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A B S T R A C T

Poly(2-oxazoline)s (POAs) are a class of biocompatible polymers, that is gaining a prominent role in biomedical field due to its thermoresponsiveness at temperatures 
compatible with physiologically relevant ones. This work represents the first extensive molecular dynamics simulation study of poly(2-isopropyl-2-oxazoline) (PiPOx) 
- that is amongst the simplest thermoresponsive POAs - both at infinite dilution as well as finite concentration, aimed at unveiling the thermoresponsive nature of this 
macromolecular class. Benchmarking simulations against experimental data obtained from specifically synthesized PiPOx’s with controlled degree of polymerisation, 
we can explore the nature of thermoresponsive behaviour. This appears to be dominated by intermolecular interactions that lead to the experimentally observed 
liquid-liquid phase separation (LLPS). By means of a combined atomistic and coarse-grained approach, we could characterise the polymer rich phase formed upon 
LLPS, finding average properties of the solution, such as the average distance between polymer chains, that are reminiscent of the experimental lattice pitch measured 
on crystalline phases. At last, we can hint at the presence of a Liquid Crystalline phase in the polymer rich region at high temperatures.
1. Introduction

Poly(2-isopropyl-2-oxazoline) (PiPOx) is a polymeric amide belong-
ing to the class of poly(2-oxazoline)s (POAs) (see Fig. S1 in the SI for 
the chemical structure). The hydrophilic tertiary amide of the polymeric 
backbone is substituted with an isopropylic group which endows the 
polymer with a lower critical solution temperature (LCST) behaviour 
in water. This property has made PiPOx, as well as other POAs with 
the same feature, an optimal candidate for developing smart materials 
whose solubility is triggered by temperature. In fact, POAs are largely 
employed for medical and biological applications (such as drug delivery 
systems or bio-inspired sensors) as they are bio-compatible and have 
a transition temperature close to that of the human body [1–3]. To 
broaden the range of possible applications, multi-block copolymers con-
sisting of differently substituted 2-oxazoline monomers, are designed 
and synthesized to attain a precise tuning of the properties of the re-
sulting macromolecule aimed at achieving predetermined tasks [4–7]. 
Despite POAs are largely employed for technological applications, even 
the less complex instances of the family - as PiPOx - are not yet fully 
characterised. In particular, the molecular origin of thermoresponsive-
ness of this class of polymers is - to date - not completely unveiled.

* Corresponding authors.

Concerning PiPOx, the phase diagram for a range of polymer con-
centrations was reported for the first time in 2010 [8]; it was shown 
that PiPOx follows a type I phase behaviour, i.e. the transition temper-
ature (the cloud point temperature, T𝑐𝑝) is affected by the molecular 
mass. 1 H NMR, Raman, and FT-IR spectroscopy measurements de-
tected that, following de-mixing, the polymer chains dehydrate and 
undergo relevant conformational transitions. In these conditions, liquid-
liquid phase separation (LLPS) occurs [9–11]. Moreover, upon contin-
ued heating above the cloud point temperature, the macromolecules 
crystallise with the formation of a macroscopic precipitate composed of 
nanofibers [1,9,12–14]. In particular, below the T𝑐𝑝 the conformations 
adopted by the polymer chains are almost disordered and well hydrated 
(with the macromolecules being dispersed in the solution). Above the 
cloud point, the polymer adopts an ordered and dehydrated conforma-
tion [9–11]. The regular conformation of the polymeric chains reached 
at high temperature, eventually, drives the formation and precipitation 
of the crystals [1,9,11]. While crystallisation is an irreversible process, 
the thermally induced de-mixing is fully reversible [1]. This implies that 
the stretched conformations achieved at temperatures higher than the 
T𝑐𝑝 are fully reversible prior to the formation of crystals. There is com-
mon agreement in literature that the dihedral angles of the chain back-
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bone are the degrees of freedom most involved in the conformational 
transition occurring upon temperature increase. In fact, the chains go 
from a disordered conformation to a stretched and ordered one while 
getting dehydrated through large movements of the main chain. In-
stead, such transition does not relevantly affect the conformations of the 
side chains [9–11]. However, what drives the conformational change 
with temperature is not yet clear. In the present contribution we per-
form a large scale atomistic Molecular Dynamics (MD) simulation study 
of aqueous PiPOx of diverse degrees of polymerisation at different con-
centrations, below and above the transition temperature. To the best 
of our knowledge, this is the first extensive atomistic MD study, sup-
ported by experimental data, of aqueous solutions of PiPOx [11,15]. 
Our aim is to achieve atom-level insights into the interplay between the 
intra- and inter- molecular interactions that ultimately lead to the LLPS, 
focusing, amongst the latter, on the role played by hydration. More-
over, we develop a coarse-grained methodology to analyse the finite 
concentration solutions of PiPOx above and below the LCST mapping 
each macromolecule onto an effective ellipsoid. The analysis of the rel-
ative orientation between the coarse grained macromolecules provides 
an hint on the presence of a liquid crystalline phase in the solutions 
above the LCST.

To support and strengthen the theoretical study presented in this 
work, synthesis and experimental characterisation of PiPOx of different 
degrees of polymerisation (DPs) have been performed. As the synthesis 
is extremely sensitive to reaction conditions (solvent, reaction time and 
initiator) this work has required the optimisation of the synthetic pro-
cedure so to have a complete control over the polymerisation process.

2. Methods

2.1. Computational procedures

2.1.1. MD simulations

All MD simulations were performed with the Gromacs 2020 soft-
ware package [16]. Aqueous solutions of chains of PiPOx of different 
DP were analysed. Namely, we simulated polymers composed of 10, 20 
and 30 repeating units (hereafter, PiPOx10, PiPOx20 and PiPOx30, re-
spectively). Each system was simulated at infinite dilution. Moreover, 
a finite concentration of PiPOx10 in water was studied at the weight 
fraction of polymer 𝑥𝑤 = 0.1. Water was simulated using the TIP4P-
Ice model [17]. To model the solute we employed the OPLSAA force 
field [18] and, to increase specificity of the force field [19], the param-
eters accounting for the rotation of the dihedral angle N-C-C-N were 
obtained by using the online LigParGen tool [20] with the dimer of 
PiPOx (two monomeric units) as input. Moreover, the initial OPLSAA 
parameterisation of the non bonding parameters was refined by com-
puting QM-level atomic charges on a model compound that mimics the 
single repeating unit in vacuum. We employed the isobutyl amide sub-
stituted with two ethyl groups on the nitrogen atom. The CM5 partial 
charges have been calculated on the conformation corresponding to the 
minimum of energy of the model amide. Both calculations have been 
obtained at the B3LYP/6-311G [21] level of theory with the Gaussian 
software [22]. From the model compound, we evaluated the atomic 
charges for the PiPOx atoms by defining three types of residues, namely 
by considering that each residue may either be: the tail, the head of the 
polymer (the last and the initial unit of the chain, respectively) or an in-
ternal one. Hence, for each residue, the atoms of the model compound 
not involved in that specific residue were stripped and the correspond-
ing atomic charges were reassigned maintaining the electro-neutrality. 
The starting conformation of each polymeric chain was designed by 
fixing the orientation of the carbonyl groups, because of the hindered 
rotation of the C-N amide bond. We oriented all the carbonyl groups 
towards the same direction. This configuration was chosen over the 
one characterised by oxygen atoms facing at each other, on the basis 
of stereochemical considerations on the mechanism of the polymeri-
2

