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Abstract

The stimuli sensitive copolymer NIPAM-co-MI was prepared by copolymerizing NIPAM (N-isopropylacrylamide) with varying concentra-
tions of maleimide (MI). The copolymer showed the same ratio of the monomeric components as that of the initial monomer feed ratio, with the
two components arranged in the chain in a purely random sequence. Interestingly, the lower critical solution temperature (LCST) of NIPAM-co-
MI was found to decrease with increase in MI loading in the copolymer. This behavior was in drastic contrast to the LCST behavior of a similar
copolymer NIPAM-co-MA of NIPAM and maleic anhydride (MA) where the LCST showed an increase with increase in the MA concentration.
A theoretical interpretation of the contrasting LCST behavior of both NIPAM-co-MI and NIPAM-co-MA was obtained by quantum mechanical
(QM) modeling on small structural units of the polymers as well as molecular dynamic (MD) simulations at LCST and above the LCST on 50-
unit oligomer model of the polymers. The QM models showed that the MI based polymer is more inclined towards bend structure, higher
hydration, and higher intramolecular hydrogen bond formation between its monomer units when compared to those of the MA based polymer.
The results of the large scale MD simulation was in complete support of the QM results as it showed the formation of a more folded and highly

hydrated NIPAM-co-MI than NIPAM-co-MA.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that N-isopropylacrylamide (NIPAM)
based polymers (homo, block, graft, dendrimer, star, etc.)
show clouding point (or lower critical solution temperature
(LCST)) in aqueous solution and the value varies with pH, na-
ture of comonomer and average molecular weight of polymer,
in general [1,2]. This made its extensive study and use in the
development of mainly drug delivery vehicles and hydrogels
[3]. The unusual thermal behavior of PNIPAM is the abrupt
transition (coil to globule) from a hydrophilic to a hydrophobic
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peripheral structure at the clouding point (LCST). This value
was found to lie between 30 and 35 °C depending on the
detailed microstructure of the polymer [1].

Generally a comonomer hydrophilic than NIPAM increases
the LCST of the copolymer and a hydrophobic comonomer
causes a decrease in the LCST [4,5] and this property has
been found useful in the case of recovery of solutes, catalysts
[6] and for drug delivery. In literature it is confirmed that a
hydrophilic coil to a hydrophobic globule transition of the poly-
mer structure takes place at the LCST [7] and this intramolec-
ular collapse has been studied in connection with some basic
problems such as protein folding [8].

In the present study we report the role of maleimide units in
controlling the LCST behavior of NIPAM copolymers. These
results were then compared with the reported NIPAM-co-MA
system [9]. Additionally, theoretical models comprising of the
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basic structural units of both NIPAM-co-MI and NIPAM-co-
MA have been constructed and studied at density functional
level to explain the H-bonding interactions in the copolymer.
Furthermore, to get a deeper understanding of the unexpected
LCST behavior of these copolymers, molecular dynamic (MD)
simulations have been carried out on 50-unit oligomer chains
of the two copolymers in the presence of about 10,000 water
molecules.

2. Experimental
2.1. Materials

N-Isopropylacrylamide (NIPAM) (Sigma—Aldrich) was pu-
rified before use by distillation followed by recrystallization
from diethyl ether. a,0-Azobisisobutyronitrile (AIBN) (Spec-
trochem, India) was recrystallized from methanol just before
use. Maleimide (MI) (MERCK) was synthesized according
to the procedure reported in the literature [11]. Other solvents
were purchased locally and purified by standard procedures
before use.

2.2. Synthesis of NIPAM-co-MI

The required amount of monomers, solvent (1,4-dioxane)
and initiator (AIBN) was taken in glass tubes (1.4 cm diameter
and 10 cm long), stoppered with rubber septa. The polymeri-
zation mixture was deoxygenated for 15 min by purging
with dry nitrogen and heated at 70 °C for known periods of
time. The copolymers (Scheme 1) were precipitated by pour-
ing the reaction mixtures into excess of diethyl ether. After
two reprecipitations by pouring a dioxane solution into diethyl
ether, the copolymers were dried in a vacuum desiccator at
35°C.

