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The thermoresponsiveness of polymer-based soft materials opens perspectives in many applicative fields. This 
property in hydrated systems has the simple origin of a reversible de-mixing across a lower critical solution 
temperature, and has been explored for several chemically different amphiphilic polymers, each of them with 
specific critical conditions and phase behaviours. This work investigates for the first time by extensive atomistic 
molecular dynamics simulations the temperature dependence of the infinitely diluted aqueous solution of two 
such thermoresponsive macromolecules, poly(N-isopropyl-methacrylamide), PNIPMAM, and poly(2-isopropyl-2
oxazoline), PIPOX, in comparison to poly(N-isopropylacrylamide), PNIPAM, the much-more studied prototype 
system for polymers exhibiting a lower consolute boundary in water. The evolution of conformation and hydration 
water of the macromolecules is detected in a temperature range from well-below to well-above the transition 
temperature, with a favourable comparison to available experimental data. The resulting molecular description 
provides an explanation for deviations in solution properties of these macromolecules, including the effect of 
chaotropic anions and of solvent isotopic composition on the value of the lower critical solution temperature 
and the transition enthalpy. Overall, simulation findings show how the trade-off between gain in translational 
entropy of water molecules, associated with the reduction in solvent-excluded volume during the transition, 
and polymer-specific conformational features, determines the temperature response of these macromolecules in 
aqueous solution. In light of this molecular characterisation, a correlation between the single chain behaviour 
across the transition and the type I or type II phase diagram of the polymer aqueous solution can be postulated.

1. Introduction

Chemically-crosslinked hydrogels and microgels of some amphiphilic 
synthetic polymers exhibit, in aqueous media, a sharp and reversible 
volume contraction upon a thermal stimulus leading their temperature 
above a critical value, the volume phase transition temperature (VPTT), 
located in the temperature region of liquid water stability. This respon
siveness, suitable to applications in fields ranging from biomedicine 
to chemical sensing [1--3], finds its origin in the lower critical solution 
temperature (LCST) phase behaviour of the polymeric aqueous solution, 
typical of amphiphilic solutes in water. As a consequence, for a temper
ature increase across the LCST, also named as lower consolute tempera
ture, the macromolecule undergoes an entropy-driven transition from a 
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water-soluble state to a partially dehydrated one, which causes a drastic 
change of the polymer chains distribution in the aqueous medium [4]. In 
some amphiphilic vinyl polymers this temperature-induced de-mixing 
process is preceded by an intramolecular conformational rearrangement 
from an extended, coiled conformation to a collapsed, globular one, 
named as coil-to-globule transition, reminiscent of the cold renatura
tion of proteins and occurring at a critical temperature (𝑇𝑐 ) close to the 
LCST of the aqueous solution and to the VPTT of the microgel. The occur
rence of the single chain transition from coil to globule state, precursory 
to aggregation of polymer chains and phase separation, has been exper
imentally detected in very dilute aqueous solution of high molar mass 
polymers for poly(N-isopropylacrylamide), PNIPAM, [5,6] poly(N,N
diethylacrylamide) [7] and poly(N-vinylcaprolactam) (PVCL) [8]. The 
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Fig. 1. Chemical structure of the repeating unit of PNIPAM (a), PNIPMAM (b) 
and PIPOX (c).

former polymer is historically considered the prototype of synthetic 
macromolecules with this kind of thermo-responsiveness, [9,10] and its 
solution behaviour in aqueous environment has been the subject of a 
great number of investigations [11].

Typically, the LCST value of the polymer-water solution is related 
to the degree of hydrophobicity of the repeating unit, decreasing at 
increasing content of hydrophobic groups. Such a behaviour is ob
served for some polymers that have in the side-chain an amide moi
ety, the hydrophilic component, being N- substituted with one or two 
aliphatic groups: the larger the size and number of the aliphatic groups, 
the lower the LCST. An example of this progression is provided by 
poly(N-methylacrylamide) and poly(N,N-dimethylacrylamide), whose 
monophasic aqueous solutions are thermodynamically stable in the 
whole temperature range, [12] and poly(N-ethylacrylamide), [13] 
poly(N-vinylcaprolactam), [14] poly(N,N-diethylacrylamide) [15] and 
PNIPAM, [11] having LCST of approximately 347, 307, 306 and 305 K, 
respectively.

In this respect, the principle that the degree of hydrophobicity 
monotonously tunes the water solubility of the polymer, has inspired 
the design of PNIPAM copolymers with differentiated LCST [16--18]. 
For example, the statistical copolymerisation of N-isopropylacrilamide 
with hydrophilic monomers such as acrylamide increases the LCST up 
to about 318 K when the polymer chain incorporates 18 mol% of acry
lamide, whereas the LCST decreases to about 296 K when 20 mol% of hy
drophobic N-ter-butylacrylamide is included [19]. This rule, however, 
is violated by poly(N-isopropylmethacrylamide), PNIPMAM. Similar to 
PNIPAM, PNIPMAM aqueous solution exhibits a LCST behaviour of type 
II, the quite rare phase behaviour characterised by a weak dependence 
of the de-mixing temperature on polymer molar mass and concentra
tion [11]. The LCST of PNIPMAM aqueous solution is ∼317 K [20,21,4], 
about 10 K higher than the one of PNIPAM. Also for PNIPMAM the 
thermally induced phase separation is preceded by the single chain 
coil-to-globule transition, that has been characterised by spectroscopic 
methods in dilute solution [22]. The higher transition temperature of 
PNIPMAM, as compared to PNIPAM, is apparently in contradiction with 
its larger content of hydrophobic groups due to the presence of an ad
ditional methyl group on the backbone (Figs. 1a and 1b). Consistently 
to the behaviour of the linear polymer, the VPTT of PNIPMAM based 
microgels is higher than the one of PNIPAM microgels [23].

Among the amphiphilic polymers exhibiting a LCST behaviour in 
water, poly(2-isopropyl-2-oxazoline), PIPOX, is a chemical isomer of 
PNIPAM, with an extra backbone bond per residue (Fig. 1c). Like PNI
PAM, PIPOX repeating unit contains an amide functionality, but with 
no donor group for hydrogen bonding, and an isopropyl group in the 
side-chain. The diluted aqueous solution of this amphiphilic polymer 
is thermodynamically stable at room temperature but an endothermic 
phase separation occurs by increasing the temperature above a criti
cal value ranging from about 308 to about 318 K, depending on the 
degree of polymerisation, DP [24--26]. The presence of thermally in
duced endothermic de-mixing is a characteristic common to PIPOX, 
PNIPAM and PNIPMAM aqueous solutions. However, differently from 
the last two macromolecules, PIPOX in water displays a type I phase 

behaviour with liquid-liquid phase separation, and polymer crystallisa
tion occurs at high temperature [24,26]. Type I LCST behaviour is the 
classical case for polymer solutions, characterized by Flory–Huggins
like phase behaviour, for which the phase transition temperature is 
significantly affected by the macromolecule concentration and degree 
of polymerisation. These PIPOX features suggest a different conforma
tional behaviour of the chain upon the transition, as compared to PNI
PAM and PNIPMAM. In this respect, the absence in the literature of 
reports on volume phase transition of PIPOX microgels is remarkable. 
Chemically-crosslinked monolytic hydrogels based on PIPOX display a 
thermally induced shrinking, but the transition occurs in a broad tem
perature range and is not reversible because of crystallisation [27]. 
Another property which indicates a difference in the role of hydration 
for the de-mixing, by comparing PNIPAM, PNIPMAM and PIPOX, is the 
effect of the isotopic variation of the solvent: for the first two polymers 
the system in D2O has a higher transition point as compared to the one 
in H2O [28,29], while the opposite is observed for PIPOX D2O and H2O 
solutions [26,30].