sation reaction (see SI, Section 1.2). The scaled atomic charges and the 
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polymeric conformations were obtained by using the antechamber tools 
provided with the freely available AmberTools package [23]. Both the 
water model and the OPLSAA force field have been selected as they 
have shown to successfully reproduce the thermoresponsive behaviour 
of poly(N-isopropylacrylamide) (PNIPAM) [24].

We performed NPT simulations consisting of 300 ns for the infinite 
dilution conditions, the first 150 ns being considered for the system 
equilibration (for the PiPOx30 systems, 180 ns were considered for the 
equilibration). The 𝑥𝑤 = 0.1 simulations of PiPOx10 consist of 340 ns 
with the last 160 ns considered as the production run. We took 1 bar as 
the reference pressure. As for the temperature, in order to reproduce the 
system behaviour both below and above the transition temperature, we 
performed two sets of simulations at T= 283 K and T= 323 K for all the 
analysed systems. Moreover, for the infinite dilution cases we also per-
formed a set of simulations at T= 303 K. Pressure was controlled using 
a Berendsen barostat [25] with coupling time of 0.5 ps and isothermal 
compressibility of 4.5 10−5 bar−1 while temperature was kept constant 
by velocity-rescaling thermostat [26]. Integration time step of 2 fs was 
used. The systems were simulated with periodic boundary conditions. 
The length of bonds involving hydrogen atoms was constrained using 
the LINCS algorithm [27]. For short range interactions a cut-off radius 
of 1.1 nm was employed, while for long range interactions the particle 
mesh Ewald method was used with grid search and cut-off radii of 1.1 
nm [28]. The trajectory sampling frequency was of 0.01 frame/ps. For 
all the analysed systems, two independent MD simulation replicas have 
been performed. All reported results are the average computed on both 
the replicas along with the corresponding standard deviation. Details 
on the starting configurations for all the systems are reported in the SI 
(Section 1.1). For the finite concentration systems, the second replicas 
are performed on systems at the same composition as the original ones 
but with half the total number of atoms. This allows us to both dupli-
cate the available sampling, and also to exclude the presence of artifacts 
due to the size of the system.

2.1.2. Analyses of the (ellipsoidal) polymeric shape and the hydration 
features

Following a recently developed coarse-graining approach [29–31], 
the atomic-detailed polymeric chains in solution are mapped onto el-
lipsoids, whose shape is an instantaneous representation of the con-
formation of each polymer in solution. Such a representation has 
been shown to be a viable tool to describe macromolecular hydra-
tion features [29–31]. The details of the re-mapping are described 
elsewhere [29–32], however, in the following the basic principles are 
reported. For each time frame of the simulation, the conformation of the 
solute (i.e. the polymeric chain), is approximated as an ellipsoid whose 
semi-axes are obtained from the diagonalisation of the 3 × 3 covariance 
matrix of the atomic coordinates of the solute. The eigenvectors of the 
matrix provide the ellipsoidal axes (𝑎̂, ̂𝑏, ̂𝑐), whose lengths are obtained 
as a function of the corresponding eigenvalues. Around the ellipsoidal 
solute, layered coaxial ellipsoids are built by iteratively increasing the 
value of the semi axes. The number of water molecules, and hence the 
water density, is then computed within each ellipsoidal layer. Aver-
aging the water density per layer over the MD trajectory provides a 
characterisation of the hydration profile as a function of the distance 
from the solute surface. To assess the role played by the presence of 
the polymer on the average water density - both at infinite or finite 
dilution - for each MD step, the average ellipsoid (and its layered coun-
terparts) is defined around every macromolecule. The average number 
of water molecules contained within the ellipsoid is then computed, 
and normalised to the number of bulk water molecules that would be 
contained within the same ellipsoidal volume reduced by the volume 
occupied by the polymer chain within the ellipsoid. Computationally, 
this is achieved by superimposing the polymeric coordinates to a box 
of pure water (randomly sampled from a reference simulation of pure 
TIP4P-Ice) and removing all the water molecules whose atoms are at a 

distance from the polymer ones smaller or equal to the sum of the two 
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van der Waals radii [33,34]. By iterating such a calculation on all snap-
shots, a “fictitious” hydration profile is computed for every system and 
compared with the one obtained from the corresponding trajectories of 
all analysed polymer simulations (finite or infinite dilution). The ratio 
between the two estimated hydration profiles, provides the change in 
water density with respect to the bulk due to the presence of the poly-
mers (𝜌∕𝜌f ict profiles). Finally, the dimension of the hydration shell can 
be extrapolated from the density profiles as the distance from the poly-
mer surface at which 𝜌∕𝜌f ict = 1. As a consequence, an estimate of the 
volume of the hydration shell can be obtained by adding such a value to 
the semi-axes of the polymer ellipsoid. The number of water molecules 
included within this volume hence can be employed to evaluate the 
water density increase due to hydration [29–32].

2.1.3. Analyses of the chains arrangement and alignment

The spatial arrangement of the polymeric chains - in the case of 
finite concentration - can be determined by computing the three di-
mensional pair distribution function of the centres of mass of the macro-
molecules.

The standard radial pair distribution function 𝑔(𝑟) is defined as:

𝑔(𝑟) = 1
4𝜋𝜌𝑟2𝑁

⟨
𝑁∑
𝑖

∑
𝑗≠𝑖

𝛿(𝑟− 𝑟𝑖𝑗 )

⟩
(1)

where 𝜌 =𝑁∕𝑉 is the density of the system, with N and V the number 
of particles and the volume of the simulation box, respectively, 𝑟𝑖𝑗 is 
the modulus of the distance between the centre of mass of chains 𝑖 and 
𝑗, 𝛿(𝑟 − 𝑟𝑖𝑗 ) is the Dirac function which gives 1 if 𝑟 = 𝑟𝑖𝑗 , and the angle 
brackets represent the ensemble average.

