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The role of amine groups in the phase separation of thermoresponsive poly(2-dialkylaminoethyl
methacrylate)s with dimethyl-, diethyl-, and diisopropylaminoethyl substituents has been studied by
atomistic molecular dynamics simulations. The polymer chains present a more compact conformation at
higher temperatures, losing contact with the water molecules. In the vicinity of the amine groups, the
exclusion of water molecules increases with the increasing hydrophobicity of the amine moieties above
the lower critical solution temperature. In particular, the potential of mean force results suggest that the
: formation of hydrogen bonding between the amine groups and water molecules involves more entropic
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Thermoresponsive polymer contributions at higher te.mpgra.tures in the cases of th_e dleth_ylammgethyl and clnsopropylammoethyl
LCST groups. These results provide insight for the rational design of side chains of thermoresponsive polymers

MD simulation
Amine group

for smart materials and devices.

© 2017 Published by Elsevier Ltd.

1. Introduction

It is well-known that thermoresponsive polymers show
conformational transitions in solution around their lower critical
solution temperature (LCST), resulting in poor solubility of the
polymer chains above that temperature [1,2]. Such changes in
solubility have opened up a new horizon for smart materials and
devices that respond to changes in the external temperature [3—7].
Over the last decade, molecular dynamics (MD) simulations have
provided atomistic information on the conformational transitions,
polymer—solvent interactions, and solvent microstructure in ther-
moresponsive polymer solutions.

Significant research efforts have focused on the LCST behavior of
poly(N-isopropylacrylamide) (PNIPAM), the most representative
thermoresponsive polymer, with single chain systems [8—10],
multi-chain systems [11], artificial nanostructures [12,13], drug-
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delivery applications [14], urea-induced collapse [15,16], co-
solvents [17,18], tacticity control [19,20], and copolymerization
[21,22] by MD simulation. Most commonly, hydrogen bonding (H-
bonding) between the PNIPAM chains and water molecules are
weakened, whereas the hydrophobic interactions of isopropyl
groups are strengthened in globular conformations of PNIPAM.
Such MD calculations have also been extended to a wide range of
LCST polymers and polypeptides. As another example of thermor-
esponsive polymers, the conformational transition of poly(ethylene
oxide) (PEO) has been calculated by the Yethiraj group, suggesting
that the LCST behavior of PEO in ionic liquids is mainly due to the
entropic penalty of the H-bonding between PEO and cations
[23—25]. In addition, the Yingling and the Hall group have both
demonstrated the LCST behavior of elastin-like polypeptides in
aqueous solution and the chain-length dependence on their LCST
behavior by atomistic MD simulations [26,27]. Compared to the
recent progress on the simulation of LCST behavior, little attention
has been paid to the MD simulation of poly(2-dimethylaminoethyl
methacrylate), which is responsive to both thermal and pH changes
[28].

Fine tuning the temperature- and pH-windows of stimulus-
responsive polymers is essential to prepare smart materials and
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devices designed to operate under particular external stimuli in
nano- and biotechnologies. Typically, the LCST behavior of ther-
moresponsive polymers is controlled by copolymerization with
other monomers [29—32] or small molecules such as ionic liquids
[33]. The side chains of thermoresponsive polymers can also be
designed to modulate the hydrophilicity, hydrophobicity, or
hydrogen bonding ability. Recently, we have reported that the
cloud point of PEO-based functional polymers can be widely tuned
through their pendant amine groups in terms of their types and
hydrophobicity [34]. In parallel, the Plamper group has also
demonstrated that the pH and temperature of which the phase
separation occur in poly(2-dialkylaminoethyl methacrylate)s are
lowered by increasing the hydrophobicity of the dialkylaminoethyl
substituents [35]. In particular, by means of fluorescence spec-
troscopy, they found that the phase separation of poly(2-
dimethylaminoethyl methacrylate) is mainly due to backbone/
carbonyl interactions, while the phase separation of poly(2-
diethylaminoethyl methacrylate) and poly(2-
diisopropylaminoethyl methacrylate) is originated from the less
polar dialkylaminoethyl groups. Likewise, the type and hydropho-
bicity of amine moieties in the side chain influence the phase
separation of LCST polymers, but theoretical and fundamental un-
derstanding of such substituent effects remains to be developed.