Atomistic molecular dynamics (MD) simulations can finely repro
duce the experimentally observed solution behaviour of thermorespon
sive polymers [31], accessing hydration features, local conformation 
and dynamics of the macromolecule, as well as solvent properties [32--
37]. This information contributed to clarify the mechanism of the coil
to-globule transition and the influence on this process of polymer stere
oregularity [38] and presence of cosolvents/cosolutes [39--44]. In this 
work we use the computing tool of MD simulations to address the issue 
of the different solution behaviour of PNIPMAM and PIPOX, having PNI
PAM as a reference. The last polymer, whose temperature-responsive 
properties in aqueous environment have been characterized with nu
merous experimental approaches [11], is the optimal basis for a compar
ison. Moreover, we identified a computing setup that has been proved 
to be effective in detecting PNIPAM molecular properties [39,40,31]. 
Using such a setup for PNIPAM, PNIPMAM and PIPOX aqueous solu
tions, here we detect the temperature effect on structural and dynamical 
properties of polymer and hydration water, by validating simulation 
results with a comparison to available experimental data. Rarely com
putational methods have been used to investigate PNIPMAM character
istics [45--47]. On our best knowledge, this is the first MD simulation 
study where the solution behaviour of PNIPMAM is densely monitored 
across temperature with a direct detection of the transition point. Pre
vious investigations with atomistic MD simulations of PIPOX in water 
are scarse and considered only few representative thermal conditions 
[48--50]. Here we systematically sample the temperature behaviour of 
PIPOX solution from below up to above the de-mixing temperature, 
exploring a wide time window for each state point. As compared to pre
vious studies, we focus on the characterisation of hydration features 
of the infinite dilution condition. The in-depth analysis of molecular 
properties hardly accessible in experiments allows us to highlight the 
factors responsible for the higher thermal stability of the coil state 
of PNIPMAM in water and, concerning PIPOX, for the absence of the 
coil-to-globule transition crossing the lower consolute boundary tem
perature of the polymer aqueous solution, as indicated by experimental 
findings [51]. The overall picture suggests that, for these synthetic am
phipilic macromolecules in water, the trade-off between: i) a common 
entropic driving force for the de-mixing, consisting of the increase of wa
ter translational entropy at decreasing solvent-excluded volume, and ii) 
the constraints imposed by local conformational features of the polymer 
backbone, determines the occurrence or absence of the coil-to-globule 
transition and, ultimately, affects the value of the lower consolute tem
perature. Consistently, the lower flexibility of PNIPMAM with respect 
of PNIPAM leads to a decrease of the coil-to-globule transition entropy 
that increases the transition temperature and the rigidity of PIPOX chain 
prevents the chain folding, triggering intermolecular association above 
the LCST. Such an interpretation does not deny the influence of the hy
drophilic/hydrophobic balance in the water a˙inity of macromolecules, 
but this influence emerges only for classes of polymers having the same 
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Fig. 2. Temperature behaviour of radius of gyration (a) and solvent accessible surface area per residue (b) for PNIPAM (red symbols), PNIPMAM (blue symbols) and 
PIPOX (black symbols). Dotted lines are a sigmoidal fit to the PNIPAM and PNIPMAM data. The transition temperature values for PNIPAM and PNIPMAM, equal to 
299 ± 1 and 309 ± 2 K, respectively, are identified by vertical bands including error bars.

conformational characteristics, like vinyl N-substituted homo-poly(acry
lamides) and amphiphilic vinyl copolymers [17,19]. Finally, relating 
the molecular behaviour across the thermally induced transition to the 
type of phase diagram of the polymer solution (type-I or type-II), some 
considerations for a possible correlation between microscopic charac
teristics of the polymer and macroscopic solution behaviour in water 
are proposed.

2. Methods

The model consists of a single chain in aqueous solution at infinite 
dilution, PNIPAM and PNIPMAM being represented as a chain of 30 
residues, while PIPOX as a chain of 20 residues, to have the same num
ber of backbone chemical bonds for all polymers. Stereochemistry of 
PNIPAM and PNIPMAM is set as atactic, according to the characteristics 
of these polymers when synthesised in the absence of stereoselective 
agents [52,53]. In the PIPOX chain all carbonyl groups are oriented 
in the same direction, a stereochemical characteristic consistent to the 
mechanism of the polymerization reaction [48]. The polymers are de
scribed with the force field OPLS-AA [54], applying the modifications of 
Siu et al. for PNIPAM and PNIPMAM [55] and with a refinement of par
tial charges for PIPOX [48]. TIP4P-Ice model is used for water [56]. This 
computing setup has been effective in reproducing the pressure/tem
perature phase behaviour of PNIPAM aqueous solution [31]. NPT MD 
simulations are performed at 0.1 MPa at different temperatures from 
283 to 333 K, using the same starting configuration. Trajectories of 
0.5 μs are acquired at each temperature, in two or three independent 
replicas, using the GROMACS software package (versions 2020.3 and 
2022.3) [57,58]. The last 100 ns interval is used as the production run, 
with a sampling frequency of 1 frame every 5 ps. Values of computing 
observables are obtained from the average over different replicas and 
errors, when not differently specified, are estimated from standard de
viations over both replicas and production run. Details on simulation 
protocol and trajectory analyses are reported in Sections S1 and S2, re
spectively, of the Supplementary Data. PNIPAM results are presented in 
a previous study [59] and used for comparison and detailed characteri
zation of the different thermoresponsive behaviours.

3. Results and discussion

Using PNIPAM as a reference, we first present and discuss the re
sults on the solution behaviour of PNIPMAM, which has several common 
characteristics with the one of PNIPAM, and then address the PIPOX vs 
PNIPAM comparison. Finally, simulation insights on the hydration pat
tern of the three polymer systems are related to some features of their 
thermal responsiveness in aqueous environment.

3.1. PNIPMAM vs PNIPAM

The temperature dependence of radius of gyration (R𝐺) and solvent 
accessible surface area (SASA) of the polymer chain are diagnostic of the 
coil-to-globule transition. Fig. 2 compares the behaviours of these struc
tural observables for PNIPMAM and PNIPAM between 283 and 333 K.

Both polymer chains display a reduction of size and SASA at in
creasing temperature, but the temperature range where extended con
formations are prevalent is larger for PNIPMAM. The sigmoidal fit of 
the results, consistently for R𝐺 and SASA, provides the T𝑐 values of 
309 ± 2 and 299 ± 1 K, for PNIPMAM and PNIPAM, respectively. The 
transition temperatures are close to the experimental values and the 
10 K increase of PNIPMAM vs PNIPAM T𝑐 is fully consistent to the ex
perimental findings. This agreement validates our approach, aimed to 
comparatively monitor the molecular evolution of the two polymers. 
Considering the coil and globular states populated below and above 
T𝑐 , respectively, Fig. 2a shows that, for the same degree of polymer
ization, PNIPMAM and PNIPAM chains have similar sizes in the coil 
state, while globular states of PNIPMAM are more expanded than those 
of PNIPAM. Laser light scattering experiments suggest that, as com
pared to PNIPAM, PNIPMAM chains form looser aggregates during the 
phase transition [60], which is reproduced in our simulations. The larger 
size of PNIPMAM chain in the globular state determines a lower intra
chain hydrogen bonding after the transition as compared to PNIPAM 
(see Fig. 3a), a characteristic which is consistent to FTIR and Raman 
spectroscopy findings [45]. As a consequence of the additional methyl 
group on the backbone, SASA values of PNIPMAM are larger than the 
PNIPAM ones for both the coil and the globular state (Fig. 2b), however, 
the decrease of SASA upon the transition is smaller for PNIPMAM and 
the transition is broader, as experimentally detected [21]. The evolution 
with temperature of the distribution of PNIPMAM SASA values (Figure 
S1) highlights the transition from water exposed, coiled conformations 
to collapsed states.

The role of water in the coil-to-globule transition of PNIPAM is es
sential, both providing the driving force of this process [61] and deter
mining its endothermicity [39]. Considering first the hydrogen bonding 
of water to polymer, simulations detect a lower number of PNIPMAM
water hydrogen bonds as compared to PNIPAM (Fig. 3b). The time decay 
of the intermittent autocorrelation function for this interaction reveals 
a higher persistence of water molecules in the hydrophilic hydration 
shell of PNIPAM (Figure S2), confirmed by the values of the average 
lifetime of polymer-water hydrogen bonds shown in Figure S3 (see Sec
tion S2.2 for the definition of this observable). Overall, these findings 
show that polymer-water hydrogen bonding is more relevant in affect
ing the solution behaviour of PNIPAM, as compared to what it does for 
PNIPMAM, from both a structural and dynamical point of view. In order 
to detect factors responsible for the higher thermal stability of PNIP
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Fig. 3. Number of (a) polymer-polymer (HB𝑃𝑃 ) and (b) polymer-water (HB𝑃𝑊 ) hydrogen bonds as a function of temperature for PNIPAM (red circles), PNIPMAM 
(blue circles), and PIPOX (black circles). Dashed lines are guides to the eye. Note that the chemical structure of PIPOX does not allow for intramolecular hydrogen 
bonding and PIPOX is therefore not included in plot (a) (see Fig. 1).

Fig. 4. Temperature behaviour of the number of FHS water molecules per residue for PNIPAM (red symbols), PNIPMAM (blue symbols) and PIPOX (black symbols). 
The total number, the number of FHS surrounding hydrophobic and hydrophilic groups is reported in panels (a), (b) and (c), respectively. The inflection points of 
the sigmoidal fitting curves for PNIPAM and PNIPMAM coincide with the T𝑐 values of Fig. 2.