Additional information on the average properties of solutions at fi-
nite concentration, can be found by looking at the average relative 
orientation of the macromolecules. The latter can either distribute ran-
domly with respect to the others, or - eventually - local alignment can 
be found.

To assess whether the molecules align, we adopt the coarse graining 
strategy described in the previous section, by mapping each polymer 
onto its corresponding ellipsoid.

Every ellipsoid is described by means of its 3 axes 𝑎, 𝑏 and 𝑐; for each 
𝑖-particle we introduce u𝐽

𝑖
= (𝑢𝐽

𝑖,𝑥
, 𝑢𝐽
𝑖,𝑦
, 𝑢𝐽
𝑖,𝑧
) as the unit vector describing 

the orientation of each axis 𝐽 ∈ [𝑎, 𝑏, 𝑐] of the ellipsoid in the laboratory 
frame. We introduce the ordering matrix tensor 𝑄𝐽

𝛼,𝛽
:

𝑄𝐽
𝛼,𝛽

= 1
2𝑁

𝑁∑
𝑖

(
3⟨𝑢𝐽

𝑖,𝛼
𝑢𝐽
𝑖,𝛽
⟩− 𝛿𝛼,𝛽) (2)

For each 𝐽 -axis of the particles, the order parameter 𝑆𝐽 is defined as 
the largest amongst the three eigenvalues of the ordering matrix 𝑄𝐽

𝛼,𝛽
. 

The corresponding eigenvectors n𝐽 indicate the nematic directors. The 
bigger the 𝑆𝐽 the greater the alignment of the system along the n𝐽

direction. If every 𝑆𝐽 is smaller than a threshold 𝑟𝑐 the system is con-
sidered to be isotropic. As soon as one of the three 𝑆𝐽 ≥ 𝑟𝑐 , nematic 
order arises.

If more than one 𝑆𝐽 > 𝑟𝑐 , the nematic axis is defined by the n𝐽

coupled to the greatest amongst all 𝑆𝐽 . An interesting glimpse over 
the emergence of a preferential orientation within the system, can be 
obtained analysing the 3D pair distribution function defined as

𝑔3D(𝐫) = 1
𝜌𝑁

⟨
𝑁∑
𝑖=1

∑
𝑗≠𝑖

𝛿
(
𝐫 − (𝐫𝑖 − 𝐫𝑗 )

)⟩
(3)

along planes that are parallel and perpendicular to the nematic one. For 
every frame, the diagonalisation of 𝑄𝐽

𝛼,𝛽
defines the three orthogonal 

axes along which the 𝑔3D(𝐫) are computed.
To unveil the angular correlation between ellipsoids at a distance 𝑟, 

we introduce the orientational radial pair distribution function 𝑔2(𝑟):
3

𝑔2(𝑟) = ⟨𝑃2(cos(𝜃𝑖𝑘(𝑟))⟩ (4)
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where 𝑃2 is the second order Legendre polynomial 𝑃2(cos(𝜃𝑖𝑘(𝑟)) =
(cos2(𝜃𝑖𝑘(𝑟)) − 1)∕2, cos(𝜃𝑖𝑘(𝑟)) = u𝐽

𝑖
⋅ u𝐽
𝑘
, 𝐽 ∈ [𝑎, 𝑏, 𝑐], and 𝜃𝑖𝑘(𝑟) is the an-

gle between the axes u𝐽
𝑖

and u𝐽
𝑘

of the 𝑖-th and 𝑘-th particles.

2.2. Experimental methodology

Unless otherwise stated, solvents and common reagents were pur-
chased from commercial sources without any further purification 
(Sigma-Aldrich). Methyl tosylate (98%) was purified by distillation 
at reduced pressure and stored under Argon atmosphere. Acetonitrile 
(ACN) (HPLC gradient grade) was distilled over calcium hydride (CaH2) 
and stored under Argon atmosphere. The reaction mixtures were anal-
ysed with a SHIMADZU GC-2010 with a capillary column of SLBTM-5ms 
(30 m × 0.25 mm × 0.25 μm) coupled with a Mass Spectrometer SHI-
MADZU QP 2010S; the mass values are reported as mass/charge ratios 
(m/z). All spectra were measured with a column temperature program 
from 50 ◦C to 250 ◦C and the injection temperature was set to 250 ◦C. The 
weight-average molar mass (Mw) and the number-average molar mass 
(Mn) of each polymer were measured by means of Gel Permeation Chro-
matography (GPC) analyses performed using an Agilent 1260 Infinity II 
instrument equipped with a Diode Array Detector (DAD 1260 Infinity), 
an Agilent 1260 Infinity online degasser and an Agilent 1260 Infin-
ity automatic liquid sampler. The GPC setup consists of three columns 
in series: a precolumn (Phenogel 5 μm Linear/Mixed, LC Guard Col-
umn 30 × 4.6 mm) followed by two columns Phenogel 5 μm 10 E5 Å 
(300 × 4.6 mm) and Phenogel 5 μm 10 E3 Å with a separation range 
of (10-1.000 K) and (1-75 K) respectively. Samples were injected with 
a concentration of 1.5 mg/mL and measured at 25 ◦C using DMF 50 
mM LiBr as eluent, 0.27 mL/min flow. Polystyrene reference materials 
(provided by Alfa Aesar) with Mw=1.3 kDa (Mw/Mn= 1.10), Mw=65 
kDa (Mw/Mn = 1.06), Mw=290 kDa (Mw/Mn = 1.06), Mw=650 kDa 
(Mw/Mn = 1.06) and Mw=900 kDa (Mw/Mn = 1.10) were employed 
for calibration curve.

