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Polymers exhibiting thermoresponsive behavior above a lower critical solution
temperature (LCST) undergo a coil-to-globule phase transition that has many
biomedical applications, including biosensing, the control of release devices, and
gene or drug delivery systems. In addition, there has been sustained scientific
interest in these polymers for their use in industrial applications, including water
treatment and desalination. Since the coil-to-globule phase transition is greatly
affected by the hydrophilic/hydrophobic balance of the polymer-solvent
interactions, the LCST of a particular thermoresponsive polymer depends on
the solvent environment and can be tuned through the modification of
solution parameters such as co-solvent molar concentrations. While there
have been numerous experimental and computational studies focused on the
properties of these polymers in aqueous solutions, study of their behavior in more
viscous solvents has been limited. In this article, the thermoresponsive behavior of
poly (N-isopropylacrylamide) (PNIPAM) and poly (N,N-diethylacrylamide) (PDEA)
has been evaluated when in solution with water, the highly viscous liquid glycerol,
and both 50:50 and 90:10 glycerol:water mixtures. The adopted methodology
includes molecular dynamics techniques and a modified OPLS all-atom force
field, which is particularly challenging when the monomers of the targeted
polymers have side-chains consisting of a hydrophobic isopropyl group and a
hydrophilic amide group along the carbon backbone chain. Hence, our approach
entailed simulations at the microsecond scale. The structural and energetic
properties of the polymers were characterized, including radius of gyration,
solvent accessible surface area, polymer-solvent hydrogen bonding, and
interaction energies. Our predictions indicate that these polymers sustain a
coil-to-globule phase transition in glycerol solvents at significantly higher
LCSTs when compared to the LCST in less viscous aqueous solutions. These
predictions highlight valuable insights that will prove advantageous for industrial
and nano-scale applications requiring polymer phase behavior with elevated LCST
well above ambient temperature.
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1 Introduction

As part of a large family of thermoresponsive polymers, poly
(N-isopropylacrylamide) (PNIPAM) and poly-(N,N-
diethylacrylamide) (PDEA) exhibit a coil-to-globule phase
transition above a lower critical solution temperature (LCST).
The LCST of a particular polymer depends on the local solvent
environment and can be tuned through solution parameters such
as co-solvent molar concentrations or pH. There has been large
scientific interest in these polymers regarding biomedical
applications (Doberenz et al., 2020). In particular, PNIPAM and
PDEA in water solutions have an experimental LCST of
approximately 305 K, which is relatively close to body
temperature and ideal for potential drug delivery systems
(Idziak et al., 1999). As a result, numerous experimental and
computational studies have been performed focusing on the
properties of these polymers in aqueous solutions, including co-
solvents of various salts, alcohols, and urea (Du et al., 2010; Pang
and Cui, 2013; Kang et al., 2016; Micciulla et al., 2016; Dalgicdir
and van der Vegt, 2019; Pérez-Ramirez et al., 2019; Bharadwaj
et al., 2022; Concilio et al., 2022). In general, the addition of co-
solvents has been shown to decrease the LCST of PNIPAM when
compared to the LCST in a pure water system. There have also
been a limited number of studies examining more viscous solvents
or their mixture with water, such as experiments on the effect that
various concentrations of either glycerol, erythritol, or xylitol
mixed with water had on the LCST of PNIPAM (Narang and
Venkatesu, 2018; Rosi et al., 2022). In the case of glycerol, it was
shown that in aqueous solutions with up to 0.75 M of glycerol, the
LCST of PNIPAM decreased from 305 K to 303 K (Narang and
Venkatesu, 2018). However, such mixed solvent environments
differ significantly from that of pure glycerol. Indeed, at 300 K
the viscosity of pure glycerol is almost one thousand times higher
than the viscosity of pure water (Gregory, 1963). There are recent
experimental trends for employing high glycerol content solutions
of 90:10 with polymers in micro channel experiments leading to
biosensors novel architectures (Qin and Arratia, 2017).