MAM coil state, we compare the hydration pattern of PNIPMAM and 
PNIPAM considering at first the composition of the first hydration shell, 
FHS (see Section S2.3 for selection criteria). Fig. 4a shows the tempera
ture behaviour of the total number of FHS water molecules per residue 
and, selectively, of those located in the surrounding of hydrophobic and 
hydrophilic groups (Figs. 4b and 4c, respectively). Radial distributions 
between polymer and water oxygen atoms, illustrating the local water 
coordination, are reported in Figure S4. The overall number of hydra
tion water molecules of PNIPMAM in the water-soluble states is about 
15 per residue, in agreement to the estimate proposed in a calorime
try study [62]. Distinguishing between hydrophilic and hydrophobic 
FHS water molecules (Figs. 4b and 4c), we detect a higher hydration 
of hydrophobic regions of PNIPMAM both in the coil and globule states, 
while the opposite holds for hydrophilic groups, manly for the lower 
accessibility of amide nitrogen atoms (Figures S4a and S4b). This find
ing well reproduces Raman spectroscopy results [21], which indicate 
that hydrophobic groups of PNIPMAM are more hydrated than the ones 
of PNIPAM and amide groups of PNIPMAM are less hydrated than the 
ones of PNIPAM. Consistently, the polymer-water hydrogen bonding of 
PNIPMAM is lower with respect to PNIPAM, as detected by simulations 
(Fig. 3b).

As compared to PNIPAM, PNIPMAM has a higher total number of 
hydration water molecules in the whole explored temperature range, be
cause of the larger contribution of hydrophobic hydration. However, a 
lower decrease of hydration water molecules occurs when the polymer 
transitions from coiled to globular states. From the sigmoidal curves 
shown in Fig. 4a, that strictly follow the trends detected for R𝐺 and 
SASA (Fig. 2), a loss of FHS water molecules of about 2.3 and 2.8 FHS 
water molecules per residue can be estimated for PNIPMAM and PNI

PAM, respectively (Fig. 4a). The lower hydration variation observed for 
PNIPMAM comes mainly from a lower de-hydration of the hydrophobic 
interface.

SANS and VSANS experiments on PNIPMAM and PNIPAM D2O solu
tions in semidiluted regime have characterised the surface features, size 
and water content of mesoglobules formed above the transition tempera
ture [21,63], showing that PNIPMAM mesoglobules are larger and more 
hydrated than those for PNIPAM. Simulation results are consistent with 
these features, since R𝐺 , SASA and hydration level of PNIPMAM chain 
at temperatures higher than T𝑐 are significantly greater as compared to 
PNIPAM (Figs. 2 and 4a).

We then analysed the degree of hydrogen bonding of FHS water for 
PNIPMAM and PNIPAM, quantified by the average hydrogen bonding 
coordination number of water molecules. This property has been de
termined including, in addition to water-water hydrogen bonds (HBs) 
formed within the FHS ensemble, HBs formed with polymer groups and 
with adjacent water molecules not belonging to the FHS (see Section 
S2.4 for the computation procedure of this observable). Fig. 5a displays 
that interfacial water molecules of PNIPMAM and PNIPAM have a simi
lar coordination of hydrogen bonds, however the overall FHS hydrogen 
bonding is differently composed since PNIPAM polymer-water hydro
gen bonds are more numerous as compared to the ones of PNIPMAM 
(Fig. 3b). Normalising the number of polymer-water HB to the number 
of water molecules in the FHS, we observe that the contribution of this 
interaction to the overall hydrogen bonding of hydration water is larger 
for PNIPAM (Fig. 5b). Considering that amide-water hydrogen bond
ing is energetically more stable than water-water hydrogen bonding, 
the enthalpy of HB formation being -50.7 [64] and -10.6 kJ/mol [65], 
respectively, these findings indicate that FHS is more constrained for 
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Fig. 5. (a) Temperature behaviour of the average hydrogen bonding coordination number of FHS water molecules for PNIPAM, PNIPMAM and PIPOX (red, blue 
and black symbols, respectively). Results for bulk water averaged among the different systems are also reported (light blue triangles; errors within symbol size). (b) 
Average number of polymer-water hydrogen bonds per FHS water molecule.

PNIPAM as compared to PNIPMAM. The average number of water-water 
hydrogen bonds formed by each FHS water molecule is reported in Fig
ure S5 of the Supporting Data.

The extent of overall hydrogen bonding of FHS decreases at increas
ing temperature (Fig. 5a), consistently with the exothermicity of this 
interaction. Interestingly, however, the number of polymer-water HBs 
per FHS water molecule is roughly constant in the explored tempera
ture range, showing that hydrogen bonding to polymer is preserved at 
increasing temperature, at the expense of water-water interactions (Fig
ure S5). For both polymers water in the FHS is slightly less hydrogen 
bonded as compared to bulk water and the difference becomes more 
accentuated at higher temperature (Fig. 5a). The lower degree of hy
drogen bonding of hydration water as compared to bulk water (Fig. 5a) 
highlights that, for all these polymeric solutions regardless of the type I 
or II phase diagram, the entropy gain that dictates the phase transition 
is not due to the release of water from the hydration shell, but rather 
to the increase of water roto-translational entropy for the decrease of 
solvent accessible surface area, which is indicative of the decrease in 
solvent-excluded volume.

The coil-to-globule transition enthalpy (ΔH𝐶→𝐺) for PNIPAM [66] 
and PNIPMAM [60] with similar molar masses has been measured in 
highly diluted aqueous solution by ultrasensitive differential scanning 
calorimetry. At the lowest heating rate of 0.08 K/min, ΔH𝐶→𝐺 of PNI
PAM is slightly greater than the one of PNIPMAM, being 6.8 and 6.7 
kJ/mol of residues, respectively. Simulation results allow to interpret 
such a result considering the main factors that contribute to the value 
of this thermodynamic quantity: i) the de-hydration of the polymer upon 
the transition involves a reduction of hydrogen bonding, polar and van 
der Waals interactions between polymer and water (an endothermic 
contribution); ii) intrachain interactions increase for the chain folding 
(an exothermic contribution); iii) water molecules released from the FHS 
to the solution bulk undergo a variation of hydrogen bonding, with a fur
ther enthalpic contribution. Concerning the first point, the decrease of 
polymer-water hydrogen bonds across the transition is slightly greater 
for PNIPAM (Fig. 3b), as well as the number of water molecules per 
residue released from the polymer interface (Fig. 4b). This difference 
in the reduction of HB, polar and van der Waals interactions between 
water and polymer groups, provides a positive contribution to the tran
sition enthalpy difference between PNIPAM and PNIPMAM, therefore 
ΔH𝐶→𝐺 would be larger for the former polymer. A further discrepancy 
between the two macromolecules emerges from point ii). The increase 
of intrachain hydrogen bonds at the transition is lower for PNIPMAM, 
the number of these interactions increasing of about 0.01 and 0.06 per 
residue for PNIPMAM and PNIPAM, respectively (Fig. 3a). This feature 
attenuates the enthalpic cost of PNIPAM transition, for the larger gain 
of intramolecular hydrogen bonding, and it opposes the contribution of 
point i). Finally, the change of environment of the water molecules re

leased from the FHS should be considered (point iii). For PNIPMAM, 
2.3 water molecules/residue move from the FHS to the solution bulk 
at the transition, experiencing a small increase of hydrogen bonding 
(Fig. 5a); a similar increase of hydrogen bonding is experienced by water 
molecules released from the PNIPAM FHS, being their number greater, 
namely 2.8 molecules/residue. These characteristics lead, concerning 
point iii), to a weak difference between the two polymers, which again 
attenuates the value of the transition enthalpy of PNIPAM as compared 
to PNIPMAM. Therefore, there is a rough compensation between the 
contribution of point i) and the one of points ii) and iii), making the 
transition enthalpies of PNIPMAM and PNIPAM not very dissimilar. The 
estimate of the absolute value of ΔH𝐶→𝐺 for PNIPMAM and PNIPAM, 
based on the variation of polymer-water and polymer-polymer hydrogen 
bonding across the transition and on the variation of hydrogen bonding 
of water molecules released from the FHS, is reported in Section S7 of 
the Supplementary Data.