2.2.1. Synthesis of 2-isopropyl-2-oxazoline

2-Isopropyl-2-oxazoline was synthesized by a modified Witte-
Seeliger cyclocondensation of isobutyronitrile (1 eq) with 2-aminoethano
(1.2 eq), and zinc acetate hydrate (0.02 eq) as catalyst. The reaction 
mixture was kept under stirring at 130◦ °C for 36 h with an Argon 
flow passing through the reaction vessel [35,36]. The crude product 
was dissolved in dichloromethane (DCM) and extracted several times 
with water. The organic phase was dried over anhydrous magnesium 
sulphate and dried in vacuo. The product was purified by vacuum distil-
lation over NaOH (50 mbar, 55 ◦C) followed by overnight stirring over 
CaH2 and subsequently vacuum distillation under Argon atmosphere. 
The pure product was obtained as a colourless liquid in 70% yield. GC-
MS: Retention time: 7.7 min, m/z = 113 (M+) 1H NMR (600 MHz, 
CDCl3): 𝛿 = 1.08 (d, J = 6.5 Hz, 6H), 2.47 (dq, J = 8.5 Hz), 3.71 (t, 
J= 9.4 Hz, 2H), 4.12 (t, J = 9.5 Hz, 2H) ppm. 13C NMR (150 MHz, 
CDCl3): 𝛿 = 167.1, 67.4, 54.1, 31.1, 19.3 ppm.

2.2.2. Synthesis of poly (2-isopropyl-2-oxazoline)

The Cationic Ring-Opening Polymerisation (CROP) of 2-oxazolines 
follows a typical chain-growth polymerisation mechanism via initia-
tion, propagation and termination [37]. A two-neck round bottom flask 
equipped with an efficient reflux condenser and a magnetic stirring 
bar was charged with 2-isopropyl-2-oxazoline (20 mmol) and anhy-
drous ACN (10 mL). The system was kept under Argon atmosphere. The 
reaction mixture was placed in an oil bath at 90 ◦C and the polymerisa-
tion was started by adding the initiator (methyl tosylate) in a suitable 
amount with respect to the desired polymer chain length. After 24 h, 
the reaction was quenched by adding a solution of NaOH 1M (excess to 
the initiator) and the resulting mixture was stirred for 2 h. The solvent 
was evaporated under vacuum and the residue was added to a solution 
of petroleum ether: diethyl ether (1:1). The polymer was recovered as 

a white precipitate, the supernatant was removed, and the product was 
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washed twice with the petroleum ether: diethyl ether solution and dried 
in vacuo. Both the weight-average molar mass and the number-average 
molar mass of each polymer were measured by means of GPC analyses. 
Specifically, we observed Mw = 3.39 kDa, 5.54 kDa and 9.83 kDa, re-
spectively for the shortest, medium and longest polymer chains, and Mn
= 3.08 kDa, 5.04 kDa and 8.94 kDa; while the polydispersity index is 
Mw/Mn = 1.11, 1.10, 1.10.

2.2.3. Dynamic light scattering

Dynamic light scattering (DLS) measurements were carried out by 
a Malvern Zetasizer Nano-ZS in backscattering configuration i.e. the 
scattered light is collected at an angle of 173◦. This detection geome-
try is less sensitive to multiple scattering effects [38] and also helps to 
reduce the effects of the presence of dust or of large irregular aggre-
gates on the size distribution, since large particles mainly scatter in the 
forward direction. The measured autocorrelation functions of the scat-
tered light intensity were analysed using the NNLS algorithm [39] to 
obtain the distributions of the hydrodynamic radius, that was converted 
to a diffusion coefficient distribution. The average diffusion coefficient 
was evaluated by the position of the peak maximum and the standard 
deviation represents the width of the size distribution. Samples were 
dissolved in Milli-Q water at a concentration of 1 mg mL−1 and filtered 
with regenerated cellulose (RC) filter (0.45 μm). Temperature was fixed 
at 298 K.

3. Results

3.1. High temperature prompts stretched conformations of PiPOx

Aqueous solutions of PiPOx at infinite dilution, for different DPs, 
were simulated above and below the T𝑐𝑝. The aim is to unveil, at the sin-
gle chain level, both hydration and preferential conformations achieved 
by the polymer in response to a change in temperature. The three so-
lutes selected, namely, PiPOx10, PiPOx20 and PiPOx30 (see Methods), 
are employed to model the behaviour of aqueous solutions of the PiPOx 
of molar mass around 1, 2 and 3 kg mol−1. In general, for aqueous 
PiPOx, the T𝑐𝑝 depends both on the polymer molar mass and on the 
concentration of the solution. Literature reports that PiPOx LCST spans 
from 307 K for the polymer with 𝑀𝑛 of 3.3 kg mol−1 at 𝑥𝑤 = 0.3; to 299 
K for 𝑀𝑛 of 13 kg mol−1 at 𝑥𝑤 = 0.2 [8]. Experimental data relative 
to the particular systems analysed in this work (for the combinations 
of molar mass and concentration studied) are not available, thus we 
have no preliminary information on the actual T𝑐𝑝. Nevertheless, we 
expect our T𝑐𝑝s to be consistent with the ones reported in literature 
(T𝑐𝑝,𝑎𝑣 ∼ 300𝐾). This motivates our choice of selecting two tempera-
tures, one - T𝐿- well below and the other - T𝐻 - well above T𝑐𝑝,𝑎𝑣 to 
assess the thermoresponsiveness of the system. Moreover T𝐿 and T𝐻
are chosen to be distant from both the freezing and the boiling point of 
water. All considerations brought us to define T𝐿=283 K and T𝐻=323 
K to model the thermodynamically stable solution and in de-mixing 
condition, respectively (see Methods). To compare our results to exper-
imental data, we add an analysis of the infinite dilution cases (single 
molecule in water) at room temperature condition (i.e. T𝑅=303 K). In 
particular we compare the computational trend of the diffusion coeffi-
cient (𝐷) as a function of DP, with the one measured on our samples 
by means of DLS experiments (see Methods) at ambient temperature. 
Computationally, we apply the Einstein relation to compute 𝐷 from the 
mean square displacement of the centre of mass of the chains, as com-
puted by Gromacs2020 [40]. The comparison between the computed 
and measured data is reported in Fig. 1. Exact matching of the results 
cannot be expected; the computational data, reproducing the order of 
magnitude of D, are in agreement with the experimental ones, thus con-
tributing to the validation of our computational results.