In this study, we have carried out MD simulations of the
conformational transitions of a series of poly(2- dialkylaminoethyl
methacrylate)s as model polymers for investigating the effect of
different amine groups on the LCST behavior. Three poly(2-
dialkylaminoethyl methacrylate)s with dimethyl-, diethyl-, and
diisopropylaminoethyl substituents were evaluated at two
different temperature regimes (below and above the LCST). Since
our previous study revealed the exclusion of water molecules in the
vicinity of carbonyl groups in the phase separation of poly(2-
dimethylaminoethyl methacrylate) [36], we here focused on the
role of the carbonyl and amine groups in the phase separation of
the poly(2-dialkylaminoethyl methacrylate) series. The structural
properties of the specific functional groups and water molecules
were investigated. In particular, the hydrogen bonding between the
amine groups and water molecules was monitored with the po-
tential of mean force (PMF) calculations.

2. Method
2.1. Polymer modeling

The OPLS-AA force field [37] was applied to single chains of
poly(2-dialkylaminoethyl methacrylate)s. Atomistic models with
the OPLS-AA force field have been reported to successfully repro-
duce the LCST behavior of PNIPAM [13,20,22]. We modeled syn-
diotactic polymers with 30 monomer units, owing to the distinct
change in the conformational transition [9]. Poly(2-
dimethylaminoethyl methacrylate), poly(2-diethylaminoethyl
methacrylate), and poly(2-diisopropylaminoethyl methacrylate)
are denoted as PDM, PDE, and PDiP, respectively, as shown in Fig. 1.
The fully deprotonated states were only considered in order to
compare the roles of the carbonyl and deprotonated dia-
Ikylaminoethyl groups in the conformational transitions of the
polymer. The TIP4P/2005 model [38] was used for explicit water
molecules, because the water model is not only one of the best
description of water molecules but it has also been used for PNIPAM
solution with the OPLS-AA force field [20,22].

2.2. Simulation details

All of the MD simulation were carried out with GROMACS 5.1.2
package [39]. The polymer topologies were generated by MKTOP
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Fig. 1. Molecular structures of poly(2-dimethylaminoethyl methacrylate) (PDM),
poly(2-diethylaminoethyl methacrylate) (PDE), and poly(2-diisopropylaminoethyl
methacrylate) (PDiP).

script [40] for GROMACS-compatible format. The initial polymer
conformation with a fully extended chain was relaxed by a short
NVT MD simulation without water molecules. Then, each polymer
chain was solvated with 12,000 water molecules in a cubic periodic
simulation box of side length 7.2 nm. After an energy minimization
of the initial system, the equilibration was performed by a short
100-ps NVT ensemble and 500-ps NPT ensemble with a position
restraint potential to the polymer chain. Finally, long NPT MD
simulations of 300 ns were calculated at two different tempera-
tures, 290 and 330 K. The target temperature was maintained by
using a V-rescale thermostat [41] with a coupling constant of 0.1 ps.
A Parrinello—Rahman barostat [42] with a coupling constant of 2.0
ps was used to keep the pressure constant at 1.0 bar. For the short-
range nonbonded interactions, the cutoff distance was set to
1.0 nm. For considering the long-range electrostatic interactions,
the particle mesh Ewald (PME) method [43,44] was employed. All
the bond lengths with hydrogen atoms were constrained with the
LINCS algorithm [45]. Thus, a time step of 2 fs was applied.

The potential of mean force (PMF) was calculated by the um-
brella sampling and the weighted histogram analysis method
(WHAM) [46]. Each monomer unit was solvated with 3000 explicit
water molecules. The distance between the nitrogen atom in the
amine group of the monomer and the oxygen atom in a water
molecule was restrained by a harmonic potential. Each NPT MD
simulation of 10 ns was performed at 25 different distances with
0.05 nm spacing. VMD package [47] was used for the visualization
of polymer chains.