We then address the characterisation of the polymers structure con
sidering the local conformational features. The chain conformation of 
PNIPAM and PNIPMAM is described by the values of the dihedral angles 
formed by the backbone carbon atoms. In atactic vinyl polymers, like 
PNIPAM, all such dihedral angles, 2𝑁 −2 for a chain of 𝑁 residues, are 
equivalent, therefore the average backbone conformation can be mon
itored with a 1-dimensional distribution of dihedral angle values. The 
same characteristic could be expected for atactic PNIPMAM. Figs. 6a 
and 6b report the distribution of values of backbone dihedral angle, Φ, 
for PNIPAM and PNIPMAM at 293 and 323 K, temperature conditions 
where both polymers populate preferentially coil and globular states, re
spectively. Trans (t), gauche (g) and gauche* (g*) local conformations 
are accessible to both PNIPAM and PNIPMAM, a feature that allows for 
the intra-molecular collapse of the chain at the LCST. However, a more 
complex profile is detected for PNIPMAM, since each maximum of t, g 
and g* states splits in two peaks. The analysis of individual backbone di
hedral angles of PNIPMAM (see Section S8 of the Supplementary Data) 
shows that the value of the angle is affected by the local stereochemistry, 
the main factors being the kind of dyad (meso or racemo) and the abso
lute configuration of the dyad whom the dihedral angle belongs to. This 
originates a heterogeneity in the values of the most probable value of 
t, g and g* rotational states, which slightly deviate from the theoretical 
ternary value, but in a different way depending on the local stereochem
istry, as a consequence of the steric hindrance of the additional methyl 
group on the backbone. For the atactic PNIPMAM chain, formed by a 
sequence of similarly populated meso and racemo dyads with different 
absolute configurations, this behaviour results in an overall distribution 
of backbone dihedral angles showing a splitting of each ternary state. 
The corresponding distribution of PNIPAM misses this effect for the neg
ligible steric hindrance of the hydrogen atom replacing the PNIPMAM 
methyl group.
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Fig. 6. Distribution of the values of the backbone dihedral angles for PNIPAM (a), PNIPMAM (b) and PIPOX (c), at 293 K and 323 K (blue and red lines, respectively, 
in (a) and (b)). Blue/red full lines and grey/orange dotted lines in (c) refer to dihedral angles Φ1 and Φ2 of PIPOX, respectively, at 293/323 K. Inset: illustration 
of dihedral angles in the polymer repeating unit. In the inset of (c) the grey arrow and the light grey arrows indicate the dihedral angle Φ1 and the two equivalent 
dihedral angles Φ2, respectively.

We analysed the local chain mobility considering the transitions be
tween t, g and g* rotational states of backbone dihedral angles (see 
Section S2.5). The segmental dynamics of PNIPAM is much more ac
centuated as compared to PNIPMAM. The fraction of mobile dihedral 
angles (F), namely of those angles performing at least one transition in 
the production run, is greater than 72% for PNIPAM and lower than 
32% for PNIPMAM, and the average lifetime of rotational state for the 
ensemble of mobile dihedral angles (𝜏𝑟𝑜𝑡) is lower for PNIPAM, being the 
transitions more frequent. Table S1 lists the values of these observables 
at 293 and 323 K, showing that PNIPMAM chain is intrinsically much 
more rigid for the trap steric effect of the methyl group on the backbone. 
These findings clearly reveal that the reduced local flexibility prevents 
a tight folding of the globule state and it is finally responsible for the 
lower decrease of SASA upon the coil-to-globule transition. A consider
ation concerning the entropic cost of the conformational collapse can 
be deduced from the values of the fraction of mobile dihedral angles 
and of the rotational lifetime (Table S1). For PNIPAM the fraction in
creases and 𝜏𝑟𝑜𝑡 decreases moving from the coil state at 293 K to the 
globule state at 323 K, showing that the thermal effect on the mobility 
prevails over the conformational constraint. Differently, these observ
ables are scarcely affected for PNIPMAM. These findings suggest a less 
unfavourable entropy variation upon the transition for PNIPAM as com
pared to PNIPMAM.

Figures S8a and S8b compare, for PNIPAM and PNIPMAM, respec
tively, the root mean square fluctuation (RMSF) of the backbone carbon 
atoms at 293 and 323 K. For both polymers and temperatures, higher 
RMSF values are observed for backbone carbon atoms of residues at the 
chain ends, due to their greater conformation freedom. The heterogene
ity of RMSF values along the polymer chain detected for PNIPAM can 
be related to the higher rotational mobility of this polymer. On average, 
the fluctuation of backbone carbon atoms of PNIPMAM is lower than 
the one of PNIPAM consistently to the attenuated local conformational 
dynamics (Table S1).

The occurrence of non-polar interactions between hydrophobic 
groups of polymer chains was proposed to affect the PNIPMAM dy
namics, leading to a slow mode and dynamic inhomogeneities even 
far below 𝑐 ∗ for the formation of clusters of chains, differently from 
the findings on dilute aqueous solutions of PNIPAM [67]. To explore 
this aspect in our systems we analysed the RDFs between methyl car
bon atoms of isopropyl groups for PNIPAM and PNIPMAM at 293 and 
323 K (Figure S9). The shape of the RDF is similar for the two poly
mers, but PNIPMAM RDF has peaks with smaller amplitude, indicating 
that intramolecular contacts between side chain hydrophobic group are 
less frequent, as compared to PNIPAM. This finding is consistent to the 
experimental view, that ascribes the slow dynamic component to hy
drophobic interactions between different polymer chains [67].

A comparative illustration of the polymer chains of PNIPMAM and 
PNIPAM at 293 and 323 K from simulations is presented in Fig. 7.

Recalling some salient simulation findings, we can recognize the 
pivotal role of the transition entropy in the rise of the PNIPMAM coil
to-globule transition temperature, with respect to the one of PNIPAM. 
PNIPMAM presents a lower local conformational freedom which can af
fect the conformational entropy cost of the transition. Indeed, the higher 
mobility of PNIPAM, which undergoes a less marked attenuation in the 
globule state, suggests that for this polymer the coil-to-globule transition 
can be promoted by a less unfavourable conformational entropy varia
tion. Most importantly, the decrease of SASA moving from the coil to the 
globule state is much lower for PNIPMAM than for PNIPAM (Fig. 2b). 
This characteristic entails, for PNIPMAM, a significantly lower entropy 
gain in terms of water translational entropy for the lower reduction of 
excluded volume to water molecules [61]. Simulation findings confirm 
this entropic contribution is the driving force of the PNIPMAM coil-to
globule transition, as well as for PNIPAM and other vinyl polymers [68]. 
Overall, comparing PNIPMAM and PNIPAM the lower value of the to
tal transition entropy, anyway positive for such endothermic processes, 
moves the transition to higher temperature being not compensated by a 
corresponding transition enthalpy decrease. In terms of entropy and en
thalpy contributions to the coil-to-globule transition of these polymers, 
our simulations confirm the experimental result [60].

3.2. PIPOX vs PNIPAM

With the aim of detecting a conformational response of the PIPOX 
chain at increasing temperature, we monitored the behaviour of R𝐺 and 
SASA, reported in Fig. 2. Opposite to PNIPAM, the polymer chain dis
plays a slight increase of size at increasing temperature, ruling out the 
occurrence of the coil-to-globule transition. This finding agrees with 
experimental results of fluorescence correlation spectroscopy on the 
polymer aqueous solution, showing that the hydrodynamic radius of 
the single chain stays unchanged when the cloud point is crossed, i.e. 
the collapse of single chains cannot be detected [51]. The temperature 
effect on the chain conformation is highlighted in Fig. 7, showing that 
PIPOX chain becomes more stretched at increasing temperature, accord
ing to what hypothesized from NMR and FTIR spectroscopy results [25]. 
Therefore, these results are consistent with the picture that the ther
mally induced de-mixing of PIPOX does not entail a coil-to-globule 
transition, but it consists of an intermolecular process in which chains 
self-assemble in extended conformation. The results in Fig. 2b highlight 
that PIPOX has the largest SASA per residue between the investigated 
polymers. Despite being a chemical isomer of PNIPAM, the different 
distribution of the repeating unit atoms with an additional moiety in 
the backbone leads to an increased interface to water and therefore to a 
larger excluded volume to water molecules in the polymer aqueous solu
tion [61,68]. In these conditions, and for the significant contribution of 
the hydrophobic surface on the total SASA (see later), the intermolecu
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Fig. 7. Representative snapshots of the simulated polymer chains at 293 (top) and 323 K (bottom). The first hydration shell of water molecules is also shown with 
light blue spheres.

lar association is very efficient in reducing the excluded volume to water 
molecule increasing the solution entropy.

Among the factors responsible for the absence of the coil-to-globule 
transition, we can immediately exclude the impossibility of PIPOX to 
form inter-residue hydrogen bond. Indeed, polymers lacking the NH 
hydrogen donor group, like poly(vinyl caprolactam) [8] and poly(N,N 
diethylacrylamide) [7], display an LCST behaviour in water which in
volves the coil-to-globule transition of the single chain at high dilution. 
Aiming to identify these factors, we analyse the hydration pattern and 
the conformational features of the chain, and we compare them with 
the corresponding characteristics of PNIPAM.