2.3. Analytical methods

The IR spectrum of the copolymer was recorded in FT-IR
spectrophotometer (Shimadzu). For NMR spectrum samples

H
H20=C\ + n AIBN
C=0 (0] (0]

1,4-Dioxane

were dissolved in DMSO-dg and were scanned between
0 0 and 14 (Bruker). UV—vis spectrophotometer with temper-
ature control (Shimadzu) was used to record the absorption
spectrum of the copolymer and also to record the LCST point.
Thus obtained LCST values were rechecked by manually re-
cording the clouding point using an ordinary thermometer.
The viscosity average molecular weight (M) of these poly-
mers was obtained by time of flow method using polystyrene
standards.

3. Results and discussion
3.1. Copolymer synthesis

The copolymerization of NIPAM and maleimide was car-
ried out in 1,4-dioxane at 70 °C using AIBN as thermal initiator
(Scheme 1). This copolymer was easily precipitated in diethyl
ether as colourless powder. The parameters of a typical copoly-
merization reaction are presented in Table 1. 1,4-Dioxane was
used as the solvent as the copolymer formed was insoluble
in common solvents like THF, toluene, etc. The percentage
conversion was calculated from the dried weight of the poly-
mer and the initial total weight of the comonomers. "H NMR
technique was used to deduce the copolymer composition by
selectively integrating the signals at ¢ 7.7 corresponding to
‘NH’ proton in NIPAM and ¢ 11.1 corresponding to ‘NH’
proton in MI [9,12]. The portion of NMR signals showing
relative variation with different copolymers is shown in
Fig. 1. It shows relative increase in maleimide signals with
increase in initial loading. The theoretical molecular weight
presented in Table 1 is calculated by comparing the initiator
and total monomer concentrations. The viscosity average mo-
lecular weight (M,) determined by time of flow method was
compared with the theoretical values. The comparison is poor
as can be seen from Table 1 possibly due to uncontrolled
radical polymerization reaction. The copolymer composition
curve presented in Fig. 2 shows that the two monomers,
viz. NIPAM and MI, showed no preference to be incorpo-
rated in the main chain during the reaction.

e H HN :
Scheme 1.
Table 1
The characteristics of copolymerization reaction of NIPAM with MI*
Run Monomer feed (%) Conversion (%) Copolymer composition (%) M M,
NIPAM MI NIPAM MI
1 90 10 77 90 10 2150 111,382
70 30 99 69 31 2684 52,253
3 50 50 85 47 53 2237 46,753

2 Total monomer con. [M]=10.2 x 107> mol, [AIBN]=2% of [M], 1,4-dioxane =6 mL, time = 25 min, temperature = 70 °C, M, = molecular weight

(theoretical), M, = molecular weight (viscosity).
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Fig. 1. A portion of the "H NMR spectra of NIPAM-co-MI copolymers show-
ing peaks due to the two “NH” (imide and amide) signals; (a) 17, (b) 39, (c)
50 and (d) 80 are mole percentage of maleimide units in the copolymer.

100

80 .

40 - .

Copolymer composition
»

0 +— : . . " T r T .
0 20 40 60 80 100

Monomer feed composition

Fig. 2. Percentage composition of maleimide in the initial feed and copolymer
obtained from 'H NMR study.

3.1.1. Determination of lower critical solution temperature
of copolymer

Among the solution properties of the copolymer the deter-
mination of lower critical solution temperature (LCST) in wa-
ter was the main objective behind this report. The reported
LCST of PNIPAM was found to be between 30 and 35 °C de-
pending on the molecular weight. In addition, the LCST can
vary with the nature of the comonomer incorporated in the
main chain as discussed earlier [4]. It can be noted that the
presence of a cyclic system induces restriction to chain
flexibility.

