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Abstract

The current study investigates the nature of interactions between starch (amylose portion) and poly-propylene carbonate by employing DFT
based B3LYP and semi-empirical AM1 and PM3 methods on five complexes. The computed negative binding energies confirm the stability of
the complexes. Favorable interactions between amylose and poly-propylene carbonate were indicated by the formation of hydrogen bonds. The
number of hydrogen bonds identified per poly-propylene carbonate monomer attains a saturation value of 0.57 for AM1 and 0.51 for PM3 for
larger complexes. The average binding energy per hydrogen bond was computed to be —12.76 kJ/mol for AM1 and —9.79 kJ/mol for PM3
method. The decrease in the computed vibrational frequencies of the hydroxyl OH and carbonyl C=0 frequencies of the complexes agrees
qualitatively with experimental results, further confirming the presence of favorable interactions. Molecular modeling was thus successful in
providing useful insight into the nature of interactions between starch and PPC.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Starch; Composites; Quantum chemical modeling

1. Introduction

A substantial portion of plastic products is manufactured
primarily from petroleum-based synthetic polymers. The dis-
posal of these plastic wastes poses serious environmental
problems due to their persistent nature, as they are not easily
degraded in a landfill. In addition, availability of landfill sites
is diminishing and landfills are also prone to leakage of toxic
chemicals, which may contaminate groundwater. Another
widely practiced disposal technique is incineration (burning of
wastes), which is known to generate toxic air pollution. Also,
as the petroleum resources are rapidly becoming scarce, there
is an urgent need to design and synthesize plastic substitutes,
which are easily degraded without posing any serious environ-
mental problems. Biodegradable polymers offer a promising
alternative to petroleum-based polymers that are renewable,
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environmental friendly and can be readily degraded in a natural
environment.

Recent research efforts to improve the performance and
properties of the plastic polymeric materials focus on blending
of polymers with starch [1—5]. Starch is synthesized in gran-
ules as a food source in most plant cells; it is a mixture of
amylose and amylopectin, both of which are polymers of a-
D-glucose units. Starch is inexpensive and is found abundantly
in nature, and together with its well known biodegradable
properties may offer a potential substitute for petroleum-based
synthetic plastics. Starch, by itself, has severe limitations due
to its water solubility, poor mechanical properties and brittle-
ness as compared to those of synthetic plastics [6—8]. To over-
come these impediments while retaining the biodegradability,
blending of starch with other polymers has been widely prac-
ticed [9—22].

This research study focuses on the blend of starch and poly-
propylene carbonate (PPC). Poly-propylene carbonate, a poly-
mer made from carbon dioxide and propylene oxide, has high
tensile strength and Young’s modulus. The molecular structure
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Fig. 1. Structure of (a) poly-propylene carbonate (PPC), (b) amylose, and
(c) amylopectin.

of PPC is illustrated in Fig. 1(a). Previous studies have con-
firmed that incorporation of PPC in starch has significantly
improved the mechanical properties of starch such as tensile
strength and stiffness [23].

Improved mechanical properties can be realized only if ef-
ficient load transfer exists between the constituent polymers.
Favorable molecular interactions can improve the load transfer
via bonded or non-bonded means. Thus, interfacial interac-
tions between the constituent polymers strongly influence the
mechanical properties of the blend. Even with extensive exper-
imental data available [24—26] on interactions of polymer
blends, the exact nature of the molecular interactions involved
are difficult to construe. A number of theoretical methods such
as an integral equation theory [27,28], lattice theory [29] and
lattice cluster theory [30,31] have been developed to model
polymer blends. Although these methods make the study of
larger systems feasible, or the study of smaller systems fast,
the underlying assumptions render a trade-off in accuracy by
disregarding the presence of discrete molecular structure of
matter. Quantum mechanical calculations, on the other hand,
involve the solution of Schrodinger’s equation for the molec-
ular system and are suitable to investigate the molecular inter-
actions between the polymer blends. Molecular modeling
employing semi-empirical methods was found to be successful
in studying hydrogen bonding interactions between polyam-
ide-6 and polyurethane polymers [32]. To date, little reported
work has been performed on the theoretical molecular model-
ing of the interactions between starch and PPC. The aim of
this study is to determine the compatibility of starch (specifi-
cally the amylose portion) and PPC by means of molecular
modeling and hence to better understand the molecular nature