The radial distribution functions between PIPOX atoms and water 
oxygen atoms (Figure S4) highlight a sensibly lower accessibility of 
water to the hydrophilic region of the polymer, as compared to PNI
PAM, while methyl groups in the side chain are slightly more accessible. 
However, because of the more extended interface (Fig. 2b), the first hy
dration shell of this polymer hosts a greater number of water molecules 
per residue than both PNIPAM and PNIPMAM (Fig. 4a), the majority of 
these molecules surrounding hydrophobic groups (Fig. 4b). An evident 
difference between PIPOX and PNIPAM concerns the extent of hydrogen 
bonding of hydration water molecules, that is lower for the former poly
mer (Fig. 5a). This feature offers an explanation for the different effect 
exerted by chaotropic anions, like iodine and thiocyanate, on the LCST 
of these polymers. Experimental findings, obtained at the same ion and 
polymer concentrations and for polymers with similar DP, show that the 
presence of bromine increases of several degrees the PIPOX LCST, while 
PNIPAM LCST is barely affected [69]. Such a result implies that the ad
sorption of anions on the polymer surface, responsible for the salting-in 
effect [70,71], is higher for PIPOX, being facilitated by a less hydrogen
bonded hydration shell, as detected from simulations. A lower hydrogen 
bonding of the FHS is consistent with larger interfacial water density 
fluctuations, which are involved in the adsorption of chaotropic ions on 
the surface of amphiphilic polymers, leading to a slight increase in the 
LCST [72--74].

The lower overall hydrogen bonding of FHS water (Fig. 5a) and the 
lower contribution of polymer-water HBs (Fig. 5b) are correlated to a 
faster molecular exchange at the polymer interface, as shown by the 
shorter lifetime of PIPOX-water HBs (Figure S3). In this respect, the de
mixing and remixing kinetics of PNIPAM and PIPOX across the LCST 
have been comparatively investigated by modulated temperature differ
ential scanning calorimetry [24], detecting that the response for PIPOX 
solutions is markedly faster than for PNIPAM solutions. This experimen
tal finding can be explained by the different organisation and stability 
of the hydration shell of these polymers (Figs. 5 and S3).

The conformational characteristics of PIPOX chain are illustrated in 
Fig. 6c. This polymer has three backbone dihedral angles per residue, 
two of them being equivalent. The distribution of values of the two non
equivalent dihedral angles, Φ1 and Φ2, defined in Section S2.5, shows 
that only one rotational state is populated and no dihedral transition 
occurs at 293 and 323 K, then the torsional mobility is limited to a 
confined oscillation in within a single rotational state. Consistently, the 
RMFS of backbone atoms, shown in Figure S8c, is smaller than that of 
PNIPAM. This extreme conformational rigidity makes the chain folding 
impossible.

A peculiar aspect that differentiates PNIPAM and PIPOX is the op
posite single chain behaviour when increasing temperature across the 
de-mixing point: a decrease of the chain extension for PNIPAM, whilst 
an increase for PIPOX. For both polymers the raise of temperature ther
modynamically disfavours the solubility: the PNIPAM response is first 
the intramolecular collapse and then the interchain aggregation. For 
PIPOX the interchain aggregation occurs as the more significant process, 
however our simulation suggests that there is also a small intramolec
ular effect. Being forbidden the chain folding, the increase of extension 
allows for a small reduction of polymer-water interaction making less 
accessible the hydrophilic group of PIPOX. This behaviour is visible in 
the radial distribution function of Figure S4e.

On the basis of the molecular description provided by simulation, 
some considerations can be deduced on the value of the de-mixing en
thalpy of PIPOX aqueous solutions, as compared to the one of PNIPAM. 
Values determined at high dilution for PIPOX range from 2.3 to 4.7 
kJ/mol of residues depending on the degree of polymerisation [24]. In 
measurements of highly sensitive microcalorimetry an enthalpy change 
ranging from 1.51 ± 0.04 to 4.85 ± 0.04 kJ/mol has been obtained [30]. 
These values are lower than the transition enthalpy of PNIPAM, as con
firmed in [75]. There are two main factors that can explain such a 
difference: i) the lower hydrophilic hydration of PIPOX in the solu
ble state, that leads to a lower enthalpic cost for the chain dehydration 
(Fig. 2c); ii) the lower hydrogen bonding of FHS, for which the water 
molecules released in the solution bulk experience a greater increase of 
hydrogen bonds and then an enthalpy gain (Fig. 5a).

Finally, the conformational behaviour of PIPOX for increasing tem
peratures correlates well with the experimental observation of PIPOX 
crystallisation, mentioned in the Introduction. As you can see in Fig. 2a, 
the radius of gyration fluctuations decrease with increasing tempera
ture, indicating reduced conformational flexibility and hence increased 
rigidity. This rigidity is likely to be a critical requirement for the ordered 
packing of polymer chains necessary for crystallisation [26].
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Fig. 8. Histogram of the frequency of hydrophobic SASA fractions for PNIPAM, 
PNIPMAM and PIPOX (red, blue and black lines, respectively) at 293 K (full 
lines) and 323 K (dotted lines).

3.3. Hydration characteristics and critical conditions

Using as a molecular parameter the fraction of hydrophobic SASA 
obtained by simulations, whose distribution at 293 and 323 K is shown 
in Fig. 8, we can rate the polymers on the basis of their hydrophobicity.

PNIPAM and PIPOX result in having the lowest and highest degree 
of hydrophobicity, respectively. The order of LCST values does not con
form this graduation since PNIPAM displays the lowest LCST (∼305 
K [11]) in spite of the highest contribution of hydrophilic hydration. 
PNIPMAM has a higher LCST, of ∼317 K [20,21,4] and the de-mixing 
temperature of PIPOX in diluted solution ranges from ∼308 to ∼318 K 
for decreasing degrees of polymerisation [24--26]. Focussing on PNIPAM 
and PNIPMAM, whose de-mixing involves the coil-to-globule transition, 
the greater thermal stability of the coil state of the latter polymer finds 
a correspondence with the behaviour proposed for the cold denatura
tion of globular proteins in a Monte Carlo simulation study: the thermal 
region, where unfolded states are predominant, becomes wider in the 
presence of a larger number of hydrophobic residues [76]. The work 
of Bianco and Franzese [76] underlines the importance of the charac
teristics of the hydration shell in controlling the low-T entropic penalty 
of the macromolecular aqueous solution. This view is consistent to the 
simulation results illustrated in Fig. 5: a more constrained FHS leads to 
a thermally anticipated de-mixing phenomenon for those polymers, in 
our case PNIPAM and PNIPMAM, that own the conformational require
ments to fold their chain, like hetero-polypeptides composing proteins. 
Therefore, the coil-to-globule transition can respond to entropic needs 
imposed by hydration, having the water excluded volume as the main 
factor. In PIPOX, folding is intrinsically forbidden by very large tor
sional energy barriers (Fig. 6c) and the system can effectively reduce the 
water-polymer interface only with an intermolecular process. A direct 
comparison between PNIPAM and PIPOX lower consolute temperatures 
is not possible because of the different mechanism of de-mixing, which 
results in the type II and type I phase behaviour, respectively, of these 
chemical isomers.

The degree of hydrophobicity of polymers impacts the hydrogen 
bonds of the FHS for PNIPAM and PIPOX (Figs. 5a and 8). A decreased 
hydrogen bonding of solvent when the hydrophobic polymer–water in
terface increases, as detected for these polymers, is expected because of 
the topological extension along the chain of such interfaces [77].

It could be hypothesized that the FHS itself contributes to the sta
bility of the coil conformation of polymer chains in water, a more 
hydrogen-bonded water shell sustaining extended conformations for 
their larger SASA. However, the simulation results suggest that this ef
fect, if present, is minor, since the polymers with weaker FHS hydrogen 

bonding (PNIPMAM and PIPOX) are those with higher stability of coiled, 
water-exposed conformations.

Finally, the molecular insights offered by simulations enable to pro
pose an explanation of the solvent isotopic effect on the LCST value 
of these polymer aqueous solutions. The increase of LCST in PNIPAM 
and PNIPMAM D2O solutions, as compared to H2O solutions, and con
sistently of the VPTT of corresponding microgels [78,29], is ascribable 
the higher stability of the hydrogen-bonding interactions between the 
polymer amide groups and the deuterium oxide molecules for the lower 
vibrational energy of intermolecular hydrogen bond in D2O with re
spect to H2O [79]. In the case of PIPOX, hydrophobic hydration is 
strongly predominant for the polymer solubility (Fig. 4b). Considering 
that van der Waals interactions between hydrophobic groups and water 
are weaker in heavy water due to the smaller molecular polarizability of 
D2O as compared to H2O molecules [80], the water a˙inity of PIPOX is 
decreased in D2O solutions. Therefore, the features of polymer-water in
teraction determine the dissimilar isotopic effect of the aqueous solution 
of these polymers across the LCST.