3. Results and discussion

Due to the absence of the torsional parameters of the 0—C—C—N
dihedral in the OPLS-AA force field, we calculated and compared
the rotational energy of the torsion angle from ab initio [48] and
OPLS-AA force field with a 2-dimethylaminoethyl acetate, which is
the simplest monomer structure for O—C—C—N dihedral. The mo-
lecular structure was scanned with a step size of 15°, based on the
O—C—C—N dihedral angle. Fig. 2 shows the overestimated energy
barrier of the original OPLS-AA force field (by up to 2 kcal/mol)
compared with the ab initio calculation at MP2/aug-cc-pVTZ//MP2/
cc-pVDZ level. By adding an additional torsional parameter, the
energy profile from the fitted OPLS-AA force field was in good
agreement with that from the ab initio calculation.

Long NPT (i.e., isothermal and isobaric ensemble) MD simu-
lations of 300 ns were performed for single chains of PDM, PDE,
and PDiP in water with the fitted torsion parameter at two
different temperatures, 290 and 330 K, based on the known LCST
of PDM (~40 °C) [49]. Structural analysis was carried out on the
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Fig. 2. Rotational energy scan of the O—C—C—N torsion angle with a 2-
dimethylaminoethyl acetate molecule at the MP2/aug-cc-pVTZ level (black square),
OPLS-AA (blue line), and OPLS-AA with the fitted parameters (red dashed line). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

last 100 ns trajectories. Fig. 3 displays the contour plots of the
radius of gyration (Rg) versus the solvent accessible surface area
(SASA) for PDM, PDE, and PDiP single chains. These two param-
eters are representing the dimensional properties of polymer
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chains in solution, which are calculated by the mass-weighted
root-mean-square of the average distance of each atom from
the center-of-mass position and the double cubic lattice method
[50], respectively.

In all cases, both Ry and SASA decreased with the increasing
temperature, indicating that the polymer chains display more
compact conformations at higher temperatures. In particular, the
single chain of PDM showed a distinct conformation transition
between 290 and 330 K with the largest reduction in the most
populated Rg (A = —0.17 nm) and SASA (A = —4.8 nm?) (Fig. 3a).
Interestingly, this conformation transition of PDM is consistent
with our previous observation with the PCFF force field [36]. A
partially linear conformation was also observed at 290 K, and a
compact globular conformation was observed at 330 K. In the cases
of PDE and PDiP, however, the polymer chains showed a more
compact conformation even at 290 K in comparison with the PDM
chain, due to the more hydrophobic alkyl substituents of PDE and
PDiP (Fig. 3b and c). It must be noted that the low solubility of
deprotonated PDE and PDiP in water has also been observed
experimentally, exhibiting thermoresponsive behavior only within
anarrow pH range [35]. The fully deprotonated models in this study
were not intended to reproduce the exact LCSTs, but to provide
insight into the role of certain functional groups in LCST behavior.
Despite the already compact conformation at 290 K, it can be seen
that the PDE and PDiP conformations at 330 K are even more

Fig. 3. Contour plots of the radius of gyration (Rg) and solvent accessible surface area (SASA) of (a) PDM, (b) PDE, and (c) PDiP single chains from the last 100 ns of production runs at
290 and 330 K. The most populated conformations at each temperature are shown on the right. For clarity, the backbone carbon atoms are represented by large red beads, and water
molecules are not shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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condensed, although by a smaller difference of the most populated
SASAs (A = —1.6 and —0.8 nm?, respectively), as summarized in
Table 1.

The conformation analysis through the Ry and SASA parameters
revealed that single chains of poly(2-dialkylaminoethyl methacry-
late) lost contact with water molecules at high temperature. To
clarify the structural features between the polymer and water
molecules, the radial distribution functions (RDFs) of the carbonyl
oxygen (Oc) and amine nitrogen (N) in poly(2-dialkylaminoethyl
methacrylate) relative to the water oxygen (Ow) were calculated
from the last 100 ns of the simulations (Fig. 4a and b).

Fig. 4c shows the Oc—Ow RDFs of PDM, PDE, and PDiP at 290 K
and 330 K. In all cases, the same peak at 0.28 nm and the same first
hydration shell at 0.33 nm were observed. The intensity of the first
peak at 0.28 nm in the Oc—Ow RDF of PDM decreased with the
increasing temperature, suggesting that the water molecules in the
vicinity of the carbonyl group of PDM were expelled in the globular
conformation. Such expulsion of water molecules near the carbonyl
groups of PDM was also observed in concert with our previous
work [36]. In contrast, the intensity of the peak of the Oc—Ow RDF
of PDE and PDiP decreased slightly for the first hydration shell at
330 K, resulting from the compact conformation below the LCST.