In this research we predict the influence of high glycerol content
in mixed aqueous solutions on the LCST of PNIPAM and PDEA 30-
monomer oligomers. Indeed, the effect of glycerol dominated
aqueous solutions on the LCST of PNIPAM and PDEA
oligomers has yet to be unraveled. Currently, no experiments or
simulations exist in the literature on the LCST of either polymer in
pure glycerol or in high glycerol concentration of its mixed solutions
with water. In a nutshell, the overall thermal behavior exhibited by
these polymers in pure glycerol is unknown. In this article we report
our Molecular Dynamics (MD) simulations of both oligomers in
pure glycerol, in mixed glycerol:water solutions with relative
concentration by mass of 90:10, 50:50, and in pure water. We do
verify that for PNIPAM in pure water or in the 50:50 glycerol:water,
the LCST remains in the range of 300–305 K and predict that PDEA
in these solvents displays a similar LCST. Moreover, we predict the
LCST of the PNIPAM and PDEA oligomers in pure glycerol and in
the 90:10 glycerol:water mixture to be in the range of 380–390 K and
370–380 K, respectively.

This article is organized as follows. Section 2, Models and
Methods, provides a description of how the various polymers in
solution of pure and mixed liquids are built at the atomic scale

providing extensive details on the all-atom MD large-scale
simulation methodology. Section 3, Results and Discussion,
provides analyses probing the fate that the PNIPAM and PDEA
oligomers undergo when mixed in pure glycerol, 90:10 and 50:
50 glycerol:water mixed liquids and in pure water at different
temperatures until the LCST transition takes place and the
oligomers at lower temperature in the coil structure collapse into
the globule structure. The analytics is achieved following the
oligomer radius of gyration, moments of inertia, interaction
energy with the solvent, solvent accessible surface area (SASA),
and an embedded structural approach through principal component
analysis over the 280–400 K range of temperatures. An inspection
into the hydrogen bonds formed between the oligomers and their
liquid environments is also included. The Conclusions, Section 4,
summarizes the observations and provides a critical discussion on
the structural changes that the oligomers undergo when
transitioning across the LCST. Quantitative details are provided
in the Supplementary Material.

2 Model and methods

The chemical structure of the PNIPAM (C6H11NO) and PDEA
(C10H15NO2) monomers is provided in Figure 1. For the generation
of a polymer chain with 30monomers, a three-dimensional model of
each polymer monomer was constructed using the chemical editor
Avogadro (Hanwell et al., 2012). Meanwhile, the oligomers desired
syndiotactic tacticity with alternating orientation of the side groups
along the backbone chain, were created using a custom-built Python
script. These polymeric chains have molecular weight less than
10 ku. Hence, we termed them oligomers (Litvinova, 2000).
Specifically, the oligomers studied in this work are 30-PNIPAM
(572 atoms, 3,396.819 u) and 30-PDEA (662 atoms, 3,817.629 u).

Concerning the modeling employed for all molecular systems,
the all-atom OPLS-AA/M force field was used (Jorgensen et al.,
1996; Robertson et al., 2015). As is described in previous work,
custom atomic charges for the two oligomers were calculated within
the restrained electrostatic potential (RESP) approach (Bayly et al.,
1993; Frisch et al., 2013; Hopkins et al., 2020). In these oligomers the
partial atomic charges of the head, middle, and tail monomers are
redistributed to maintain the sp3 hybridization of the backbone
carbon atoms. The latter was achieved using the utilities
Antechamber and prepgen included in AmberTools 20 (Case
et al., 2020). Our obtained atomic partial charges are reported in
Supplementary Table S1 of the SM. The SPC/E force field was
employed for water (Berendsen et al., 1987).

MD simulations were performed using GROMACS 20.4
(Lindahl et al., 2020). The required topology files containing
parameters and oligomer geometry were generated with the aid
of the tppmktop utility Erg Research Group: Laboratory of
Theoretical (Erg Research Group, 2015). A similar process was
used for establishing the topology file of the glycerol (C3H8O3)
liquid. The simulation strategy is an adaptation of our more general
MD modeling process for macromolecular systems (Andrews and
Blaisten-Barojas, 2022).