4. Conclusions

This work explores the behaviour in water of three synthetic am
phiphilic macromolecules that share a LCST phase diagram. Using a 
common simulation setup, we detect structural and dynamical features 
of the polymer chain and hydration water and compare them, hav
ing PNIPAM as a reference. Trajectory analyses enable to extract the 
main factors of the different response to temperature of the systems. 
In this context, the discriminant characteristic is the degree of con
formational freedom of the polymer chain: i) The lower flexibility of 
PNIPMAM with respect to PNIPAM inhibits the chain folding reduc
ing the entropy gain of water upon the transition; the slightly differ
ent enthalpic contribution, due to a different hydration pattern, is not 
sufficient to overcome the entropy contribution which results in an 
increase of the coil-to-globule transition temperature. ii) The confor
mational rigidity of PIPOX with respect to PNIPAM prohibits any con
formational rearrangement and finally determines the phase behaviour 
of this polymer in water, more similar to the standard Flory-Huggins 
description. Therefore, the trade-off between solvent-excluded volume 
decrease and conformational characteristics determines the lower crit
ical solution temperature behaviour. These findings, however, do not 
allow for a sharp categorisation where the conformational propensities 
of the polymer decide the type I or type II LCST solution behaviour in 
water. A peculiarity of the type II phase behaviour is the weak depen
dence of the phase transition temperature on the polymer molar mass, 
for sufficiently large DPs, and on the polymer concentration [20,11]. 
The capability of the polymer chain to fold and to establish intramolec
ular interactions allows de-mixing to occur at the single-chain level by 
means of the coil-to-globule transition. Such an intramolecular response 
makes less relevant the polymer DP and concentration for the criti
cal conditions of the solution, consistently to the features of type II. 
However, there are examples of polymers with a coil-to-globule transi
tion but with a type I phase behaviour, like PVCL [81]. The individual 
chemical features of amphiphilic synthetic polymers add a number of 
factors determining the details of their solution behaviour in water, as 
for the case of poly(N-vinyl isobutyramide), PNVIBA, that, in spite of 
differing from PNIPAM only for a minor structural characteristic (an in
version of sequence of NH and CO groups within the side chain) has 
an LCST value about 9 K higher and a sharper transition [82]. How
ever, the conformational possibility to assume globular states can be 
considered such as a necessary, although not sufficient, condition for 
a LCST solution behaviour of type II. In this respect, the aqueous so
lution of poly(N,N-diethylacrylamide), PDEA, displays an endothermic 
de-mixing involving the coil-to-globule transition [7], the characteris
tics of the phase behaviour being more similar to those of type I [83]. 
These solution properties are common to PDEA and PVCL and, interest
ingly, the two polymers share the molecular characteristic of missing 
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hydrogen donor groups for hydrogen bonding, while PNIPAM, PNIP
MAM and PNVIBA [4,84], displaying coil-to-globule transition and type 
II phase behaviour, own these hydrogen bonding groups. To conclude 
that the presence of hydrogen donor groups, for intra-chain hydrogen 
bonding and additional hydrogen bonding with water, is the condition 
enabling the type II solution behaviour in polymers with coil-to-globule 
transition is obviously not possible at this stage, but the possibility to 
relate, within a general view, molecular properties to the type of phase 
behaviour of the polymer solution is an appealing idea, that can stimu
late further investigations.

CRediT authorship contribution statement

Letizia Tavagnacco: Visualization, Resources, Methodology, Inves
tigation, Formal analysis, Data curation, Writing -- review & editing. 
Sara Del Galdo: Visualization, Resources, Methodology, Investigation, 
Formal analysis, Data curation, Writing -- review & editing. Andrea 
Galli: Formal analysis, Data curation. Barbara Capone: Methodology, 
Investigation. Emanuela Zaccarelli: Resources, Project administration, 
Investigation, Funding acquisition, Writing -- review & editing. Ester 
Chiessi: Writing -- original draft, Validation, Supervision, Resources, 
Methodology, Investigation, Formal analysis, Conceptualization, Writ
ing -- review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

EC and EZ acknowledge financial support by Progetto Co-MGELS 
funded by the European Union - NextGenerationEU under the National 
Recovery and Resilience Plan (PNRR) Mission 4 ``Istruzione e Ricer
ca'' - Component C2 - Investment 1.1 - ``Fondo PRIN'', Project code 
PRIN2022PAYLXW Sector PE11, CUP B53D23008890006. LT and EZ 
also acknowledge financial support from ICSC -- Centro Nazionale di 
Ricerca in High Performance Computing, Big Data and Quantum Com
puting, funded by European Union -- NextGenerationEU -- Grant No. 
CN00000013, CUP J93C22000540006, PNRR Investimento M4.C2.1.4. 
BC and SDG would like to acknowledge the Grant of Excellence 
Departments, MIUR-Italy (ARTICOLO 1, COMMI 314 - 337 LEGGE 
232/2016), the Rome Technopole Project (CUP:F83B22000040006), 
and financial support from European Union - NextGenerationEU (MUR
PRIN2022 PRIN2022RYP9YT SCOPE CUP:F53D23001130006). The 
CINECA award, under the ISCRA initiative, is acknowledged for the 
availability of high-performance computing resources and support. EC 
would like to thank Daniele Aceto (University of Rome Tor Vergata) for 
preliminary trajectory analyses.

Appendix A. Supplementary material

Supplementary material related to this article can be found online at 
https://doi.org/10.1016/j.molliq.2025.127646. 

Data availability

Data will be made available on request.

References

[1] F.A. Plamper, W. Richtering, Functional microgels and microgel systems, Acc. Chem. 
Res. 50 (2) (2017) 131--140.

[2] L. Hu, Q. Zhang, X. Li, M.J. Serpe, Stimuli-responsive polymers for sensing and ac
tuation, Mater. Horiz. 6 (9) (2019) 1774--1793.

[3] Z. Fu, L. Ouyang, R. Xu, Y. Yang, W. Sun, Responsive biomaterials for 3d bioprinting: 
a review, Mater. Today 52 (2022) 112--132.

[4] C. Henschel, D. Schanzenbach, A. Laschewsky, C.-H. Ko, C.M. Papadakis, P. Müller
Buschbaum, Thermoresponsive and co-nonsolvency behavior of poly (n-vinyl isobu
tyramide) and poly (n-isopropyl methacrylamide) as poly (n-isopropyl acrylamide) 
analogs in aqueous media, Colloid Polym. Sci. 301 (7) (2023) 703--720.

[5] C. Wu, X. Wang, Globule-to-coil transition of a single homopolymer chain in solution, 
Phys. Rev. Lett. 80 (18) (1998) 4092.

[6] C. Wu, S. Zhou, Laser light scattering study of the phase transition of poly (n
isopropylacrylamide) in water. 1. Single chain, Macromolecules 28 (24) (1995) 
8381--8387.

[7] K. Zhou, Y. Lu, J. Li, L. Shen, G. Zhang, Z. Xie, C. Wu, The coil-to-globule-to-coil 
transition of linear polymer chains in dilute aqueous solutions: effect of intrachain 
hydrogen bonding, Macromolecules 41 (22) (2008) 8927--8931.

[8] A.C. Lau, C. Wu, Thermally sensitive and biocompatible poly (n-vinylcaprolactam): 
synthesis and characterization of high molar mass linear chains, Macromolecules 
32 (3) (1999) 581--584.

[9] M. Heskins, J.E. Guillet, Solution properties of poly (n-isopropylacrylamide), J. 
Macromol. Sci., Part A, Chem. 2 (8) (1968) 1441--1455.

[10] J.S. Scarpa, D.D. Mueller, I.M. Klotz, Slow hydrogen-deuterium exchange in a non-. 
alpha.-helical polyamide, J. Am. Chem. Soc. 89 (24) (1967) 6024--6030.

[11] A. Halperin, M. Kröger, F.M. Winnik, Poly (n-isopropylacrylamide) phase diagrams: 
fifty years of research, Angew. Chem., Int. Ed. Engl. 54 (51) (2015) 15342--15367.

[12] D. Roy, W.L. Brooks, B.S. Sumerlin, New directions in thermoresponsive polymers, 
Chem. Soc. Rev. 42 (17) (2013) 7214--7243.

[13] L.D. Taylor, L.D. Cerankowski, Preparation of films exhibiting a balanced temper
ature dependence to permeation by aqueous solutions—a study of lower consolute 
behavior, J. Polym. Sci.: Polym. Chem. Ed. 13 (11) (1975) 2551--2570.

[14] Y. Maeda, T. Nakamura, I. Ikeda, Hydration and phase behavior of poly (n
vinylcaprolactam) and poly (n-vinylpyrrolidone) in water, Macromolecules 35 (1) 
(2002) 217--222.

[15] I. Idziak, D. Avoce, D. Lessard, D. Gravel, X. Zhu, Thermosensitivity of aqueous so
lutions of poly (n, n-diethylacrylamide), Macromolecules 32 (4) (1999) 1260--1263.

[16] L. Valencia, F.J. Enríquez, M. Valencia, R. Díaz, Tuning the lcst of pnipam via random 
oxidation-sensitive thioether functionalities, Macromol. Chem. Phys. 218 (9) (2017) 
1600556.