of interactions between the two constituent polymers at the
molecular level. To this purpose, five pairs of complexes con-
sisting of increasing numbers of amylose and PPC monomers
have been studied.

The theoretical calculations presented here involve the
determination of optimal geometries and relative energetics
(binding energy per unit structure) of the blended polymers.
Calculations of vibrational frequencies have also been per-
formed and some qualitative comparison with experimental re-
sults is also made. These calculations provide considerable
insight into the nature of bonding between the polymers as well
as ascertain the capability of quantum mechanical methods to
model similar interactions.

2. Computational methodology
2.1. Molecular system under consideration

As mentioned earlier, starch is a mixture of amylose and
amylopectin, both of which are polymers of a-p-glucose units.
Amylose is a linear polymer with glucose monomer units con-
nected with a-1 — 4 linkages (Fig. 1(b)). Amylopectin, on the
other hand, has branch points approximately every 20 glucose
units along the main chain where short side chains of glucose
units are connected by a-1 — 6 linkages (Fig. 1(c)). Thus, am-
ylopectin differs from amylose in being highly branched. For
the present study, we consider only the amylose portion of
starch for modeling purposes to keep the model computation-
ally manageable, assuming that the nature of the molecular
interactions between PPC and amylose would remain qualita-
tively similar to those between amylopectin and PPC. Keeping
this in mind, the following five pairs of complexes of amylose
with PPC of increasing number of monomers were analyzed
for modeling purposes:

1. 1 amylose—1 PPC (1A:1P),
2. 5 amylose—5 PPC (5A:5P),
3. 10 amylose—10 PPC (10A:10P),
4. 15 amylose—13 PPC (15A:13P),
5. 20 amylose—17 PPC (20A:17P).

To be specific, the first system (1 amylose—1 PPC) consists of
one monomer of amylose and PPC each, represented as 1A:1P
in shorthand notation. The remaining systems follow the same
notation.

2.2. Computational methods

Quantum mechanical modeling methods are the most fun-
damental and accurate theoretical tools available to predict
molecular properties as they treat molecules as collections of
nuclei and electrons. Quantum mechanical models are based
on the Schrodinger equation, solution to which gives molecu-
lar structure and energy. Quantum mechanical (QM) calcula-
tions based on density functional theory (DFT) contain no
adjustable parameters and solve the Schrodinger equation



S.S. Joshi, AM. Mebel | Polymer 48 (2007) 3893—3901 3895

(a)

Fig. 2. Geometrically optimized structures of 1A:1P complexes at (a) B3LYP and (b) AM1 levels.

making some reasonable approximations. As QM based DFT
calculations are exceedingly computationally expensive, the
present study considers only one (1 Amylose—1 PPC) of the
five complexes with the smallest number of atoms amenable
for the DFT calculation. Semi-empirical methods (AM1 and
PM3) [33,34] are employed for the calculations of the remain-
ing four complexes of relatively larger sizes. Semi-empirical
methods make use of several experimental data based param-
eters for the elements to render the solution of Schrodinger
equation computationally fast.

2.3. Computational strategy

The following procedure was followed for the geometry
optimization of the first complex (1A:1P).

In order to obtain reliable initial geometries, geometry
optimization of one amylose monomer, one PPC monomer and
different conformations of the corresponding complex (1A:1P)
was first performed with molecular mechanics (MM+-) force
field using Hyperchem version 7.51 [35]. The lowest energy
conformation structure was then used as the initial geometry

for the more accurate DFT (B3LYP) [36—38] and semi-
empirical methods (AM1 and PM3) to yield the binding ener-
gies of the corresponding complexes using the Gaussian 98
program package [39]. The magnitude of the energy change
is a measure of the driving force towards complexation,
a higher negative value denoting a thermodynamically favor-
able complex.

