain, respectively (Fig. 2). The complexity of the
spectrum arises from the 'H-'H scalar couplings and
overlap of the signals belonging to protons of different
stereoisomeric sequences in the polymer chains. The sig-
nals of CH, protons of the main polymer chains appeared
as broad and complex multiplet in 'H NMR spectrum of
PBCN. The assignment of the resonance signals of the
tetrad sequences was performed by analysis of 'H/'H
COSY and J-resolved spectra. The results have confirmed
the coexistence of different monomer sequence distribution
with respect to their stereochemical configuration. The
resonance signals at 2.58 and 2.69 ppm do not show cou-
pling patterns in "H/'H COSY and J-resolved spectra and
were attributed to the methylene protons of rrr and mrm
tetrads, respectively, where the both protons appear to be
equivalent. Coupling patterns were observed between sig-
nals at 2.5-2.6 and 2.6-2.8 ppm of "H/'H COSY spectra
and were attributed to the methylene protons of the six Cg
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Scheme 2 Schematic
presentation of the possible triad
and tetrad monomer sequences
arrangement of
poly(butyl-a-cyanoacrylate)

rrr

mrr

symmetric tetrads: mmm, mmr, rmm, rrm, mrr, and rmr.
The analysis of J-resolved spectra has confirmed the
existence of four couples of resonances (2.54/2.77, 2.63/
2.69, 2.65/2.69, and 2.71/2.77 ppm) with non-equivalent
methylene protons in strong germinal spin—spin coupling
(Fig. 3).

A splitting of the resonance signals in the high-resolu-
tion '>*C NMR spectra of the PBCN was clearly observed
(Fig. 2), due to the different stereochemical configuration

rmr

P
2
2
2
=
E

E=COOBu

and arrangement of the monomer units into the polymer
chains and variations in the length of the macromolecules.
The assignment of the '*C NMR resonance signals for triad
and tetrad sequence distribution was obstructed due to
overlap of the signals of the methylene and quaternary
carbons of the main polymer chains. To avoid this com-
plication and obtain the resonance assignment of the triad
and tetrad sequence distribution in '>*C NMR spectrum of
PBCN, we have employed high-resolution DEPT, 'g/3¢C
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spectrum of PBCN
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l l JJ those of rr triads at lower field with respect to rm
J . i\ kil sequences. This result was further supported by the quan-

Al S A . AR titative estimation of the stereochemical distribution of the
monomer units in PBCN. The resonance signal of the

Fig. 2 a 'H and b >C NMR spectra of PBCN in DMSO-dj methylene protons from the main polymer chains was used
to analyze the tetrad arrangement of the polymer chains.

HSQC, and '"H/"*C HMBC techniques. Three main signals ~ The assignment was achieved by analysis of the 'H/'*C
were observed in the spectral region of the side chain ~ HSQC spectra and the results are presented in Table 1 with
methylene protons (OCH,, 66 ppm). According to data  the theoretical 3C chemical shifts calculated. In the
published in the literature [26], it was suggested that the = HSQC spectrum, four sets of cross-peaks appeared due
OCH, resonances of mm triads appear at higher field and  to the interaction of methylene carbon and directly

gl
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Table 1 Bernoullian statistics for the tacticity of the side-chain and
experimental '>C chemical shifts for poly(butyl-a-cyanoacrylate)
nanoparticles

Tacticity Distribution at 13C chemical shifts
P, =0.30
Predicted Observed Exptl. Calculated
C26
Triads
rr 0.49 0.48 66.65
mr + rm 0.42 0.33 66.40
mm 0.09 0.19 66.15
Tetrads
rrr 0.34 0.62 4413 52.39
rrm + mrr + rmr  0.44 0.22 4346 52.12
mmr + rmm 0.13 0.04 4287 5194
mmm + mrm 0.09 0.11 42.64 51.39

The GIAO BPW91/6-31+G(2d,p) calculated methylene '*C chemical
shifts are for poly(methyl-o-cyanoacrylate) tetramers. The numbering
of the nuclei is shown on Fig. 1

P, probability of meso placement

p— _ ppm

rmm

mrm *@ ] a

= mHumr + rinn

N

\

/A

- 43.5

e

\

winaads YN D

[
J

rd

- 450

o

T T T T T T
280 275 270 2.65 260 255 250 245 ppm

'H NMR spectrum

Fig. 4 Selected spectral area from "H/"*C HSQC NMR spectrum of
PBCN

attached protons in monomer sequences with different
configurations.