[17] C. Chee, S. Rimmer, D. Shaw, I. Soutar, L. Swanson, Manipulating the thermorespon
sive behavior of poly (n-isopropylacrylamide). 1. On the conformational behavior of 
a series of n-isopropylacrylamide- styrene statistical copolymers, Macromolecules 
34 (21) (2001) 7544--7549.

[18] C. Rahman, L. White, T. Gould, G. Kirby, M. Sawkins, C. Alexander, F. Rose, K. 
Shakesheff, Chemistry of polymer and ceramic-based injectable scaffolds and their 
applications in regenerative medicine, Chem. Mater. 24 (5) (2012) 781--795.

[19] P. Stayton, V. Bulmus, G. Chen, J. Chen, C. Cheung, A. Chilkoti, Z. Ding, L. Dong, 
R. Fong, et al., Founder’s award, society for biomaterials. Sixth world biomaterials 
congress 2000, Kamuela, Hi, May 15-20, in: Really smart bioconjugates of smart 
polymers and receptor proteins, 2000, J. Biomed. Mater. Res. 52 (4) (2000) 577--586.

[20] S. Fujishige, K. Kubota, I. Ando, Phase transition of aqueous solutions of poly (n
isopropylacrylamide) and poly (n-isopropylmethacrylamide), J. Phys. Chem. 93 (8) 
(1989) 3311--3313.

[21] C.-H. Ko, K.-L. Claude, B.-J. Niebuur, F.A. Jung, J.-J. Kang, D. Schanzenbach, H. 
Frielinghaus, L.C. Barnsley, B. Wu, V. Pipich, et al., Temperature-dependent phase 
behavior of the thermoresponsive polymer poly (n-isopropylmethacrylamide) in an 
aqueous solution, Macromolecules 53 (16) (2020) 6816--6827.

[22] Y. Tang, X. Liu, Collapse kinetics for individual poly (n-isopropylmethacrylamide) 
chains, Polymer 51 (4) (2010) 897--901.

[23] D. Duracher, A. Elaissari, C. Pichot, Characterization of cross-linked poly (n
isopropylmethacrylamide) microgel latexes, Colloid Polym. Sci. 277 (1999) 
905--913.

[24] J. Zhao, R. Hoogenboom, G. Van Assche, B. Van Mele, Demixing and remixing ki
netics of poly (2-isopropyl-2-oxazoline) (pipoz) aqueous solutions studied by modu
lated temperature differential scanning calorimetry, Macromolecules 43 (16) (2010) 
6853--6860.

[25] T. Li, H. Tang, P. Wu, Molecular evolution of poly (2-isopropyl-2-oxazoline) aque
ous solution during the liquid–liquid phase separation and phase transition process, 
Langmuir 31 (24) (2015) 6870--6878.

[26] Y. Katsumoto, A. Tsuchiizu, X. Qiu, F.M. Winnik, Dissecting the mechanism of the 
heat-induced phase separation and crystallization of poly (2-isopropyl-2-oxazoline) 
in water through vibrational spectroscopy and molecular orbital calculations, Macro
molecules 45 (8) (2012) 3531--3541.

[27] D. Segiet, A. Stockmann, J. Sadowski, F. Katzenberg, J.C. Tiller, Insights in the 
thermal volume transition of poly (2-oxazoline) hydrogels, Macromol. Chem. Phys. 
222 (18) (2021) 2100157.

[28] P. Kujawa, F.M. Winnik, Volumetric studies of aqueous polymer solutions using 
pressure perturbation calorimetry: a new look at the temperature-induced phase 
transition of poly (n-isopropylacrylamide) in water and d2o, Macromolecules 34 (12) 
(2001) 4130--4135.

[29] M. Cors, L. Wiehemeier, J. Oberdisse, T. Hellweg, Deuteration-induced volume phase 
transition temperature shift of pnipmam microgels, Polymers 11 (4) (2019) 620.

Journal of Molecular Liquids 429 (2025) 127646 

9 

https://doi.org/10.1016/j.molliq.2025.127646
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib9E93CE9200660B2D07DACFFFABABBFD3s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib9E93CE9200660B2D07DACFFFABABBFD3s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibCE1A32C8D2B01E20AC928F979713EB3Cs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibCE1A32C8D2B01E20AC928F979713EB3Cs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6037E62ECCBF0A71EA0BDBE291D741B9s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6037E62ECCBF0A71EA0BDBE291D741B9s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib1E412FEF3E53ABFEA992D27E64CD8399s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib1E412FEF3E53ABFEA992D27E64CD8399s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib1E412FEF3E53ABFEA992D27E64CD8399s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib1E412FEF3E53ABFEA992D27E64CD8399s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib41C073BA949338A93EFAED3869F86C2Ds1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib41C073BA949338A93EFAED3869F86C2Ds1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibAAD204F032316BF5F37C7BB9376DA932s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibAAD204F032316BF5F37C7BB9376DA932s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibAAD204F032316BF5F37C7BB9376DA932s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC0D7F030E4256AA764FD35C423ECD8DEs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC0D7F030E4256AA764FD35C423ECD8DEs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC0D7F030E4256AA764FD35C423ECD8DEs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib95108C464058F2B96A2AFABE9161696As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib95108C464058F2B96A2AFABE9161696As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib95108C464058F2B96A2AFABE9161696As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib34472DA0AA09914D8AD4410A76652310s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib34472DA0AA09914D8AD4410A76652310s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib77A8B6A884AC84BEF2AF159F745393C8s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib77A8B6A884AC84BEF2AF159F745393C8s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib775007BBC25A783C78DC3BCC87F13DFBs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib775007BBC25A783C78DC3BCC87F13DFBs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC775BEEB71E9E82556CD827014F867C6s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC775BEEB71E9E82556CD827014F867C6s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib2B65D1006703359468174CACF794C8C3s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib2B65D1006703359468174CACF794C8C3s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib2B65D1006703359468174CACF794C8C3s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC6D7452E27134E9AF07F7902D9DC443As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC6D7452E27134E9AF07F7902D9DC443As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC6D7452E27134E9AF07F7902D9DC443As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibD94451EC627E0CDC6E9AC264DC4881F4s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibD94451EC627E0CDC6E9AC264DC4881F4s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC447669F0186827FA9259AADD06056A0s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC447669F0186827FA9259AADD06056A0s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC447669F0186827FA9259AADD06056A0s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6C9F1B18E6E062E6AD63FACE0380C03As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6C9F1B18E6E062E6AD63FACE0380C03As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6C9F1B18E6E062E6AD63FACE0380C03As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6C9F1B18E6E062E6AD63FACE0380C03As1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA24E8861D00E71D0DC3AA91F473D3C54s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA24E8861D00E71D0DC3AA91F473D3C54s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA24E8861D00E71D0DC3AA91F473D3C54s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA1BC2568A0DA79E0F497E37D649A7662s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA1BC2568A0DA79E0F497E37D649A7662s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA1BC2568A0DA79E0F497E37D649A7662s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA1BC2568A0DA79E0F497E37D649A7662s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibF022F36A592F89E4C1F4AAD8C9A50C33s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibF022F36A592F89E4C1F4AAD8C9A50C33s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibF022F36A592F89E4C1F4AAD8C9A50C33s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibD2AB28FE74C9463F0968E12D530E1714s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibD2AB28FE74C9463F0968E12D530E1714s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibD2AB28FE74C9463F0968E12D530E1714s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibD2AB28FE74C9463F0968E12D530E1714s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC628AA165C7856BEC5819790285EDC43s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibC628AA165C7856BEC5819790285EDC43s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibF7F218302E684119A995C52361A1F41Fs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibF7F218302E684119A995C52361A1F41Fs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibF7F218302E684119A995C52361A1F41Fs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA79F553305EBC670959E348B6CB1AA42s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA79F553305EBC670959E348B6CB1AA42s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA79F553305EBC670959E348B6CB1AA42s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bibA79F553305EBC670959E348B6CB1AA42s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib1BEA0036389126377AE417ABDA8E0A3Fs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib1BEA0036389126377AE417ABDA8E0A3Fs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib1BEA0036389126377AE417ABDA8E0A3Fs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib740F148C155E1D31E6198E1870BB06B9s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib740F148C155E1D31E6198E1870BB06B9s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib740F148C155E1D31E6198E1870BB06B9s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib740F148C155E1D31E6198E1870BB06B9s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib3818BF0428B0727045BA5F18319EF01Cs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib3818BF0428B0727045BA5F18319EF01Cs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib3818BF0428B0727045BA5F18319EF01Cs1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib2A1975B0DE5CB307141571F3825B7990s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib2A1975B0DE5CB307141571F3825B7990s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib2A1975B0DE5CB307141571F3825B7990s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib2A1975B0DE5CB307141571F3825B7990s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6473616FD2D6ADC66A386DA9A7E6C4C3s1
http://refhub.elsevier.com/S0167-7322(25)00818-9/bib6473616FD2D6ADC66A386DA9A7E6C4C3s1


L. Tavagnacco, S. Del Galdo, A. Galli et al. 

[30] C. Diab, Y. Akiyama, K. Kataoka, F.M. Winnik, Microcalorimetric study of the 
temperature-induced phase separation in aqueous solutions of poly (2-isopropyl-2
oxazolines), Macromolecules 37 (7) (2004) 2556--2562.