The optimized structured for this 1A:1P system was re-
peated five times and was used as an initial structure for the
geometry optimization of the 5SA:5P system at the AM1 and
PM3 levels of theory. The rest of the three systems were opti-
mized in a similar fashion. The geometrically optimized struc-
tures for all the five complexes at different levels of theory are
depicted in Figs. 2—6.

Vibrational frequencies were computed for the individual
amylose and PPC molecules along with their corresponding
complexes for 1A:1P and 5A:5P systems at the same respec-
tive levels of theory to enable qualitative comparison with
experimental IR spectra. The frequency analysis also helps
to confirm the located stationary points as true minima (all
eigenvalues of the Hessian matrix are positive).

Fig. 3. Geometrically optimized structures of SA:5P complexes at (a) AM1 and (b) PM3 levels.
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Fig. 4. Geometrically optimized structures of 10A:10P complexes at (a) AM1 and (b) PM3 levels.

3. Results and discussion
3.1. Binding energy

The binding energy of each complex was calculated using

the following formula:

AL = Ecomplcx - (Eamylosc +EPPC)

Here, Ecomplexs Eamylose and Eppc represent total energies of
the amylose—PPC complex, the individual amylose and PPC
molecules, respectively. The computed AMI1, PM3 and
B3LYP binding energies are presented in Table 1.

B3LYP with 6-31G basis set was applied to perform only
the geometry optimization of the 1A:1P system and single
point energy calculation of the 5A:5P systems as the remain-
ing three larger systems are too large in terms of computa-
tional demands. The negative energies imply a favorable
interaction between the two polymers. The AMI1 energies
show an increasing trend with increasing polymer length, al-
though the last two systems depict a reverse behavior. A sim-
ilar distinct trend is absent with the PM3 energies. Overall, we
can conclude that the interactions between the two polymers
are energetically favorable. Also, as the binding energies

increase with the polymer length (at least at the AMI level),
the interaction between the polymers increases with increasing
polymer lengths.

3.2. Hydrogen bonding

Amylose has a vast number of hydroxyl OH groups which
could favorably interact with the carbonyl C=0 group of PPC
in a non-bonded fashion. Careful inspection of the optimized
geometric structures of all the five complexes shows ample ev-
idence of the interactions between the carbonyl oxygen of PPC
and hydroxyl hydrogen of the amylose monomer via hydrogen
bonds (hydrogen bonds are shown schematically by dashed
lines for some complexes in Figs. 2—4). These intermolecular
hydrogen bonds explain the driving forces responsible for the
formation of stable complexes.

The hydrogen bond here is defined as an O—H/O inter-
action in which the O—H distance is less than or equal to
3.0A and the angle at H is greater than 90°. Total number
of hydrogen bonds identified, average hydrogen bond distance,
number of hydrogen bonds per PPC monomer and average
binding energy per hydrogen bond obtained from the AMI1
and PM3 computations of geometrically optimized structures
of all the five complexes are presented in Table 2.
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Fig. 5. Geometrically optimized structures of 15A:13P complexes at (a) AM1 and (b) PM3 levels.

Average hydrogen bond distance for each complex is
computed by using the following formula:
Average hydrogen bond distance

= (Sum of all individual hydrogen bond distances)/N.

Here, N is the total number of hydrogen bonds identified in
a system.

The number of hydrogen bonds per PPC monomer for each
complex is computed using the following formula:

Number of hydrogen bonds per PPC monomer

= N /Number of PPC monomers.