A few samples of MA and NIPAM were prepared and the
appearance of turbidity (LCST) in a buffer (acetic acid/sodium
acetate) solution at pH =4, was determined [13]. The LCST

values in our system (NIPAM-co-MI) recorded by visual ex-
amination of turbidity are presented in Table 2. Interestingly
the LCST, in the buffer solution at pH =4, of the copolymer
found to decrease with maleimide units in the main chain. It
was also noted that beyond certain mol% (~30) of MI in
the copolymer there was no recordable LCST behavior. This
result of lowering of LCST is just opposite to the one obtained
earlier in the case of NIPAM-co-MA copolymers (Fig. 3) [13].
Hence the probable reason for lowering of LCST could be
chain stiffening along with intramolecular H-bonding. The in-
tramolecular hydrogen bonding is formed between amide
group in NIPAM and the imide portion in maleimide. Thus,
in effect comparatively less number of amide units is available
for solvent induced hydration. Hence in this case turbidity ap-
pears at a lower temperature.

Table 2
The effect of copolymer composition on LCST values of NIPAM-co-MI
copolymers®

Percentage composition of maleimide in
poly(NIPAM-co-MI) copolymer
by 'H NMR (%)

LCST of poly(NIPAM-co-MI)
copolymer (°C)

9 28
17 24
29 15
39 Insoluble
50 Insoluble
59 Insoluble
80 Insoluble

# Buffer = sodium acetate/acetic acid, pH = 4.

50

40 - . Poly (NIPAM-co-MA)
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% composition of maleimide/maleic
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Fig. 3. Variation of LCST of poly(NIPAM-co-MA) [9] and poly(NIPAM-co-
MI) with copolymer composition.

3.1.2. Effect of time and cycle of operations on LCST
of copolymers

Additionally, the copolymer, which we prepared in this
study, was compared with NIPAM-co-MA system studied by
Kesim et al. for their stability in water [9]. The reproducibility
in LCST value of NIPAM-co-MI and NIPAM-co-MA was
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recorded at pH =4 and 7. This variation in graphical format is
presented in Fig. 4. In this figure Graphs (1) and (2) are
recorded by taking the mean LCST of one cycle of cooling
and heating analysis. This experiment proves the overall sta-
bility of these two systems when LCST value was noted after
one cycle of heating and cooling analysis at least for the first
few days. When it was raised to five cycles the same observa-
tion resulted, which confirmed its reproducibility and stability
of the system. It was also noticed that there was approximately
3 °C difference between the heating and the cooling analysis
for the LCST values as in the case of NIPAM-co-MI whereas
only 1 °C was observed in the latter case. Thus it can be con-
cluded from Fig. 4 that NIPAM-co-MI is stable at pH =4,
even for longer periods of time, whereas it is unstable at
pH =7 after few days. The variation in the case of NIPAM-
co-MA can be explained based on the partial hydrolysis of an-
hydride moieties at pH = 4. Based on this it can be proposed
that at pH = 7, the hydrolysis is very fast and reached the lim-
iting point, 35 °C. But such an explanation in the case of NI-
PAM-co-MI is not valid as LCST value drops with time at
pH =7 (Fig. 4(2)). Detailed investigation and a reasonable
explanation would be the subject matter of another paper.

3.2. Theoretical modeling

3.2.1. DFT calculations

The marked difference in the properties of NIPAM-co-MI
and NIPAM-co-MA can be mainly attributed to the differences
in the electronic properties of the MI and MA moieties as

R. Francis et al. | Polymer 48 (2007) 6707—6718

these two groups distinguish the two copolymers from one an-
other. Although the replacement of —NH— segment of MI by
O atom will give us the isoelectronic MA unit, the two moie-
ties are fundamentally different in their electronic features. In
the case of MI, the carbonyl groups and the NH bond are
strong hydrogen bond (H-bond) acceptors and donor, respec-
tively. On the other hand, in the case of MA, all the three oxy-
gen atoms can only act as H-bond acceptors. Since, water can
act both as a H-bond donor and as a H-bond acceptor, the hy-
dration of MI and MA units is expected to show significant
differences and which in turn will affect the LCST behavior.
To get further insight into this issue, we have resorted to den-
sity functional theory (DFT) calculations on model molecules
1—4 (Fig. 5) relevant for defining the structures of NIPAM-co-
MI and NIPAM-co-MA copolymers.