Since glycerol and water have similar polarity and form an
homogeneous solution when mixed in all proportions, our
simulations were initialized by placing the fully elongated
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oligomer inside a dodecahedral computational box and filling the
box with randomly placed molecules of the surrounding liquid.
For the systems with pure liquids, 2,383 glycerol molecules or
10,980 water molecules were added to the computational box. For
the two mixed liquids systems, relative concentration by mass of
glycerol:water to reach 50:50 and 90:10 required addition of
1,110:5,651 and 2,350:1,326 glycerol:water molecules to the
computational box, respectively. Each system was initially
minimized, followed by a series of NVT- and NPT-MD
simulations to reach equilibration. A collection of
temperatures was evaluated between 280 and 400 K, and the
equilibration of the systems at each temperature was achieved
though NPT-MD simulations over 40 ns, followed by NVT-MD
simulations exceeding 1.0μs. While fully restraining the oligomer
conformation, the system was equilibrated at 1.0 atm for all the
temperatures using the Nosé-Hoover thermostat and the
Parrinello-Rahman pressure coupling (Parrinello and Rahman,
1981; Nosé and Klein, 1983; Nosé, 1984; Hoover, 1985). In all
cases, a 1.0 fs time step, periodic boundary conditions, and a
1.2 nm cutoff for the electrostatic and van der Waals interactions
were used. The long-range electrostatic interactions were
accounted for with the smooth particle-mesh Ewald method
(PME) with a Fourier spacing of 0.12 nm (Essmann et al.,
1995). For all bonded hydrogens, the linear constraint solver
LINCS was applied (Hess et al., 1997). To ensure proper statistics
of the oligomers fate, all production simulations were carried out
for 1.0 μs. Reported values were averaged over the last 200 ns of
each NPT MD run along which instantaneous configurations
were saved every 20 ps yielding trajectory files with 10,000 time
points. Supplementary Table S2 of the SM gives a summary on
the relative concentration by mass of the oligomers in the various
liquids and the equilibrated density of each system at two
temperatures (below and above the LCST).

The data analyses employed several utilities embedded in the
GROMACS package (Lindahl et al., 2020). The sasa utility

enabled the computation of the oligomers SASA (Eisenhaber
et al., 1995). The hbond utility was used for calculating the
hydrogen bonds with donor-acceptor cutoff angle of 30°and
cutoff distance of 0.35 nm. The interaction energy between the
oligomer and the solvent, Eint, was determined via the rerun
command that separates atoms according to groups and analyzes
the Lennard-Jones and electrostatic energies between the
oligomer atoms and the solvent molecules atoms via the
following difference of potential energies:

Eint � Etotal − Esolvent − Eoligomer (1)
where Etotal is the potential energy of the full system containing the
oligomer plus the liquid environment, Esolvent is the total potential
energy of the pure or mixed liquids, and Eoligomer is the potential
energy of either the 30-PNIPAM, or the 30-PDEA.

Once the MD trajectories for each oligomer in its liquid
environment was calculated, the covar and anaeig utilities were
employed for performing a principal component analysis (PCA)
(Jolliffe and Cadima, 2016). For each oligomer, the recorded
instantaneous coordinates of its structure along the MD
trajectory were first aligned to an arbitrary equilibrated
configuration with the goal of eliminating the overall translation
and rotation (Amadei et al., 1993). Next, a matrix C (nt, 3N) was
built containing 3N columns of mass-weighted coordinates of the N
backbone atoms and nt rows with their instantaneous time values
along the MD trajectory that were saved to file. The 30-PNIPAM
and 30-PDEA oligomers have NC = 60 carbon atoms in their
backbones that give rise to 57 contiguous dihedral angles ϕ, ψ,
where ϕ links C atoms of two contiguous monomers while ψ

involves the C atoms of three contiguous monomers. The matrix
was regularized by subtracting to each column its mean and dividing
by the corresponding standard deviation. The covariance matrix was
created, its eigenvalues and eigenvectors determined, followed by
projection of the regularized original vectors onto the two most
important principal components containing the largest portion of

FIGURE 1
Chemical structure of the PNIPAM and the PDEA monomers.
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the coordinates variance. Additionally, a similar analysis, termed
dPCA, was performed creating the covariance matrix of the
oligomer backbone ϕ, ψ cosines and sines collected over the MD
trajectory (Mu et al., 2005).

3 Results

As a validation of the force field for pure glycerol, the NPT-
MD equilibrated density as a function of temperature was
compared to the experimental density (Gregory, 1963; Egorov
et al., 2013). Supplementary Figure S1 of the SM depicts the
excellent agreement of the MD density results with the
experimental density. Altogether, eight systems were simulated
in which one 30-PNIPAM or 30-PDEA was immersed in each of
the four liquid environments considered: pure glycerol, 50:50 and
90:50 glycerol:water mixtures, and pure water. Each of these eight
systems were MD simulated at a set of five temperatures between
280 and 350 K in the water and 50:50 systems, and between
330 and 400 K in the glycerol and 90:10 system. Hence, our
results encompass over 40 μs of MD simulation, along which
various properties of the oligomers were calculated. Of
importance for this study is the analysis of the change in
oligomer structure as a function of temperature and as a
function of the liquid environment in which they are present.