Fig. 4d displays the RDF of the N atom in the amine group to the
Ow atom in water. The second hydration shell (i.e., the second
minimum of the N—Ow RDFs) increased from 0.61 nm up to
0.70 nm, and the shoulder peak at 0.58 nm became dominant with
the increasing hydrophobicity of the alkyl substituents. In contrast
to the previous work [36], a strong first hydration shell was
observed with a peak at 0.29 nm, indicating that the amine groups
in the polymer can readily establish H-bonds with water molecules.
In all cases, the intensity of the peaks corresponding to the first and
second hydration shells decreased with the increasing
temperature.

To quantitatively assess the contact of water molecules at the
functional groups of the polymer chains, we have concentrated on
the average number of water molecules per functional group unit
in the first hydration shell (Nyw) of the Oc and N atoms and the
average number of H-bonds per functional group unit (Ngw) be-
tween the functional groups and water molecules. The Ny and
Nyw were calculated by integrating the RDFs in Fig. 4 from zero to
the first hydration shell radius (~3.5 A) and by using the geometric
criteria of the donor, acceptor, and hydrogen atoms, respectively.
Specifically, distances between donor and acceptor atoms below
3.5 A and angles between hydrogen—donor and donor—acceptor
vectors smaller than 30° were considered to form an effective H-
bonding.

Fig. 5 shows the Ny values for the Oc and N atoms and the Nyw
values for the Oc—Ow and N—Ow atoms at two different

temperatures. In the case of the carbonyl groups, Nyw was higher
than Nyw, meaning that there were water molecules in the first
hydration shell not participating in H-bonding. On the other hand,
the Nw and Nyw values for the amine groups were almost identical,
indicating that most of water molecules in the first hydration shell
of the N atoms participate in H-bonding with the amine groups, as a
result of the steric hindrance induced by the dialkyl groups.

As shown in Fig. 5a, the Nyw between the carbonyl groups and
water molecules for PDM was significantly reduced by 20.3% at
330 K. In contrast, a moderate reduction of 7.1% was observed for
the Nyw between the amine groups of PDM and water molecules,
indicating that the amine groups of PDM are well in contact with
water molecules even in the globule state. These results are
consistent with the results of a previous experimental study, in
which the phase separation of PDM was found to be mainly due to
backbone/carbonyl interactions [35]. Upon increasing the hydro-
phobicity of the dialkyl group, the Nyw between the amine groups
and water molecules decreased considerably.

Interestingly, at 330 K, it can be seen that the decreasing trend
for the Nyw between the amine groups and water molecules in PDE
and PDIiP was further enhanced by 13.2% and 42.6%, respectively
(Fig. 5b and c). On the other hand, the Nyw between the carbonyl
groups and water molecules decreased very slightly or even
increased for the PDE and PDiP chains upon increasing the tem-
perature. This hydration state of the deprotonated amine group is
distinct from that of the protonated amine group. The protonation
enabled the PDiP chain, the most hydrophobic case, to be water-
soluble, but the hydration state of the amine group was not
significantly sensitive to the temperature, as shown in Figs. S1 and
S2, respectively.

Taking into account the microstructure between water mole-
cules and the functional groups in poly(2-dialkylaminoethyl
methacrylate)s, it suggests that the amine groups in PDE and
PDiP play an important role in the phase separation, with a
conformational transition from globule-like structures to more
compact conformations. In addition, these structural features
support the recently reported observation on the phase separation
of PDE and PDiP solutions, which was mainly attributed to the low
polarity of the dialkylaminoethyl groups, affording drastic changes
in the hydrophobic environment around the cloud point [35].