The DFT method of B3LYP/6-31 + G(d,p) is chosen for lo-
cating all the minimum energy conformations of molecular
systems [14,15]. Further, to understand the electron distribu-
tions of systems 1 and 2, the corresponding DFT wavefunc-
tions are used to calculate the molecular -electrostatic
potential (MESP) [16,17]. For the interaction energy calcula-
tions, the supermolecule approach [18] is employed. The cor-
rection for the basis set super position error in the interaction
energy calculations is determined by employing the procedure
of Boys and Bernardi [19a]. All the DFT calculations have
been done with Gaussian 03 suit of programs [19b].

3.2.1.1. Electronic features of 1 and 2. MESP is often used as
a convenient tool to understand the electron distribution,

(1) 50 (2) 50
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35 4 — . 354 o0 80— —o0—2 .
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Fig. 4. Effect of time on LCST of NIPAM-co-MI and NIPAM-co-MA copolymer systems. Graphs (1) and (2) are plotted after one cycle and five cycles of heating

and cooling analysis.
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particularly the 7t-conjugation features, aromaticity, and lone
pair strength of molecular systems [16,17,20—23]. In the pres-
ent work, the MESP features of MI (1) and MA (2) units are
calculated and their pictorial representation is depicted in
Fig. 6. The carbonyl oxygen atom of MI unit has more nega-
tive potential than the carbonyl oxygen of MA unit. This result
supports a higher strength for the H-bond interaction in the
former compared to that of the latter. The red MESP region
around the N—H hydrogen of MI suggests partial positive
charge on the hydrogen atom indicating its H-bond donor
character. On the other hand, in the case of MA unit, the oxy-
gen atom juxtaposed between the two carbonyl groups can
only act as H-bond acceptor as it shows negative MESP
mainly arising from its lone pair electrons.

3.2.1.2. Microsolvation of 1 and 2. The interaction of 1 and 2
with a maximum of three water molecules is studied by mod-
eling the structures 1---(H,O), 1---(H,0),, 1---(H,0);, 2---

(H,0), 2---(H,0),, and 2---(H,0)3. The optimized structures
are presented in Fig. 7. The H-bond interactions in the systems
are shown by dotted lines. As we can see, the hydration pattern
of 1 is markedly different from that of 2. In the case of 1, even
a single water molecule can interact simultaneously with car-
bonyl oxygen and the N—H hydrogen. The water dimer and
trimer are interacting with the carbonyl oxygen/s and the
N—H hydrogen of 1 via a network of well defined H-bonds.
Since there is no strong H-bond donor in 2, its main H-bond
interaction is through the carbonyl oxygen and the remaining
interactions are found to be with the hydrophobic C—H bonds.
The H-bond interactions through C—H bonds are expected to
be very weak as they show H-bond distances in the range of
2.700—2.836 A. It may be noted that in 2---(H,0)3, one would
expect the participation of the second carbonyl group in the H-
bond interaction. In fact, the initial structure for the optimiza-
tion was selected in such a way that all the three oxygen atoms
show H-bond interactions with water molecules. However, the

Fig. 6. Molecular electrostatic potential plotted on the van der Waals surface of 1 and 2. Color coding (JJi

W) from red to blue is +62.7 to

—12.6 kcal/mol. All values in kcal/mol. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

o -.,1.973
*2.021
1-.(H,0)

2.039 g

2(H,0)

2(H;0),

1.775

2e+(H20)s

Fig. 7. Optimized structures of microsolvated structures of 1 and 2. The dotted lines are intramolecular H-bonds which showed a (3, —1) bond critical point in

Bader’s atoms in molecule theory.
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optimization eventually led to the formation of the structure
presented in Fig. 7. Further, even with four water molecules
the H-bond interaction with the second carbonyl group was
not obtained and therefore, we expect that more number of wa-
ter molecules are required for the complete coverage of the
two carbonyl groups as the anhydride moiety can only act as
H-bond acceptor.