As described in the Introduction, both the polymeric rich phase 
above the T𝑐𝑝, and the PiPOx crystals are characterised by stretched 
4

conformations [9,10]. We thus started our analysis by addressing the 
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Fig. 1. Diffusion coefficient (𝐷) of PiPOx as a function of the DP for the sin-
gle molecule aqueous solutions at room temperature. Both computational (red 
dots) and experimental (black dots) results are reported. For the computational 
data we set the temperature T=T𝑅=303 K; the data are averaged over two in-
dependent replicas and the corresponding standard deviation is reported. The 
reported values of the diffusion coefficient correspond to the average values 
over three repeated measurements. The error reported on the experimental data 
is obtained from the width of the diameter distribution.

differential average conformations of the macromolecule at the differ-
ent simulated temperature. For all the infinite dilution cases, the radius 
of gyration R𝑔 is computed, as shown in Fig. 2 where R𝑔 is reported for 
the three temperatures (i.e. T𝐻 , T𝑅, T𝐿) as a function of the molar mass. 
The effect of temperature on the average size of the macromolecule is 
evident: while R𝑔 grows as a power law as a function of the molar mass 
(𝑀) for the systems at T=T𝐿, the high temperature case T𝐻 is char-
acterised by a quasi linear growth. In fact, when the curves are fitted 
according to the scaling law R𝑔 ≈ 𝑎𝑀𝜈 [41], we obtain 𝜈T=283K=0.54 ±
0.14, 𝜈T=303K = 0.88 ± 0.02, 𝜈T=323K = 0.86 ± 0.04. The quasi-linear 
dependence of R𝑔 on the molar mass at T𝑅, similar to the one obtained 
at high temperature, and in contrast with the power dependence found 
at 𝑇𝐿, indicates that, in our simulations, T𝑅 is about the transition tem-
perature, as experimentally expected. The fitting of the data does not 
change if an additional point corresponding to the dimer is included 
in the curves (see SI, Section 2.1). For completeness, we also included 
in the SI the curves showing the trend of the end-to-end distance as a 
function of the polymer mass.

DLS experiments allow to evaluate the hydrodynamic radius of a 
macromolecule in solution as the radius of an effective sphere that 
moves as a Brownian particle. In the analysed systems this spherical 
assumption seems to be too strong to expect a favourable comparison 
with the computational data of the gyration radius. Moreover, the eval-
uation of hydrodynamic radius may be flawed due to the presence of a 
layer of solvent surrounding the polymer coil while it diffuses. For these 
reasons, it is well known that a direct comparison between a theoretical 
radius of gyration and an experimental hydrodynamic radius (𝑅ℎ) is not 
straightforward. In addition, even if the macromolecule would have an 
average spherical conformation, the comparison between the gyration 
radius obtained computationally and the experimental hydrodynamic 
radius 𝑅ℎ is not straightforward. According to the specific nature of a 
system and the corresponding hydration features, we can thus expect 

either 𝑅𝑔 ≥ 𝑅ℎ or 𝑅𝑔 ≤ 𝑅ℎ. For this reason we selected the diffusion 
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Fig. 2. Radius of gyration (R𝑔) of PiPOx as a function of the polymer molar mass for the single molecule aqueous solutions below the T𝑐𝑝, at room temperature and 
above the T𝑐𝑝 (i.e., T=T𝐿=283 K, T=T𝑅=303 K and T=T𝐻=323 K, respectively). While the T𝐿 systems grow with a power law as a function of the molar mass, 
the trend of 𝑅𝑔 as a function of the polymer molar mass at high temperature is shown to grow almost linearly with the molar mass: at high temperature conditions 
every increase in repeating units leaves the chain unfolded (the fitting curves are reported as full lines in each plot).
coefficient, rather than the radius of gyration, as the observable for 
evaluating the agreement between experiment and simulation (Fig. 1).

The stretching of the polymer is governed by the conformation of 
the backbone, which depends on the rotations around the CC and the 
CN bonds. As shown in Fig. 3 (panel (a)), two independent dihedral an-
gles describe such rotations, namely the Φ and Ψ dihedral angles. We 
defined Φ and Ψ trough the quadruplets of atoms on the backbones N-
C-C-N and C(O)-N-C-C, respectively (where C(O) represents the carbon 
of the amide moiety while C represents the aliphatic carbon atom in 
the main chain). From the simulations of PiPOx20 at infinite dilution 
at low and high temperature, we computed the instantaneous values of 
each Φ and Ψ dihedral angle along the trajectory thus obtaining the 
two-dimensional histograms reported in Fig. 3 (panel (b) and (c)). For 
clarity, in the same figure, the corresponding histograms of Φ and Ψ -
taken separately - are also reported. Both systems show a pronounced 
peak in the region (Φ, Ψ) ≈ (±180, −90) which corresponds to polymeric 
chains in stretched conformations with the isopropyl groups alterna-
tively oriented upward and downward from the backbone plane. By 
comparing the two panels in Fig. 3, it clearly emerges that small devia-
tions from such behaviour are responsible for the different macroscopic 
average conformations that characterise the low and high temperature 
simulations (and that provide the different 𝑅𝑔 values reported in Fig. 2). 
In fact, the few values of Φ in the interval [50, 90] obtained for the low 
temperature system, correspond to regions along the backbone where 
the series of trans dihedral conformation is interrupted and the struc-
ture partially folds. In Fig. 4 we report snapshots extracted from the 
two simulations to represent the two different PiPOx20 average con-
formations at T= 283 K and T= 323 K. The average conformation that 
we obtain for the high temperature simulation mirrors the structure ex-
perimentally obtained from the PiPOx crystals. Not only the stretched 
conformation of the backbone and the axial alternating disposition of 
the side chains are reproduced computationally, but also the periodicity 
in the chain which is experimentally reported to be 6.4 Å [11,14,42]. 
In fact, when computing the pairwise distance between second near-
est neighbour N along the main chain, we obtain a value of 6.5 Å±
0.2 (this value is computed by averaging the time-average distances ob-
tained for each couple; the result is the same for all the dilute solution 
simulations). Note that the conformational analysis reported above pro-
vided analogous results when applied to both PiPOx10 and PiPOx30 
infinite dilution simulations (see SI, Section 2.2).

3.2. Thermoresponsiveness in aqueous PiPOx is driven by inter-molecular 
interactions

The results reported in the previous paragraph show unambigu-
ously that, when temperature is above the cloud point, the polymers 
preferentially adopt elongated conformations, that are reminiscent of 
those experimentally found for the PiPOx macromolecules when they 
assemble a crystalline phase. The immediate consequence is that, dif-
5

ferently to other known thermoresponsive polymers, as for example 
PNIPAM [24], the de-mixing process does not involve an intramolec-
ular collapse. To gain insight on the phase domain within the mixing 
gap and explore the interplay between the chains, we performed an in 
depth investigation of a finite concentration of aqueous PiPOx10, at the
two temperatures T𝐻 and T𝐿 defined in the previous section.