A polymer coil is a flexible structure that undergoes
continuous bending and twisting with an overall spatially
elongated look, while under certain conditions the polymer
structure may collapse into a globule structure that is not
rigid, but is significantly more compact than the coil. Linear
polymers tend to acquire the extended coil conformation when
solvated in the residing liquid, while they collapse into a globular
cluster if they do not solvate. In the latter case, most often,
increasing the temperature of the mixture enhances the
miscibility and the polymers extend into coils. In contrast to
this general behavior, thermoreactive polymers solvate below
their LCST, displaying elongated coil structures, and collapse
into globular structures above their LCST, ending their
miscibility with the liquid environment.

The oligomer radius of gyration Rg is a polymer structural
property that permits a clear characterization of the size and
compactness acquired by the polymer chain when acquiring the
coil and the globule structures. Coil structural conformations are
associated to a large Rg. Above the LCST, thermoresponsive
polymers collapse into a globule-like structure with a
significantly lower Rg. Hence the Rg as a function of time was
calculated during the NVT-MD production runs for each
temperature considered. The LCST of each system was
determined by bracketing the Rg value between its high value
at a lower temperature and its low value at the next higher
temperature. Our reported values pertain to mass weighted,
Rg, such that for an oligomer with No atoms at positions ri,
center of mass position rcm, and masses mi is given by

Rg �

��������������������∑No

i�1
mi ri − rcm( )2/∑No

i�1
mi

√√
(2)

We determined that the LCST of 30-PNIPAM and 30-PDEA in
water was in the range 292–300 K. This aligns with other
computational studies and provides confidence in the developed
polymer force field (Longhi et al., 2004; Kang et al., 2016; Moghadam
and Larson, 2017; de Oliveira et al., 2018; Palivec et al., 2018;
Dalgicdir and van der Vegt, 2019). Unexpectedly, the LCST of
30-PNIPAM in the 50:50, 90:10 glycerol:water mixtures, and in
pure glycerol are predicted to occur within 312–320 K, 362–370 K,
and 372–380 K, significantly higher than the phase transition in pure
water. Additionally, the LCST of 30-PDEA in themixed 50:50, 90:10,
and pure glycerol systems are predicted to occur within 332–340 K,
362–370 K, and 372–380 K. These predictions have not been
reported in the literature. Similarly, for 30-PDEA in pure
glycerol, the LCST is predicted within 382–390 K while in water
the transition occurs at the same temperature than for PNIPAM.
Figure 2 illustrates the dramatic coil collapse of both oligomers in all
four liquid environments when the temperature changes from below
to above their LCST.

Hence, below the LCST both 30-PINPAM and 30-PDEA display
the coil conformation as expected for thermoreactive polymers, and
above the LCST the oligomers acquire the globule conformations.
The MD simulations gave rise to abundant data that enabled
relevant structural and energetic analyses on the polymers coil
and globule phases. Compounding the LCST results, a phase
diagram can be estimated as depicted in Figure 3, where the
dashed lines joining the calculated points are a guide to the eye.
Supplementary Figures S2, S3 of the SM show profiles of the Rg as a
function of time along the NVT-MD trajectory for both oligomers in
the vicinity of the LCST. Table 1 reports the Rg averages and
standard deviations.

As summarized in Table 1, above the LCST temperature both
30-PNIPAM and 30-PDEA displayed an Rg depleted by 40%–50%
from the coil phase, evidencing the existence of the phase transition
in water and in glycerol solutions. Notably, in glycerol the globule Rg
of 1.19 nm was approximately 16% higher than the 1.02 nm Rg in
water. The oligomer more swollen structure in glycerol than in water
is possibly due to the larger size of the glycerol molecules that hinder
the compactness of the polymer chain while forming the globule
phase. From a different perspective, the moments of inertia along the
principal axis of the oligomers, Ia, Ib, Icwere also analyzed. The ratios
Ib/Ia and Ic/Ia in the coil phase are approximately 5–6 times higher
than those in the globule phase, emphasizing the appearance of the
compact globule conformation above the LCST transition
temperature, as reported in Table 1. The time profile of these
properties is provided in Supplementary Figures S2, S3 of the SM.