The BSSE-corrected interaction energy values are calculated
for all the microsolvated structures using the supermolecule ap-
proach (Table 3). The microsolvated systems of 1 always show
more interaction energy than the corresponding systems of 2. In
the case of microsolvated systems of 1, viz. 1---(H,0O), 1---
(H50),, and 1---(H,0)s, the calculated total H-bond interaction
energy is 8.43, 18.59, and 28.26 kcal/mol, respectively. In com-
parison with these values, the microsolvated structures of 2
showed smaller values, viz. 3.49, 13.96, and 24.03 kcal/mol
for 2---(H,0), 2---(H,0),, and 2---(H,0);, respectively. Al-
though it appears that 1 has more hydration power than 2, the en-
ergetics noted in Egs. (1) and (2) suggest that on going from 2---
(H,0) to 2:--(H,0), or 2---(H,0), to 2---(H,0)3, the energy
released is higher compared to the corresponding processes
involving microsolvated systems of 1.

H,0 H,0 H,0
1 Ar» 1 (H,0) %» 1ees (H,0), %» 1es (H,0),

8.39 kcal/mol 10.17 kcal/mol 9.67kcal/mol

ey

H,0 H,0 H0
2 %»Z-u(HZO) %» 2eee(H,0), %» 2000 (H,0),

3.49 kcal/mol 10.48 kcal/mol 10.06 kcal/mol
2

Table 3
Total H-bond energy and the H-bond distances in microsolvated 1 and 2

Total H-bond energy (kcal/mol) H-bond distance (A)

—8.43 1.973
2.021
—18.59 1.820
1.794
1.794*
—28.26 1.909
1.659
1.907
1.917
1.911
—3.49 2.039
—13.96 1.994
1.844
2.746
2.800
—24.03 1.766
1.775
1.878
2.720
2.836

System
1---(H,0)

1---(H0),

1---(H0)3

2---(H0)
2:+(H,0),

2:--(H20)3

% H-bond between the two water molecules.

We have also analyzed the following equations:

1 + (H,0), — 1---(H,0) + H,0 (3)
2 + (H,0), — 2-(H,0) + H,0 (4)
1 + (H,0), — 1---(H,0), + H,0 (5)
2 + (H,0), — 2--(H,0), + H,0 (6)
1 + (H,0), — 1--(H,0), + H,0 (7)
2 + (H,0), — 2-(H,0), + H,0 (8)

In these equations, (H,O),, (H,0)3, and (H,0), are the dimer,
trimer and tetramer of systems of water molecule (Fig. 8).
Therefore, Eq. (3) suggests that when 1 interacts with a water
dimer, it knocks of one water molecule to form the 1---(H,0)
system. Similar interpretations can be made for Eqs. (4)—(8).
The reactions involving 1 given in Egs. (3) and (5) are found to
be exothermic by 3.23 and 2.53 kcal/mol, respectively, and re-
action given in Eq. (7) is nearly thermo neutral as it is endo-
thermic by only 0.17 kcal/mol. However, all the reactions
involving 2 are found to be endothermic by 1.70, 2.09, and
4.41 kcal/mol for Egs. (4), (6) and (8), respectively. The exo-
thermic character observed for reactions of 1 suggests its hy-
drophilic character while the endothermic reactions of 2 are
in agreement with its hydrophobic character. It may be noted
that both 1 and 2 interacting with only one water molecule are
exothermic by 8.39 and 3.49 kcal/mol, respectively. It means
that the free moving water molecules account mainly for the
hydration of 2.