We report in Fig. 5 two representative snapshots extracted from 
the finite dilution simulations performed at the two considered tem-
peratures. Fig. 5 clearly shows that for T<T𝑐𝑝, even if some extent of 
aggregation can be observed, the PiPOx chains are well hydrated, and 
sparse polymeric clusters can be observed; on the contrary, above the 
cloud point, only one cluster enclosing all the solute molecule is formed. 
Such a condition is consistent with the LLPS which is known to charac-
terise the PiPOx aqueous solution de-mixing. The Solvent Accessible 
Surface Area (SASA), computed by considering all the solute chains 
together [43], confirms that - on average - at high temperature the poly-
meric chains form a compact cluster. In fact, SASA per chain is 8.3 ±0.2
and 5.5 ± 0.6 nm2 for the systems below and above the transition point, 
respectively: the smallest value clearly reports on the increased average 
compactness of the polymeric cluster at high temperature. However, 
the values of SASA corresponding to the infinite dilute simulations of 
PiPOx10 at T𝐿 and T𝐻 are 16.8 ± 0.3 and 17.2 ± 0.3 nm2 respectively. 
We can thus conclude that even for the T𝐿 case some clustering can 
be appreciated, as the corresponding SASA value is around half of that 
of the single chain in solution. Qualitatively, the fact that some degree 
of aggregation is detected even in the T𝐿 case, is to be expected as, 
in general, experimental solutions of aqueous PiPOx at the mass frac-
tion of about 0.1 do not appear completely transparent, suggesting the 
presence of supramolecular structures of polymeric particles that act as 
visible light scattering centres (see SI, Figure S1).

We move forward in the investigation of the properties of finite con-
centration solutions, by using the introduced coarse grained remapping 
of polymer chains onto ellipsoids. We use such a simplified descrip-
tion to investigate how the polymers interact with one each other as a 
function of temperature, and to assess whether the change in flexibil-
ity of the single polymer chain that has been demonstrated in the single 
macromolecule investigation, affect local and global properties of finite 
concentration solutions.

Even in their elongated structure, polymers remain soft molecular 
objects, thus the remapping of the atomistic description onto effec-
tive ellipsoids retains the conformational fluctuations, as can be seen 
in panel (a) and (b) of Fig. 6 where the distribution of the values of 
every axis of each ellipsoid is reported.

The axes reported in panel (a) for the lower temperature show a 
broader distribution with respect to the ones in panel (b), that are more 
peaked around their mean value. This confirms the fact that less fluctu-
ations are to be expected at higher temperatures, and more elongated 
structures are to be expected in this condition.

Within the coarse representation, we compute the spatial arrange-

ment of the chains, by means of the pair radial distribution function 
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Fig. 3. Panel (a): Non-redundant Φ and Ψ dihedral angles that determine the 
conformations of the PiPOx main chain. Panel (b): Mono and bi-dimensional 
histograms of the Φ and Ψ values characterising the conformations of PiPOx20 
at infinite dilution at T= 283 K. Panel (c): Mono and bi-dimensional histograms 
of the Φ and Ψ values characterising the conformations of PiPOx20 at infinite 

Fig. 4. Representative snapshots extracted from the aqueous PiPOx20 simula-
tions at T= 283 K and T= 323 K. While in the former case the polymer average 
conformation is slightly folded, the macromolecular chain at high tempera-
ture is steadily stretched into all-trans conformations. A periodicity of 6.5 Å 
is obtained for the high-temperature conformation, in line with the X-ray data 
measured from the polymer crystals.

𝑔(𝑟), and compare the average distribution of chains at low and high 
temperature as reported in panel (b) of Fig. 6.

The direct comparison between the high temperature and low tem-
perature shows that in both cases the 𝑔(𝑟) are characterised by four 
peaks. By defining the axes of the ellipsoids as 𝑎 > 𝑏 > 𝑐, the 4 peaks 
can be rationalised in terms of the distance between couples 𝑖𝑗 of ellip-
soids, and they can be considered to be compatible with situations in 
which both ellipsoids have their 𝑎 axes parallel and (i) the particles are 
stacked along the 𝑐 axes, (ii) either particles belong to the case (i) and 
their 𝑐 axes are greater than the mode of the distribution, or they are 
stacked and the 𝑐𝑖 axis of the 𝑖-th ellipsoid is parallel to the 𝑏𝑗 axis of 
the 𝑗-th one, (iii) particles are stacked, their 𝑐𝑖 and 𝑏𝑗 axes are paral-
lel and greater than the mode of the distribution, and (iv) the particles 
are stacked along the 𝑏 axes. Nevertheless, even if the peaks of the two 
radial distribution functions fall in the same region, their height is dif-
ferent, implying that particles have a stronger probability to align at 
high temperature.

We can move forward in the analysis by computing the orienta-
tional pair distribution function 𝑔2(𝑟) between couples of coarse macro-
molecules for the two temperatures analysed as reported in Fig. 7. The 
𝑔2(𝑟) is computed as the average angular orientation between couple of 
ellipsoidal axes (𝑔2𝑎𝑎(𝑟), 𝑔2𝑏𝑏(𝑟) and 𝑔2𝑐𝑐(𝑟)). It is immediate to appreci-
ate that, while for low temperature (T𝐿) (panel (a) of Fig. 7) the 𝑔2(𝑟)
computed for all couples of axes are compatible with one another and 
no preferential alignment emerges, at high temperature (T𝐻 ), the ori-
entational order is strong. Panel (b) of Fig. 7 in fact, shows that all 𝑔2(𝑟)
have a first peak at the same distance, meaning that particles have a 
strong tendency to completely align (nematic biaxial alignment). Such 
a peak in the T𝐻 𝑔2(𝑟) corresponds to the first peak of the 𝑔(𝑟) in the 
T𝐻 pair distribution function reported in panel (b) of Fig. 6. This im-
plies that particles at T𝐻 have a strong tendency to align along all of 
their axes.

It is interesting to analyse the nematic order parameters at low and 
high temperatures to investigate whether the order extends further than 
first neighbours. We report in Fig. 8 the order parameters for low (panel 
(a)) and high (panel (b)) temperatures, around the three axes of the 
particles. By comparing the values of the order parameters at low and 
high temperature, it is immediate that the order parameter of the 𝑎 axis 
6

dilution at T= 323 K. Data from both replicas are employed to realise the plots.
 boosts when temperature is higher than the transition temperature. This 
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Fig. 5. Representative snapshots extracted from the aqueous PiPOx10 simulations at 𝑥𝑤=0.1, for the T= 283 K and T= 323 K cases. Polymers are highlighted through 
the licorice representation, while water is represented through lines. While at T<T𝑐𝑝 the polymer chains clusterize while remaining well hydrated, liquid liquid phase 
separation occurs above the T𝑐𝑝 .