Fig. 6 shows the PMF calculations along the distance between
the N atom in the monomer units of PDM, PDE, and PDiP and an Ow
atom at 290 and 330 K. The first minimum at ~2.8 A and the first
maximum at ~3.5 A in the PMF plots are correlated with the H-
bonding between the amine groups and water molecules, and the
first hydration shell of the N atoms, respectively. The first minimum
of the PMF plots represents entropic cost of the formation of such
H-bonding [24]. In the case of the monomer unit of PDM, the PMF

Table 1
Summary of structural properties of PDM, PDE, and PDiP at 290 and 330 K.
Polymer Temperature (K) Rg (nm)” SASA (nm?)° Ny Nuw®
Carbonyl group Amine group Carbonyl group Amine group
PDM 290 1.14 384 1.31 0.87 0.79 0.84
330 0.97 336 1.04 (20.6%) 0.82 (5.7%) 0.63 (20.3%) 0.78 (7.1%)
PDE 290 1.11 41.2 1.14 0.77 0.73 0.76
330 1.05 396 1.11 (2.6%) 0.68 (11.7%) 0.67 (8.2%) 0.66 (13.2%)
PDiP 290 1.14 42.0 1.18 0.48 0.77 0.47
330 1.11 412 1.27 (~7.6%) 0.28 (41.7%) 0.80 (—3.9%) 0.27 (42.6%)

2 The structural properties were calculated from the last 100 ns of production runs at 290 and 330 K.

The most populated radius gyration, Rg.
The most populated solvent accessible surface area, SASA.

" an o

Average number of water molecules per each functional group unit in the first hydration shell and the decreasing rate at 330 K (in parentheses).
Average number of hydrogen bonds per each functional group unit to water molecules and the decreasing rate at 330 K (in parentheses).
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Fig. 4. Snapshots of a PDM monomer unit with water molecules in the second hy-
dration shell of (a) the carbonyl oxygen (Oc) and (b) the amine nitrogen (N) at 290 K.
The transparent red sphere represents the first hydration shell of each atom. Radial
distribution functions (RDFs) of the (c) Oc and (d) N in PDM, PDE, and PDiP relative to
water oxygen (Ow) at 290 and 330 K. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

curves at 290 and 330 K are almost identical, and the difference
between the PMF at the first minimum is only 0.06 kcal/mol, as
shown in Fig. 6a. However, the first minimum in the PMF of the PDE
and PDiP monomer units increases with the temperature (Fig. 6b
and c), with differences of 0.13 and 0.44 kcal/mol, respectively. It is
obvious that the H-bonding between the diethylaminoethyl group
and water molecules and between the diisopropylaminoethyl
groups and water molecules involves more entropic cost at higher
temperatures. Thus, it can be concluded that, with the increasing
temperature, the H-bonds between water and the PDE and PDiP
amine groups present a more restricted conformation than those in
PDM due to steric hindrance, resulting in the exclusion of water
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Fig. 5. Average number of water molecules per functional group unit in the first hy-
dration shell (Nw) of the Oc and N atoms versus the average number of hydrogen
bonds per functional group unit (Nyw) between the functional groups and water
molecules for single chains of (a) PDM, (b) PDE, and (c) PDiP at 290 and 330 K.

molecules in the vicinity of the diethylaminoethyl and diisopro-
pylaminoethyl groups.

4. Conclusions

In conclusion, we have successfully performed atomistic MD
simulations to compare the LCST behavior of single chains of
poly(2-dialkylaminoethyl methacrylate)s with dimethyl, diethyl,
and diisopropyl substituents. Poly(2-dialkylaminoethyl methacry-
late)s were found to lose contact with water molecules at tem-
peratures above the LCST. In particular, the exclusion of water
molecules by the dialkylaminoethyl groups increased with the
increasing hydrophobicity of the amine moieties, indicating the
importance of the amine groups in the LCST behavior of polymers.
Furthermore, the H-bonding between the amine groups and water
molecules was found to involve more entropic contributions at
higher temperatures in the cases of the diethylaminoethyl and
diisopropylaminoethyl groups. These results provide fundamental
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Fig. 6. Potential of mean force (PMF) along the distance between the N atom in (a)
PDM, (b) PDE, and (c) PDiP monomer units and the Ow atom at 290 and 330 K.

insight into the LCST behavior of poly(2-dialkylaminoethyl meth-
acrylate)s with different hydrophobic amine moieties. It is also
expected that such a theoretical model will aid the rational design
of side chains for thermoresponsive polymers.
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