3.2.1.3. Structures of 3 and 4. Structures of 3 and 4 are models
corresponding to a small section of the NIPAM-co-MI and NI-
PAM-co-MA copolymers, respectively. The optimized struc-
ture of these systems is presented in Fig. 9. Structure of 3 is
characterized by an intramolecular C=0---H—N H-bond of
length 2.171 A. This bonding gives a bend —C—C—C— back-
bone. On the other hand, the most stable structure of 4 has got
no such intramolecular H-bond and therefore its structure is
more linear than the structure of 3. In fact, in the case of 4,
a bend structure (4') similar to 3 (with an intramolecular H-
bond) is found to be 2.01 kcal/mol less stable than the linear
structure. The H-bond length of 4" (2.345 A) is longer than
the H-bond length of 3, which indicates that H-bond interac-
tion in the former is weaker than that in the latter system. It
is apparent that the energy required for the bending of 4 lead-
ing to 4’ is not completely compensated by the intramolecular
H-bond, whereas 3 is more inclined towards a bend structure
(in the case of 3, a linear structure was absent as an optimiza-
tion starting from a linear structure gave the same bend struc-
ture shown in Fig. 9). The above features of 3 and 4 are
interesting because they suggest that NIPAM-co-MI based
polymer has got an inherent tendency towards more bended
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or folded form compared to the NIPAM-co-MA based
polymer.

3.2.1.4. Interaction of H,O with 3 and 4. The interaction of
a water molecule with 3 and 4 is also considered by optimizing
the structures 3---(H,0) and 4---(H,O) (Fig. 10). Structure 3---
(H,0) showed an H-bond interaction energy of 9.74 kcal/mol
whereas a slightly higher value of 9.82 kcal/mol is obtained
for 4---(H,0O).

3.2.1.5. Dimers of 3 and 4. In the dimer of 3 (3---3), two
strong intermolecular H-bond interactions of the type N—

&ll'.‘..
1.917

(H20)2

1.883 4

AL LTI

1.883

(H20)

H---O=C with nearly equal strength are present (Fig. 11).
Structure 3---3 is also stabilized by weak intermolecular
C—H:---O=C type and intramolecular N—H---O=C type in-
teractions. The BSSE-corrected dimerization energy is found
to be 9.64 kcal/mol.

In the case of dimer of 4 (4---4), two N—H:---O=C type H-
bonds with same distance (2.094 A) are present (Fig. 11). In
4---4, the intramolecular N—H---O==C bond is absent while
two weak intermolecular C—H---O==C interactions are pres-
ent. It may be noted that the presence of intramolecular N—
H---O=C bond in 3---3 gives a puckered or a more folded
structure while the absence of this type of bond in 4---4 leads

1.763 ?
essess e
.

'. :
, 1.909 s

.
.
[}

1.752

1.753
(H20)4

Fig. 8. Optimized structures of water dimer, trimer, and tetramer.

Fig. 10. Optimized structures of 3---(H,O) and 4---

(H,0) showing the intermolecular H-bond interactions.
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44

Fig. 11. Optimized structures of dimers of 3 and 4 showing inter- and intra-
molecular H-bonds.

to a more flat structure. For instance the N to N distance of 3 in
3---31is 5.097 A whereas the N to —O— distance of 4 in 4---4 is
6.736 A. The BSSE-corrected interaction energy in 4---4
is found to be 8.42 kcal/mol. The interaction energy analysis
suggests that the formation of the dimer system 3---3 is
more stable than the 4---4 dimer.