Fig. 6. The distribution of the three axes of the ellipsoids at low temperature 
T= 283 K (panel (a)) and high temperature T= 323 K (panel (b)); in black 𝑐, in 
orange 𝑏 and in green 𝑎. Panel (c): The radial distribution functions computed 
between the centres of mass for low (blue) and high (red) temperature. The 
two 𝑔(𝑟) present 4 peaks that correspond to different preferential alignments as 

implies that long range order is present in solution and - in average - all 
particles tend to align their principal axes.

At last, another method that we use to characterise the changes in 
the spatial arrangement of particles in solution as a function of temper-
ature, is the analysis of the 𝑔(𝑟) on two specific planes (see 𝑔3𝐷(𝑟) in 
Methods). The first plane, that we will call 𝑧 = 0, is the one orthogo-
nal to the nematic axis (as defined in the Method section); the second 
one is 𝑥 = 0, that is a plane parallel to the nematic axis. The T𝐿/T𝐻
comparison of this 2D representation of the 𝑔3𝐷(𝑟) shows that in the T𝐿
cases (panels (a) and (c) of Fig. 9) there is no preferential spatial order 
amongst particles. In the T𝐻 case instead, particles are confined in a sub 
portion of the simulation box (abundance of the white region in panel 
(b) and (d) of Fig. 9), and the average distances occupied by the parti-
cles orthogonal to the nematic axis are the well defined ones obtained 
by the standard 𝑔(𝑟) analysis in Fig. 6 and here highlighted by the red 
circles in panel (b). By analysing panel (d) it is instead possible to appre-
ciate that particles tend to align along the nematic axis, as indicated by 
the two darkest regions. The latter demonstrates that it is highly prob-
able to find two nearest neighbours stacked. Moreover, the elongated 
nature of the non zero probability region in panel (d) indicates that 
particles tend to assemble, along the nematic axis, in a confined tubular 
configuration. In the same Fig. 9, we report two representative snap-
shots of the T𝐿 and T𝐻 systems where the polymer chains are mapped 
onto the effective ellipsoids according to the coarse grained represen-
tation. In the SI, Section 3, we report the results of the same analyses 
obtained from the 𝑥𝑤=0.1 replica.

Our analysis has not reached concentrations where crystallisation 
would occur spontaneously. Nevertheless the high temperature order 
that has been discussed in this section, can be hypothesised as a pre-
cursor of long range crystalline order, thus it is interesting to compare 
our theoretical predictions to experimental results on crystals [14]. Ex-
perimentally, the crystals of PiPOx are made of stiff polymer chains 
regularly aligned along all the three molecular axes. All axes of the 
crystallised molecules align with a periodicity along the shortest molec-
ular axis (that in our coarse representation is the 𝑐 axis) of 4.85 Å [14]
The agreement between the experimental findings and our coarse pre-
diction is striking, as we find that in our tubular aggregates at high 
temperature, the average distance between particles along the 𝑐 axis of 
the ellipsoids is about 5 Å.

The presence of such structural pattern suggests that locally, above 
the transition temperature, the chain conformation resembles that 
adopted in the crystal, and that the aligned structures might act as crys-
sketched. tallisation nuclei driving the formation of crystals upon dehydration and 
7

continuous heating.
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Fig. 7. Panel (a): low temperature 𝑔2(𝑟) for the three axes (𝑔2𝑎𝑎(𝑟), 𝑔2𝑏𝑏(𝑟) and 𝑔2𝑐𝑐 , green, orange and black lines, respectively). Panel (b) high temperature 𝑔2𝑎𝑎(𝑟), 𝑔2𝑏𝑏(𝑟)
and 𝑔2𝑐𝑐 (green, orange and black lines, respectively). A first pronounced peak is appreciable for the system at high temperature.

Fig. 8. Nematic order parameter 𝑆𝑎𝑎, 𝑆𝑏𝑏 and 𝑆𝑐𝑐 for low temperature (panel (a)) and for high temperature (panel (b)) as a function of the time (green, orange and 
black lines, respectively).
In colloidal physics, solutions made of polydisperse anisotropic elon-
gated (rod like, ellipsoidal) hard particles are known to present a liquid 
crystalline (LC) phase if the ratio 𝐴 = 𝐿∕𝐷 between the average elon-
gation 𝐿 of the particle and its diameter 𝐷 overcomes a minimum 
threshold 𝐴min ∈ (3, 4] [44,45]. For these systems, a polydispersity in 
length was shown not to alter the phase diagram with respect to the 
one obtained for the corresponding monodisperse system, while a poly-
dispersity in diameter might affect the concentration at which a LC 
phase is observed [46,47], without nevertheless suppressing it. The 
just described coarse grained methodology, allows us to map the atom-
istic macromolecules onto anisotropic hard ellipsoids “colloidal like” 
particles, whose aspect ratio allows us to hypothesise that the macro-
molecules should be LC former. This assumption is strengthened by the 
results obtained at finite concentration in our simulations, that show a 
pre-nematic order for the high temperature cases. We can thus infer that 
high temperature PiPOx solutions, for DPs that are sufficiently short not 
to be too flexible to have a LC order, but long enough to have the min-
imal aspect ratio required for the Isotropic/Nematic transition, should 
present - for a range of concentrations - a liquid crystalline phase.

Finally, its is proposed in literature that weak hydrogen bonds (weak 
HBs) may form between the methyl groups in the isopropyl side chains, 
and the carbonyl oxygens. In fact, such weak hydrogen bonds were ob-
8

served experimentally by means of IR measurements within aqueous 
solutions of PiPOx and it is suggested that the breakage of these inter-
actions may be the starting point of the conformational rearrangement 
eventually leading to the stretched conformations that characterise the 
de-mixing condition [10]. We addressed this point by analysing the 
number of both inter and intra molecular CH3 ⋯ O===C weak HBs 
within the T=T𝐿 and T=T𝐻 simulations. However, while the observa-
tion that such interactions take place within these systems is supported 
by our simulations, they do not seem to dramatically affect neither the 
stable solution nor the de-mixing condition (see SI, Section 3.1 for the 
complete analyses). However, a slight increase in the number of inter-
molecular hydrogen bonds is observed at high temperature, suggesting 
that this interaction may play a role in driving or stabilising condensa-
tion.