In the rrr and mrm tetrads which are C, symmetric with
respect to the main-chain methylene, the attached protons
exhibit a singlet and the respective '*C signals were easily
defined (Fig. 4; Table 1). The cross-peak at 2.58/44.13 and
2.69/42.60 ppm were assigned to methylene group in rrr
and mrm tetrads, respectively. The methylene protons
in the other possible tetrads are non-equivalent and

appearance of two different resonance peaks (cross-peaks
in "H/"*C HSQC spectra) were observed with variation in
the chemical shift difference for the different sets. The set
of cross-peaks in the spectral area 2.60-2.77/43.46 and
2.60-2.77/42.87 ppm were assigned to the interactions
between methylene carbon and protons in rrm, mrr, and
rmr, and those in mmr and rmm tetrads, respectively. The
carbon resonance at 42.68 ppm was found to give one bond
spin—spin coupling to the methylene protons at 2.50 and
2.73 ppm. This carbon resonance was assigned to the mmm
tetrad in agreement with the theoretical calculated chemi-
cal shifts of the methylene carbons from the main polymer
chains and data published in the literature for homopoly-
mer with similar structures [27, 28].

The sequence distribution of the PBCN was estimated
by quantitative analysis of their '*C DEPT NMR spectra, to
avoid the overlap between the resonance signals of the
methylene and quaternary carbons from the main polymer
chains. The mole fractions of the different triad and tetrad
sequences included into the polymer structure were deter-
mined from the relative peak intensities of the carbon
resonances of OCH, from the side chain and CH, from the
main polymer chains, respectively. In the '*C NMR spec-
trum, the resonances of the triad and tetrad sequences
partly overlap, thus hampering the quantitative determi-
nation of the respective triad and/or tetrad populations in
the polymer chains by direct integration of '*C resonance
signals. Therefore, the relative intensities of the carbon
resonance signals in DEPT spectrum were obtained by
deconvolution of the spectral lines using the standard
Bruker software and Lorentzian curves. By analysis of the
oxymethylene range (66.0-67.0 ppm) and methylene range
(42.0-45.0 ppm), information about the triad and tetrad
populations, respectively, was obtained. The relative triad
and tetrad sequences distributions in PBCN based on the
quantitative analysis of the '>°C DEPT NMR spectrum and
those predicted, assuming a probability of the meso
placement (P,,) of 0.30 according to the Bernoullian sta-
tistics [15] are presented in Table 1. In the statistically
random Bernoullian model, the mole fractions (F) of each
triad and tetrad can be calculated from the P,, value (0.30)
assumed, according the following formulas:

Fo= (F.)* Fp=Fp=F, - Fp Fun= (Fn)’
Frr= (F,)’ Fumm= (Fn)’

Fom = Fury = Fpe = (F,)* - Fpy

Fomr = Frum = Fum = (Fn)” - F,

A significant deviation of the experimental data from
those predicted by the Bernoullian statistics was observed,
especially for the tetrads sequence distribution. The
Bernoullian model predicts higher overall population of
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Table 2 Total energy differences, AEr (kcal mol™"), of the poly
(butyl-o-cyanoacrylate) tetramer structures, shown on Fig. 1, opti-
mized at PM3 and B3LYP/6-31G(d) levels

Tetramer PM3 B3LYP/ BPWI1/6-31+G(d)//
6-31G(d) B3LYP/6-31G(d)
Gas phase DMSO

SSRS 5.05 0.00 0.00 0.00
SRRR 0.00 8.60 10.76 6.91
SRSS 2.07 8.75 9.93 3.03
RRRS 2.97 4.32 7.97 4.65
RRSS 1.73 3.31 7.71 6.11
SRRS 3.74 5.55 4.61 3.00
RRRR 1.80 7.78 5.31 3.27
SRSR 3.21 4.16 9.43 6.00

tetrads composed of stereochemically different monomer
units (rrm, mrr, rmr, mmr, rmm, mrim) with respect to those
composed of stereochemically equal units (rrr, mmm). As
expected, the rrr tetrads dominates over the mmm tetrads
population for the assumed probability of meso placement
(P, = 0.30). In contrast to the predicted data, the
experimental data show significantly lower overall popu-
lation of tetrad sequences composed of stereochemically
different monomer units with a predominance of the
fraction of rrr tetrads (Table 1). The simplest random
polymer model (Bernoullian model) cannot describe the
sequence distribution in the polymer studied, which is an
indication of a non-random arrangement of monomer units
with different stereochemical configurations. In addition,
the experimental results show that rrr is the preferred
stereochemical sequence distribution of the monomer units
in the homopolymer chains of PBCN.

The stereochemical distribution of the monomer units
was additionally analyzed according the method suggested
by Kamiya et al. [29]. The parameter D, (D = rr-mm/
rm-mr), was used to characterize the distribution of the
stereochemically different monomer units of PBCN. The
value of the parameter D is dependent on the mole fractions
of the triad present in the polymer and therefore related to
the polymer tacticity. Polymers with randomly distributed
monomer units have D = 1. Values of D higher than 1,
suggest block-monomer distribution of the polymer struc-
tures and values smaller than 1 are characteristic of an
alternating polymer. The parameter D was calculated to
3.35 for the PBCN obtained by the anionic polymerization
and the existence of block stereosequence distribution with
most favorable rr and rrr arrangement of the monomer
units was assumed. The domination of the rrr tetrad frac-
tion and high D value obtained for PBCN seems to reflect
the preferred tendency for syndiotactic arrangement of
the monomer units with ester (~COOBu) and cyano groups
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(—CN) positioned on alternating sides of the main hydro-
carbon backbone of poly(butyl-a-cyanoacrylate).