Water, glycerol and their mixtures are liquids that form
hydrogen bonds. The number of hydrogen bonds per monomer
(HB) for each oligomer and in each liquid was calculated along the
MD simulations, revealing that in water and glycerol HBs were
formed between the oligomer monomers and the solvent, as well as
between intra-oligomer monomers. For 30-PNIPAM and 30-PDEA,
HBs occurred between the oligomer carbonyl oxygen and the solvent
hydroxyl hydrogen, denoted as HBCO−HO. For 30-PNIPAM, HBs
also occurred between the oligomer amine hydrogen and the solvent
hydroxyl oxygen, denoted as HBNH−OH. Table 1 lists these values and
Supplementary Figures S2, S3 of the SM display their time behavior.
A small number of monomer-monomer HBs were also present
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between the carbonyl oxygen and amine hydrogen. While the
frequency of oligomer-solvent HBs decreased slightly above the
LCST, the frequency of the intra-oligomer monomer-monomer HB
increased slightly. Based on these observations, the number of HBs is
not a distinctive characteristic for identifying the behavior of the
oligomers either below and above the LCST in neither one of the
four liquid environments studied in this work.

Another interesting property is Eint, the interaction energy
per monomer between the oligomer and its liquid environment.
Mean values of Eint are listed in Table 1 while their time profiles
are provided in Supplementary Figures S2, S3 of the SM. For 30-
PNIPAM and 30-PDEA in water the Eint increased approximately
10 kJ/mol when the system transitioned from below and above
the LCST. This energy increase indicates a less favorable system
state above the LCST due to the decrease in the oligomer
solubility. In contrast, for both oligomers in pure glycerol, the
Eint increased only 4 kJ/mol for 30-PNIPAM, and 7 kJ/mol for
30-PDEA, indicating a less prominent effect due to the solvent in
the coil-to-globule structure transition of the two oligomers. In
fact, the 50:50 and 90:10 glycerol:water mixtures display a
progressive loss of solvent energy influence as the amount of
glycerol becomes more dominant, indicating that the oligomer
globule structure is less tightly bound the more glycerol is in the
solution. Figure 4 contains a scatter plot showing the correlation
between Rg and Eint occurring in all four studied liquid media for
both oligomers, where the red color identifies a high number of
occurrences along the 200 ns MD trajectory while blue indicates a
small number. This plot gives a clear visual representation of the
interaction energetics occurring in the four studied system for
each oligomer.

FIGURE 2
Instantaneous coil and globule configurations of 30-PNIPAM and 30-PDEA at temperatures below and above their LCST in (A) water (B) 50:50 and
(C) 90:10 glycerol:water mixtures, and (D) glycerol. The atom color scheme is: carbon = gray, oxygen = red, hydrogen = white.

FIGURE 3
Phase diagram for 30-PNIPAM and 30-PDEA in glycerol:water
mixed liquid environments as a function of the glycerol proportional
concentration. The blue (PNIPAM) and orange (PDEA) shaded areas
guide the eye identifying the predicted LCST regions where the
transition occurs at different glycerol proportions in the liquid. Above
these temperature regions (depicted green) the oligomers acquire the
globule structures, while below them (depicted white) the oligomers
are in the extended coil structure.
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TABLE 1 MD simulation summary. Values correspond to averages over the last 200 ns of the equilibrated 1.0 μs trajectory. Interaction energies and hydrogen
bonds (HB) are per monomer.

Solvent Oligomer phase Rg (nm) SASA (nm2) Ib/Ia Ic/Ia HB(CO−HO) HB(NH−OH) Eint (kJ/mol)

PNIPAM water 290 1.74 ± 0.16 41.5 ± 1.1 6.21 ± 2.77 6.69 ± 2.71 1.70 ± 0.09 0.55 ± 0.09 −97.88 ± 3.73

300 1.02 ± 0.06 33.9 ± 1.9 1.70 ± 0.44 2.11 ± 0.47 1.56 ± 0.11 0.54 ± 0.09 −88.12 ± 5.12

50:50 310 1.86 ± 0.13 41.7 ± 0.8 6.11 ± 4.74 6.77 ± 4.63 1.31 ± 0.11 0.53 ± 0.09 −101.16 ± 3.48

320 1.14 ± 0.04 34.8 ± 1.8 3.05 ± 0.51 3.43 ± 0.47 1.17 ± 0.11 0.48 ± 0.09 −87.77 ± 5.72