PM3 results show that the number of hydrogen bonds iden-
tified per PPC monomer decreases as the length of the com-
plex increases and eventually reaches an average saturation

value of 0.51 for larger systems (10A:10P, 15A:13P, and
20A:17P). While a distinct decreasing trend may not be pres-
ent among the AMI1 results, nevertheless it is evident that for
the larger systems (10A:10P, 15A:13P and 20A:17P) the num-
ber of hydrogen bonds per PPC monomer reaches an average
saturation value of 0.57, which is relatively less compared to
the smaller systems. A close inspection of the optimized geo-
metric structures of the complexes reveals that for some por-
tions of the larger systems (10A:10P, 15A:13P and 20A:17P)
steric hindrance and unfavorable geometry render the hy-
droxyl OH and the carbonyl C=0 groups far from each other,
which may be responsible for the above behavior.

Finally, the average binding energy per hydrogen bond for
each complex is computed by using the following formula:

Average binding energy per hydrogen bond = AE/N.
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Fig. 6. Geometrically optimized structures of 20A:17P complexes at (a) AM1 and (b) PM3 levels.
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Table 1
Binding energies AE (kJ/mol) at AM1, PM3 and B3LYP levels for the 1A:1P,
5A:5P, 10A:10P, 15A:15P and 20A:20P systems

1A:1P 5A:5P 10A:10P 15A:13P 20A:17P
AM1 —22.43 —28.49 —16.83 —70.42 —106.61
PM3 —17.49 —12.13 —73.22 —49.50 —45.02
B3LYP —61.59 —41.00 single - - -

point energy

AMI results for the average binding energy per hydrogen
bond are fairly unchanged and clustered around the average
value of —12.76 kJ/mol with the standard deviation of
1.47 kJ/mol. PM3 results on the other hand cluster around
the average value of —9.79 kJ/mol with a rather large standard
deviation of 5.02 kJ/mol.

3.3. Vibrational frequency analysis

To gain further insight into the intermolecular interactions
between the two polymers, a vibrational frequency analysis
was carried out. The purpose of the analysis was twofold:
(a) to obtain vibrational frequencies of the carbonyl C=0
bond of PPC and the hydroxyl OH bond of amylose for the
purpose of qualitative comparison with experimental IR spec-
tra, and (b) to ascertain the located stationary points as true
minima (all eigenvalues of the Hessian matrix are positive).

The vibrational frequencies were calculated at the AM1 and
PM3 levels for the 1A:1P and 5A:5P complexes as the calcu-
lations for the remaining three systems were too expensive
computationally. For similar reasons, the frequencies were
computed at the B3LYP level only for the smallest 1A:1P sys-
tem. The computed carbonyl C=0 group frequencies of pure
PPC, hydroxyl OH group frequencies of pure amylose, and the
corresponding frequencies for the complexes are given in Ta-
bles 3 and 4. Both systems exhibit a decrease in the carbonyl
and hydroxyl bond stretching frequencies in the complex as
compared to the corresponding frequencies in PPC and

Table 2

Number of hydrogen bonds (V), average hydrogen bond distance (A), number
of hydrogen bonds per PPC monomer and average binding energy per hydro-
gen bond (kJ/mol) at the AM1 and PM3 levels for the 1A:1P, SA:5P, 10A:10P,
15A:15P and 20A:20P systems

Complex Number of Average Number of Average
hydrogen  hydrogen hydrogen binding
bonds (N) bond bonds per energy per

distance (A) PPC monomer hydrogen
bond (kJ/mol)

AM1 1A:1P 2 2.37 2 —11.21
5A:5P 2 2.20 0.40 —14.23
10A:10P 5 222 0.50 —14.10
15A:13P 8 2.26 0.62 —13.68
20A:17P 10 2.29 0.59 —10.67

PM3 1A:1P 1 1.81 1 —17.49
5A:5P 3 2.59 0.60 —4.06
10A:10P 5 2.66 0.50 —14.64
15A:13Pp 7 222 0.54 —15.44
20A:17P 8 2.26 0.48 —5.61