The tetramer of poly(butyl-z-cyanoacrylate) was chosen
for the study as it is representative of the main population
of the oligomers formed during the anionic polymerization
process [30]. In this study, we tend to adopt a helical
conformation with a radial display of the cyano and ester
moieties around the carbon—carbon backbone (Fig. 1). The
absolute configuration of the eight diastereoisomeric spe-
cies of the poly(butyl-a-cyanoacrylate) is only considered.
The ester (-COOBu) and cyano groups (—-CN) position
around carbon—carbon backbone is substantial for nano-
particles producing but not a conformational behavior of
the poly(butyl-a-cyanoacrylate). That is why we do not
consider the PBCN conformers.

The values of the total energies differences (AEt) for
eight diastereoisomers configuration of poly(butyl-a-cya-
noacrylate) obtained at PM3 and B3LYP/6-31G(d) levels
are given in Table 2. According to our calculations using
the semiempirical PM3 method, the most stable tetramer
structure of poly(butyl-a-cyanoacrylate) is SRRR (mmm
tetrad). The same result was observed by Poupaert and
Couvreur [31]. The RRSS (rrm) and RRRR (rmm) tetra-
mers of n-BCAis next in energy sequence; the AEt dif-
ference values amounted to 1.73 and 1.80 kcal mol_l,
respectively, in favor of SRRR (mmm). However, when the
electron correlation is taking into account at B3LYP/6-
31G(d) level the most stable structure becomes the SSRS
(rrr) one. The energy difference AEt between most stable
tetramers, SSRS and RRSS increases to 3.31 kcal mol L.
According to energy differences obtained at single point
BPW91/6-31+G(d)//B3LYP/6-31G(d) calculations in gas
phase and DMSO solution, the SSRS structure is most
stable again. However, energy differences between differ-
ent tetramer structures decrease in DMSO solution.

It is well known that DFT often gives calculated mag-
netic shieldings in large systems of a quality comparable or
even better than MP2 for a cost that is on the same order as
Hartree—Fock, substantially less than that of traditional
correlation techniques [32-34]. Exchange—correlation
functionals are believed to be superior in predicting
molecular properties [35-37]. We carried out calculations
using B3LYP, OLYP, OPBE, BPWO91, and B3PWOl
functionals, and found the BPW91 results to be closest to
experimental data. Therefore, we present only the BPW91
results in GIAO NMR calculations in DMSO. Because of
the sensitivity of '>C NMR chemical shifts to the presence
of polarization and diffuse functions in the basis set the
6-314+G(2d,p) basis set was employed [37, 38].

3C NMR chemical shifts were performed for tetramers
of poly(methyl-a-cyanoacrylate) because of calculation
reasons. We have made the GIAO NMR calculations for
poly(methyl-a-cyanoacrylate) on the basis of replacement
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of the butyl moiety by a methyl one in the optimized
poly(butyl-a-cyanoacrylate). This replacement does not
change the '*C NMR chemical shifts of the polymer. The
NMR predicted values of C26 chemical shifts were found
to show the same dependence as experimental results. The
higher value was obtained for nucleus C26 of the SSRS
tetramer (rrr tetrad) of poly(methyl-o-cyanoacrylate) and
the values of the rest of the tetramers decrease in parallel
with the decrease in the experimentally obtained chemical
shifts. They are presented in Table 1. The higher values of
the chemical shifts for nucleus C26 could be explained by
the fact that they were calculated for tetramers only, while
the experimental '>C NMR chemical shifts were obtained
for octamers and longer polymer chains. Generally, quan-
tum chemical analysis shows the SSRS tetramer (rrr triad)
of n-BCA as most favorable structure for PBCN building as
well as NMR observation.

Conclusions

The structural characterization and preferred stereochemi-
cal sequence distribution of the monomer units in the
homopolymer chains of PBCN were estimated by 'H and
3C NMR spectroscopy (one- and two-dimensional tech-
niques) and quantum chemical calculation. The values of
the triad and tetrad populations were determined from the
relative peak intensities of the carbon resonances of OCH,
from the side chain and CH, from the main polymer chains,
respectively. The results are consistent with the preferred
tendency of polymer chains of PBCN to adopt syndiotactic
placements. A combined NMR and quantum chemical
investigations elucidate on the structure of poly(butyl-o-
cyanoacrylate) and show that the most favorable tetramer
in PBCN should be SSRS one (rrr triad).
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