90:10 360 1.88 ± 0.07 41.9 ± 0.8 9.57 ± 3.08 10.01 ± 3.07 0.79 ± 0.09 0.49 ± 0.08 −96.16 ± 3.47

370 1.19 ± 0.05 37.5 ± 1.5 2.45 ± 0.54 2.98 ± 0.53 0.76 ± 0.10 0.48 ± 0.09 −90.21 ± 4.34

glycerol 370 1.92 ± 0.08 42.3 ± 0.9 11.04 ± 3.64 11.39 ± 3.60 0.59 ± 0.09 0.49 ± 0.08 −95.69 ± 3.60

380 1.19 ± 0.05 39.5 ± 1.5 1.57 ± 0.39 2.15 ± 0.41 0.58 ± 0.09 0.49 ± 0.08 −91.32 ± 3.97

PDEA water 290 1.74 ± 0.06 40.0 ± 0.7 14.25 ± 3.92 14.52 ± 3.82 1.50 ± 0.08 — −86.83 ± 2.65

300 1.02 ± 0.01 33.4 ± 0.8 1.79 ± 0.13 2.16 ± 0.19 1.36 ± 0.08 — −76.49 ± 2.55

50:50 330 1.65 ± 0.08 40.5 ± 0.9 8.51 ± 3.22 8.95 ± 3.11 1.14 ± 0.10 — −85.52 ± 2.90

340 1.17 ± 0.04 37.1 ± 1.4 2.29 ± 0.42 2.81 ± 0.41 1.11 ± 0.09 — −81.04 ± 2.96

90:10 360 1.68 ± 0.05 40.2 ± 0.7 7.01 ± 1.61 7.57 ± 1.53 0.76 ± 0.09 — −85.90 ± 2.96

370 1.15 ± 0.05 36.1 ± 1.4 2.38 ± 0.44 2.89 ± 0.46 0.71 ± 0.09 — −79.03 ± 3.56

glycerol 380 1.71 ± 0.07 40.8 ± 0.7 10.03 ± 2.49 10.35 ± 2.46 0.52 ± 0.09 — −84.41 ± 3.48

390 1.10 ± 0.03 36.4 ± 1.3 1.86 ± 0.38 2.36 ± 0.39 0.49 ± 0.08 — −76.72 ± 3.24

FIGURE 4
30-PNIPAM and 30-PDEA correlation plots between Rg and Eint per monomer (left), and between Rg and SASA (right) in (A) water (B) 50:50 (C) 90:
10 glycerol:water mixtures, and (D) glycerol systems. For each temperature 200 ns of NPTMD trajectory times were spanned, with 10,000 instantaneous
structures saved to file. Red and blue identify plot regions with large and small number of trajectory points.
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Supplementing the energetics of oligomer-solvent
interactions, the SASA of the oligomers was determined along
the MD trajectories, resulting in a visible characterization of the
coil-to-globule transition. Table 1 lists the SASA mean values
and standard deviations while Supplementary Figures S2, S3 of
the SM provide the time evolution along the MD trajectory. For
each oligomer in the coil phase, the SASA fluctuated between
39 and 45 nm2 both in water and in glycerol solvents; whereas in
the globule phase, the SASA fluctuations of 34 and 45 nm2 in
glycerol were comparatively larger than the 30 and 38 nm2

fluctuations observed water, indicating of the spatial
hindrance imposed by the size of glycerol molecules. By
correlating the SASA with the Rg of the MD simulations, the
coil and globule phases were well identified, as Figure 4
illustrates.

Two different principal component analyses were
performed, yielding additional insight into which oligomer
structures along the MD trajectories were coil or globular.
One PCA analysis involved the pre-aligned oligomer
backbone mass-weighted Cartesian coordinates as input
features. This PCA was done at the two temperatures
bracketing the LCST for each oligomer in each liquid system.
The resulting PC1 and PC2 accounted for approximately 63% of
the total variance in the analyses of the 30-PNIPAM and 30-
PDEA. The input features of each oligomer along the MD
trajectory are projected on these prominent principal
components and their time profile is given in Supplementary