Table 3

Vibrational frequencies (cm ™) of the carbonyl C=0 group at the AM1, PM3
and B3LYP levels for 1P, 1A:1P, 5P and 5A:5P systems and their correspond-
ing decrease in frequencies

AM1 PM3 B3LYP
1P 2117 2003 1819
1A:1P 2100 1979 1771
Decrease 17 24 48
5P 2106 1977 -
5A:5P 2099 1967 -
Decrease 7 10

amylose, respectively. This clearly indicates a specific interac-
tion between the carbonyl group of PPC and the hydroxyl
group of amylose. It can also be seen that the PM3 method
overestimates the decrease in the frequencies as compared
with the AM1 method.

Before attempting to compare these computed frequencies
with the experimental results, it must be kept in mind that
our current model simulates a simplified version of starch by
modeling only the amylose portion. Thus, a quantitative com-
parison of the frequencies cannot be justified; nevertheless, a
qualitative comparison can prove to be helpful to appreciate
the nature of interactions between starch and PPC. Previous
experimental FT-IR studies have been carried out on starch—
PPC systems [24]. A close inspection of the FT-IR spectra
shows a strong carbonyl stretching absorption at about
1754 cm™" for PPC. Moreover, the absorption peak for the
starch—PPC system (50/50) is shifted by about 13 cm ™' lower
than that for PPC at 1741 cm ™' indicating a specific interac-
tion between the carbonyl and hydroxyl groups. The experi-
mental decrease of 13 cm™' compares fairly well with our
theoretically computed value of 10 cm ™! for the SA—5P sys-
tem at the PM3 level and 17 cm™" for the IA—1P complex at
the AM1 level. The remaining computed decreases in frequen-
cies are large compared to the experimental values; nonethe-
less, they do indicate the presence of favorable interactions
between amylose and PPC.

The experimental FT-IR spectra also show an absorption
peak at 3397 cm ™" for the hydroxyl OH group of starch, which
is shifted by 6—3391 cm™ ! for starch—PPC blend (50/50), in-
dicating an interaction with the carbonyl C=0 group of PPC.
While the corresponding theoretically computed hydroxyl
OH frequencies show a bigger offset as compared to the exper-
imental values, the decrease in the hydroxyl OH frequencies

Table 4

Vibrational frequencies (cm™") of the hydroxyl OH group at the AM1, PM3
and B3LYP levels for 1A, 1A:1P, SA and 5A:5P systems and their correspond-
ing decrease in frequencies

AM1 PM3 B3LYP
1A 3461 3890 3635
1A:1P 3434 3818 3422
Decrease 27 72 215
5A 3484 3890 -
5A:5P 3435 3841 —
Decrease 49 49 -
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for both complexes at the AM1, PM3 and B3LYP levels does
suggest a favorable interaction between amylose and PPC.

4. Conclusions

In this work, molecular modeling calculations employing
the DFT based B3LYP and semi-empirical AM1 and PM3
methods were performed on five pairs of amylose—PPC com-
plexes to investigate the nature of interactions between starch
and PPC. The geometrically optimized structures of all com-
plexes indicate formation of hydrogen bonds between amylose
and PPC polymers. Owing to steric hindrance, the number of
hydrogen bonds identified per PPC monomer decreases with
increasing complex length and reaches an average saturation
value of 0.51 for PM3 and 0.57 for AMI for larger systems.
The computed decrease in vibrational frequencies of carbonyl
and hydroxyl groups in the complexes as compared to their
corresponding pure PPC and amylose counterparts confirms
the presence of specific interactions between amylose and
PPC. The computed theoretical frequencies and their red shift
agree at least qualitatively with the experimental results as far
as the confirmation of favorable interactions between starch
and PPC is concerned. Theoretical calculations thus performed
provide useful insight into the nature of interactions between
starch and PPC and prove the capability of quantum mechan-
ical methods to model similar interactions.
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