Based on the theoretical results presented in this work, we
can say that the MI based systems have a higher tendency for
hydration than the MA based systems. On the other hand, the
MI based systems have an inherent nature for the formation of
a bend structure due to intramolecular H-bond (Fig. 9) while
the MA based systems are likely to adopt more linear struc-
tures due to the absence such H-bonds. Further, compared to
the MA unit, the H-bond donating and accepting character
of MI unit is suitable for the easy formation of its dimer struc-
tures (Fig. 11). It may be noted that in the case of MI based
systems, the hydration is mostly an exothermic process
whereas in the case MA based systems one would expect en-
dothermic character for the hydration when interact with water
clusters (Egs. (1)—(8)). However, the interaction of MA unit
with free moving water molecules is an exothermic process,
which suggests that a rise in the temperature may enhance
the hydration of the MA based system. Therefore, the LCST
behavior presented in Fig. 3 for poly(NIPAM-co-MI) and poly-

(NIPAM-co-MA) can be mainly understood in terms of the
hydration and the folding behavior of these polymers at their
MI and MA regions. By increasing the percentage of MI units
in the polymer, the dimeric MI---MI interaction is going to in-
crease. This in turn will lead to more folded polymeric struc-
tures and thereby a decrease in the direct MI---(H,O)
interactions is expected. In the case of poly(NIPAM-co-MA)
systems, the MA units will be more exposed to the solvent be-
cause of its less tendency towards the formation of folded
structures with MA---MA interactions. Therefore, an increase
in the MA percentage in the polymer can increase the MA---
(H,0) interactions. Further, a rise in temperature can also
enhance the hydration power of MA unit.

3.2.2. Molecular dynamic simulation

To enhance our knowledge on the hydration behavior of the
copolymers and the associated LCST behavior, classical
molecular dynamic simulations have been carried out on
oligomer models. For this purpose, we have created 50-unit
oligomer chains of both the copolymers containing 20% of
MA and MI in a random atactic manner [10]. The partial
charges of the atoms of the whole chains were found by using
Mulliken charge separation method with a semiempirical PM3
wavefunction [24]. By using the TIP3 water model containing
10,000 molecules, the chains were solvated to make a dilute
solution, comparable to the experimental conditions. The all
atom AMBER force field [25] was used to describe the inter-
and intramolecular interactions. NPT simulations at P = 1 atm
were performed using the sander module of AMBER 9 [26]. A
10 A cut-off and Ewald sums were used for the non-bonded
interactions. The SHAKE [27] algorithm was used to constrain
the bond lengths involving hydrogen atoms.

In Fig. 12, a 1 ns MD simulation in vacuum is presented in
the case of the oligomer system constructed for NIPAM-co-MI
at two different temperatures, viz. one at the LCST (290 K)
and the other above the LCST (310 K). For both the simula-
tions, unfolded structures were used at the beginning and the
final structure was turned out to be highly folded through intra-
molecular hydrogen bonding with no considerable change in
the system configurations equilibrated at either temperatures.
Very similar observations are also obtained for the oligomer
model of NIPAM-co-MA. Thus we expect extensive change
in the configurations in water because of the water—solute in-
termolecular hydrogen bonding competing with the intramo-
lecular hydrogen bonding. Analogous MD simulation results
conducted on oligomer model of NIPAM can be seen in the
work of Fornili et al. [10].

In the next step, a 4 ns NPT MD simulations at 290 and
310 K was conducted for both the oligomer chains in about
10,000 TIP3 water molecules (prior to the full simulations,
the structures were equilibrated at the respective temperatures
for 20 ps). The oligomer structural changes occurring along
these simulations were monitored through the radius of gyra-
tion of the solute, whose time evolutions are depicted in
Fig. 13.

The radius of gyration studies show that NIPAM-co-MA
has relatively similar configurations at both the temperatures



R. Francis et al. | Polymer 48 (2007) 6707—6718

6715

Fig. 12. The final optimized structures of NIPAM-co-MI after 1 ns MD simulation at (a) 290 K and (b) 310 K. For clarity hydrogen atoms are omitted.
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Fig. 13. Time evolution of radius of gyration along the MD simulations of (a) NIPAM-co-MA and (b) NIPAM-co-MI oligomers in water at 290 and 310 K,

respectively.

and NIPAM-co-MI attains a compact configuration at 310 K.
Also it can be noted that the radius of gyration has almost
equal values at some places, but the trajectory analysis showed
that the structures are entirely different. Further, it may be seen
that some regions of the oligomer chain remain persistent
throughout the simulations and the hydrogen bond analysis
showed that such structural features arise due to the intrachain
hydrogen bonding. From Figs. 14 and 15, the folding nature at
the higher and lower temperatures can be clearly understood.
NIPAM-co-MI has a clear coil to globule transition (Fig. 14a
and b) at the higher temperature while the NIPAM-co-MA sys-
tem offers more resistance towards such a transition. The ab-
sence of globule formation in NIPAM-co-MA can be due to
the repulsion between the oxygen atoms in the nearby MA
rings. The fluctuations in the radius of gyration curve can
also be explained in this manner.