[31] L. Tavagnacco, E. Chiessi, E. Zaccarelli, Molecular insights on poly (n
isopropylacrylamide) coil-to-globule transition induced by pressure, Phys. Chem. 
Chem. Phys. 23 (10) (2021) 5984--5991.

[32] H.A. Pérez-Ramírez, C. Haro-Pérez, G. Odriozola, Effect of temperature on the conon
solvency of poly (n-isopropylacrylamide) (pnipam) in aqueous 1-propanol, ACS 
Appl. Polym. Mater. 1 (11) (2019) 2961--2972.

[33] E.J. García, D. Bhandary, M.T. Horsch, H. Hasse, A molecular dynamics simulation 
scenario for studying solvent-mediated interactions of polymers and application to 
thermoresponse of poly (n-isopropylacrylamide) in water, J. Mol. Liq. 268 (2018) 
294--302.

[34] M. Podewitz, Y. Wang, P.K. Quoika, J.R. Loeffler, M. Schauperl, K.R. Liedl, Coil--
globule transition thermodynamics of poly (n-isopropylacrylamide), J. Phys. Chem. 
B 123 (41) (2019) 8838--8847.

[35] C. Dalgicdir, N.F. Van Der Vegt, Improved temperature behavior of pnipam in water 
with a modified opls model, J. Phys. Chem. B 123 (17) (2019) 3875--3883.

[36] M. Kanduč, W.K. Kim, R. Roa, J. Dzubiella, How the shape and chemistry of molec
ular penetrants control responsive hydrogel permeability, ACS Nano 15 (1) (2020) 
614--624.

[37] P.K. Quoika, M. Podewitz, Y. Wang, A.S. Kamenik, J.R. Loeffler, K.R. Liedl, Ther
mosensitive hydration of four acrylamide-based polymers in coil and globule con
formations, J. Phys. Chem. B 124 (43) (2020) 9745--9756.

[38] G. Paradossi, E. Chiessi, Solution behaviour of poly (n-isopropylacrylamide) 
stereoisomers in water: a molecular dynamics simulation study, Phys. Chem. Chem. 
Phys. 19 (19) (2017) 11892--11903.

[39] L. Tavagnacco, E. Zaccarelli, E. Chiessi, On the molecular origin of the coopera
tive coil-to-globule transition of poly (n-isopropylacrylamide) in water, Phys. Chem. 
Chem. Phys. 20 (15) (2018) 9997--10010.

[40] L. Tavagnacco, E. Zaccarelli, E. Chiessi, Molecular description of the coil-to-globule 
transition of poly (n-isopropylacrylamide) in water/ethanol mixture at low alcohol 
concentration, J. Mol. Liq. 297 (2020) 111928.

[41] B.P. Rosi, L. Tavagnacco, L. Comez, P. Sassi, M. Ricci, E. Buratti, M. Bertoldo, 
C. Petrillo, E. Zaccarelli, E. Chiessi, et al., Thermoresponsivity of poly (n
isopropylacrylamide) microgels in water-trehalose solution and its relation to protein 
behavior, J. Colloid Interface Sci. 604 (2021) 705--718.

[42] E.E. Bruce, P.T. Bui, B.A. Rogers, P.S. Cremer, N.F. Van Der Vegt, Nonadditive ion 
effects drive both collapse and swelling of thermoresponsive polymers in water, J. 
Am. Chem. Soc. 141 (16) (2019) 6609--6616.

[43] Y. Zhao, S. Bharadwaj, N.F. van der Vegt, Nonadditive ion effects on the coil--
globule equilibrium of pnipam: a computer simulation study, Phys. Chem. Chem. 
Phys. 24 (17) (2022) 10346--10355.

[44] S. Bharadwaj, D. Nayar, C. Dalgicdir, N.F. van der Vegt, An interplay of excluded
volume and polymer–(co) solvent attractive interactions regulates polymer collapse 
in mixed solvents, J. Chem. Phys. 154 (13) (2021).

[45] J. Dybal, M. Trchová, P. Schmidt, The role of water in structural changes of poly 
(n-isopropylacrylamide) and poly (n-isopropylmethacrylamide) studied by ftir, Ra
man spectroscopy and quantum chemical calculations, Vib. Spectrosc. 51 (1) (2009) 
44--51.

[46] J. Pang, H. Yang, J. Ma, R. Cheng, Understanding different lcst levels of poly (n
alkylacrylamide) s by molecular dynamics simulations and quantum mechanics cal
culations, J. Theor. Comput. Chem. 10 (03) (2011) 359--370.

[47] I.O. de Solorzano, K.K. Bejagam, Y. An, S.K. Singh, S.A. Deshmukh, Solvation dy
namics of n-substituted acrylamide polymers and the importance for phase transition 
behavior, Soft Matter 16 (6) (2020) 1582--1593.

[48] S. Del Galdo, C.A. De Filippo, L. Stefanuto, S. Sennato, T. Gasperi, E. Chiessi, B. 
Capone, On the nature of the thermoresponsiveness of poly (2-isopropyl-2-oxazoline) 
in aqueous solution, J. Mol. Liq. 392 (2023) 123420.

[49] T.F. Özaltın, V. Aviyente, C. Atılgan, L. Demirel, Multiscale modeling of poly 
(2-isopropyl-2-oxazoline) chains in aqueous solution, Eur. Polym. J. 88 (2017) 
594--604.

[50] A. Kantardjiev, P.M. Ivanov, Entropy rules: molecular dynamics simulations of model 
oligomers for thermoresponsive polymers, Entropy 22 (10) (2020) 1187.

[51] S. Salzinger, S. Huber, S. Jaksch, P. Busch, R. Jordan, C.M. Papadakis, Aggregation 
behavior of thermo-responsive poly (2-oxazoline) s at the cloud point investigated 
by fcs and sans, Colloid Polym. Sci. 290 (2012) 385--400.

[52] K. Nishi, T. Hiroi, K. Hashimoto, K. Fujii, Y.-S. Han, T.-H. Kim, Y. Katsumoto, M. 
Shibayama, Sans and dls study of tacticity effects on hydrophobicity and phase sepa
ration of poly (n-isopropylacrylamide), Macromolecules 46 (15) (2013) 6225--6232.

[53] P.C. Chua, M.A. Kelland, K. Ishitake, K. Satoh, M. Kamigaito, Y. Okamoto, Kinetic 
hydrate inhibition of poly (n-isopropylmethacrylamide) s with different tacticities, 
Energy Fuels 26 (6) (2012) 3577--3585.

[54] W.L. Jorgensen, D.S. Maxwell, J. Tirado-Rives, Development and testing of the opls 
all-atom force field on conformational energetics and properties of organic liquids, 
J. Am. Chem. Soc. 118 (45) (1996) 11225--11236.

[55] S.W. Siu, K. Pluhackova, R.A. Böckmann, Optimization of the opls-aa force field for 
long hydrocarbons, J. Chem. Theory Comput. 8 (4) (2012) 1459--1470.

[56] J. Abascal, E. Sanz, R. García Fernández, C. Vega, A potential model for the study of 
ices and amorphous water: Tip4p/ice, J. Chem. Phys. 122 (23) (2005).

[57] M.J. Abraham, T. Murtola, R. Schulz, S. Páll, J.C. Smith, B. Hess, E. Lindahl, Gro
macs: high performance molecular simulations through multi-level parallelism from 
laptops to supercomputers, SoftwareX 1 (2015) 19--25.

[58] S. Markidis, E. Laure, Solving software challenges for exascale: international con
ference on exascale applications and software, in: EASC 2014, Stockholm, Sweden, 
April 2-3, 2014, vol. 8759, Springer, 2015, Revised Selected Papers.

[59] L. Tavagnacco, E. Zaccarelli, E. Chiessi, Modeling solution behavior of poly (n
isopropylacrylamide): a comparison between water models, J. Phys. Chem. B 
126 (20) (2022) 3778--3788.

[60] Y. Tang, Y. Ding, G. Zhang, Role of methyl in the phase transition of poly (n
isopropylmethacrylamide), J. Phys. Chem. B 112 (29) (2008) 8447--8451.

[61] G. Graziano, On the temperature-induced coil to globule transition of poly-n
isopropylacrylamide in dilute aqueous solutions, Int. J. Biol. Macromol. 27 (1) 
(2000) 89--97.

[62] M.S. Sánchez, L. Hanyková, M. Ilavskỳ, M.M. Pradas, Thermal transitions of 
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