Figures S4, S5 of the SM. The second PCA analysis (dPCA)
involved the oligomer backbone dihedral angles (ϕ, ψ) along the
trajectory. Again, the dPCA was performed with data from MD
trajectories at the two temperatures bracketing the LCST for
each oligomer in each liquid system. A similar total variance
percentage was obtained in the dPCA analysis as in the previous
case when only the dPC1 and dPC2 were considered. A
projection of the original regularized data onto each of these
two prominent principal components was achieved.
Supplementary Figures S4, S5 of the SM provide the dPC1

and dPC2 time evolution along the MD trajectory.
Meanwhile, the scatter plot of the projected original data
onto dPC1 and dPC2 is shown in Figure 5 illustrating both,
the 30-PNIPAM and 30-PDEA. Noticeable, the density of
trajectory points in these scatter plots is not uniform. Indeed,
the point density is associated to a probability distribution P
spanning the plot plane, which was evaluated by assigning a
color scale identifying highly dense regions of points in red low
dense regions in blue as illustrated in Figure 5 while a similar
analysis for the coordinates-based PCA is given in
Supplementary Figures S6 of the SM. This P is an alternative
tool for evaluating visually the fluctuations of the oligomer
structure when it is in the coil or globule structures. As an
example, for the dPCA analysis, Figure 6 provides a wireframe
visualization of representative structures in the regions of high
P, clearly showing the difference between the elongated coil
(left) and compact globule (right) configurations.

FIGURE 5
Scatter plots of the 30-PNIPAM and 30-PDEA dihedral angles data along the MD trajectories projected onto the dPC1 and dPC2 for the (A)water, (B)
50:50, (C) 90:10 glycerol:water mixtures, and (D) glycerol systems below the LCST (left) and above he LCST. (right) for each oligomer.
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4 Conclusion

This article describes a high-performance modeling and
simulation approach that evidences the power of microsecond-
long Molecular Dynamics simulations for identifying the
structural characteristics of two polymers undergoing the LCST
phase transition in four different liquid environments. Based on our
extensive simulations, the research outcomes predict that 30-
PNIPAM and 30-PDEA syndiotactic oligomers display the coil-
to-globule transition when mixed with pure glycerol or with the 90:
10 glycerol:water mixture with predicted LCST temperatures in the
range 360–390 K. As a validation of these predictions, additional
simulations for these two oligomers in liquids with a higher content
of water, were performed for mixed glycerol:water 50:50 and pure
water systems. Our outcomes predict significantly lower LCSTs in
the range 290–340 K depending on the oligomer and the glycerol
content of the liquid environments.

In a nutshell, our four predictions for the 30-PNIPAM LCST are
370–380 K in pure glycerol, 360–370 K in mixed 90:10 glycerol:
water, 310–320 K in mixed 50:50, and 290–300 K in pure water.
Hence, while the result of this oligomer in water is in excellent
agreement with the existing experimental and computational

literature, our predictions for the LCST as the glycerol content by
mass increases allowed us to describe a predicted phase diagram for
the LCST transition as reported in Figure 3. Currently, there are no
experimental observations of this transition for PNIPAM in pure
glycerol or glycerol:water solutions with high glycerol content.
Simultaneously, our four predictions for the 30-PDEA LCST are
380–390 K in pure glycerol, 360–370 K in mixed 90:10 glycerol:
water, 330–340 K in mixed 50:50 glycerol:water, and 290–300 K in
pure water. The transition temperature for this oligomer is about
10 K higher than for 30-PNIPAM in equal liquid environments,
which is cast into the predicted phase diagram illustrated in Figure 3.
To be noted explicitly, currently, there are no experimental
observations of PDEA LCST structural transition in glycerol,
water or any mixture of these liquids.

Pertaining to our predicted higher than ambient and in the
range of boiling water LCSTs, it is worth pointing out that at those
temperatures the viscosity of glycerol of about 0.014 N/m2 is only a
small fraction of its value of 0.510 N/m2 at 304 K. Hence, this steep
decrease in the glycerol viscosity most likely enables the coil-to-
globule structural collapse of polymers in glycerol yielding a LCST
around the predicted 370–380 K or 380–390 K rage depending upon
the oligomer. Since the predicted LCST of PNIPAM and PDEA in

FIGURE 6
Collection of wireframe depiction of the 30-PNIPAM and the 30-PDEA backbones in water (A, C) and in glycerol (B, D) corresponding to the dPCA
embedding of Figures 5A,D. Grey and blue/red wires identify the oligomers structure corresponding to two regions of high P (red) in Figures 5A,D at
temperatures below and above the LCST.
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glycerol are above the boiling point of water, glycerol is a candidate
solvent for industrial applications where polymer phase change
behavior at higher than ambient temperatures would be
advantageous.
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