The hydrogen bond analysis revealed that at all tempera-
tures the number of intrachain hydrogen bonds as well as
the number of water—solute hydrogen bonds are more in the
case of NIPAM-co-MI than NIPAM-co-MA. However, when
compared with NIPAM, it was found that the intrachain

hydrogen bonding was lesser in both the copolymers. This
can be due to the structural rigidity of the chain due to the
presence of the five-membered rings.

The data that the number of water molecules within the first
solvation shell (<3.5A) decreasing at higher temperature
(Fig. 16) are also a proof for the coiling of the oligomer chain.
This points out that the surface of the oligomer chain accessible
to the solvent decreases at higher temperature. It is clear from
Fig. 6 that the decrease in the number of water molecules is
greater for NIPAM-co-MI than for NIPAM-co-MA. The hydro-
gen bond data also revealed that at 290 K, the intrachain hydro-
gen bond is between the adjacent monomer units as in Fig. 11,
whereas at higher temperature the nonadjacent hydrogen bonds
become more and more persistent and these bonds remain stron-
ger throughout the remaining part of the dynamics.

4. Conclusions
In this work, the synthesis and characterization of NIPAM-

co-MI are reported. Further, thermo-sensitive nature of this
copolymer was compared with that of NIPAM-co-MA, which
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(d)

Fig. 14. Initial (a), (c) and final (b), (d) configurations in the 4 ns MD simulations of NIPAM-co-MI and NIPAM-co-MA oligomer units, respectively, in aqueous

solution at 310 K. For clarity, hydrogen atoms are omitted.

was reported earlier. In the latter case, a rise in LCST with in-
crease in MA loading in the polymer is observed whereas in
the case of NIPAM-co-MI, the LCST lowered with increase
in the MI units. This was partially addressed by comparing
the hydration pattern and the possibility of H-bond interac-
tions around the repeat unit in both the systems by DFT level
quantum mechanical (QM) calculations on small models. The
QM models showed that the MI based polymer is more in-
clined towards bend structure, higher hydration, and higher

intramolecular hydrogen bond formation between its mono-
mer units when compared to those of the MA based polymer.
The QM results were augmented with the data obtained from
large scale classical MD simulations carried out on large olig-
omer models of the systems at the LCST and above LCST
temperatures. The MD simulations were carried out for 4 ns
using 50-unit oligomers of NIPAM-co-MA and NIPAM-co-
MI in about 10,000 TIP3 water molecules. The trajectory
analysis showed that at higher temperature, the oligomers
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Fig. 15. Initial (a), (c) and final (b), (d) configurations in the 4 ns MD simulations of NIPAM-co-MI and NIPAM-co-MA oligomer units, respectively, in aqueous

solution at 290 K. For clarity, hydrogen atoms are omitted.

have a more compact structure due to extensive intrachain hy-
drogen bonds. The radius of gyration and hydrogen bonding
data were clearly in accordance with the expected folding
behavior of the two copolymers. Also it was found that the
water molecules stabilize the oligomer chains by extensive

hydrogen bonding. Thus it can be concluded that a change
from anhydride to imide reversed the LCST of NIPAM copoly-
mer which is attributed mainly to difference in intrachain
hydrogen bonding ability, hydration and folding behavior of
the two copolymers.
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Fig. 16. The time evolution of the number of water molecules in the first
solvation shell (<3.5 A) of both oligomer chains at 310 K.
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