3.3. The contribution from hydration

In the previous section we have extensively discussed that, above 
the de-mixing temperature, the water-PiPOx system is dominated by 
the inter-chain interactions that lead to LLPS, with polymers adopting 
regular elongated conformations, that we have demonstrated to be rem-
iniscent of the ones adopted by the macromolecules in the crystalline 
phases. Still, the role of hydration in this change in conformation re-

mains to be addressed. In fact, the differential features characterising 
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Fig. 9. Projection of the three dimensional 𝑔(𝑟) on the 𝑧 = 0 and 𝑥 = 0 planes for low temperature (panel (a) and (c) respectively) and for high temperature (panel (b) 
and (d) respectively). Representative snapshots from the T𝐿 (panel (e)) and T𝐻 (panel (f)) simulations showing the polymer chains according to the ellipsoid-based 
coarse grained representation. The T ellipsoids are represented in blue, the T ones, in red.
𝐿 𝐻

the systems at the different temperatures may concur to the preferen-
tial polymer-polymer interactions dominating in the polymer rich phase 
after de-mixing.

In order to address this point, we started by analysing the hydration 
of the single chains by computing the 𝜌∕𝜌f ict profile (see Methods) for 
the PiPOx10, PiPOx20 and PiPOx30 molecules at infinite dilution, for 
the two temperatures, as reported in Fig. 10, panels (a), (b), (c) (the 
results obtained from the replicas are reported in the SI, Section 4.1). 
From the analysis of the water density profile, we can deduct the influ-
ence that the presence of a polymer exerts on the water density around 
the macromolecule, as a function of the distance from the polymer. 
The plateau 𝜌∕𝜌f ict = 1 - indicating that the density of water around the 
molecule coincides with water density in the bulk - is reached for a dis-
tance of about 𝑟hyd ∈ [0.7, 1] nm from the polymer surface. The features 
9

of 𝜌∕𝜌f ict in the region 𝑟 < 𝑟hyd define the properties of the hydration 
shell: with reference to Fig. 10 it clearly appears that no striking differ-
ences can be appreciated within the hydration shells for the two T𝐿 and 
T𝐻 temperatures analysed. To quantify, by considering 𝑟hyd = 1 nm we 
obtain an increase in water density of about 6% for both the T= 283 K 
and T= 323 K systems due to the presence of the polymer with respect to 
the bulk (see Methods for the procedure; given that no size-dependent 
trend is observed, the water density increase is obtained by averaging 
the data from the three different solutes for each temperature). While 
no relevant density changes are observed between the systems for the 
two temperatures, a temperature related effect can be quantified by an 
analysis of the average number of molecules surrounding the polymer. 
As a matter of fact, the hydration effects can be highlighted by comput-
ing the number of water molecules enclosed within the ellipsoid that 
best approximates each polymeric surface, that can be considered as a 

good approximation of the first hydration layer (𝑁wat ).
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Fig. 10. Comparison between the water density 𝜌 computed in the presence of the polymer, and the water density in bulk condition 𝜌f ict (see Methods) for increasing 
distances from the ellipsoidal surface that approximates PiPOx10 (panel (a)), PiPOx20 (panel (b)) and PiPOx30 (panel (c)) at T= 283K (blue line) and T= 323 K (red 
line). Number of water molecules closest to the polymeric chains (namely those enclosed within the polymer ellipsoidal surface) for two different replicas at T= 283
K and T= 323 K (purple points and dashed errorbars), and the average computed over the two replicas for the two temperatures in black for PiPOx10 (panel (d)), 
PiPOx20 (panel (e)) and PiPOx30 (panel (f)). The errors computed on each replica are a measure of the fluctuation within every single simulations, and the standard 
deviations on the two replicas are a measure of the variability of two independent measurements. While the comparison of the density profiles for the two analysed 
temperature presents similar features for the analysed molecules, with an increase in water density close to the solute surface, the number of water molecules 
involved in the density increment instead is greater for the low temperature case (𝑁wat,T=283∕𝑁wat,T=323 > 1 for PiPOx10 and PiPOx20, and 𝑁wat,T=283∕𝑁wat,T=323 ∼ 1 for 

PiPOx30.)

As reported in panels (d), (e), (f) of Fig. 10, irrespective of the 
solute analysed, the number 𝑁wat,T=323 of water molecules hydrating 
the polymer at short distances and high temperature is lower than the 
𝑁wat,T=283 value obtained computing the water molecules hydrating the 
macromolecules at the lowest temperature analysed, on average. The 
average was computed over the two performed replicas. We report 
both data averaged over every single trajectory (replica), as well as 
the average obtained over the two independent replicas. Low temper-
ature presents a wider fluctuation, while higher temperature presents 
less fluctuation within every single simulation. The average value ob-
tained is reported with an error corresponding to the standard deviation 
between the two different replicas, while the errors reported for each 
replica are a measure of the intra-simulation fluctuations. It is hence 
found that 𝑁wat,T=283∕𝑁wat,T=323 > 1 for PiPOx10 and PiPOx20, and 
𝑁wat,T=283∕𝑁wat,T=323 ∼ 1 for PiPOx30.

It follows that the partially folded conformations adopted by the 
polymer at low temperature are stabilised by a greater number of hy-
dration water molecules with respect to the stretched conformations 
characterising the high temperature. Hence, it might be arguable that 
the decrease in the entropic cost related to the number of degrees of 
freedom of water quenched by hydration observed at high temperature 
concurs in the acquisition of the stretched unfolded conformations at 
high T.

Finally, we repeat the just described procedure to analyse the fi-
nite dilute simulations. The 𝜌∕𝜌f ict profiles for the two T𝐻 and T𝐿
temperatures and 𝑥𝑤 = 0.1 are reported in panel (a) of Fig. 11 (the 
results obtained from the replica are reported in the SI, Section 4.2). 
As mentioned for the infinite dilution case, the plateau value reflects 
the density of water at large distance from the polymer chain, hence 
being a measure of the average water density in solution. On the con-
trary, the values corresponding to small distances define the properties 
of the polymer hydration shell. While all hydration curves appeared to 
be very similar for the two analysed temperatures at infinite dilution 
for all solutes, moving to a finite concentration induces an appreciable 
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temperature related effect on the single molecule hydration. As a mat-
ter of fact, the 𝜌∕𝜌f ict curves obtained for the T𝐿 and T𝐻 simulations 
appear to be quite different, as shown in panel (a) of Fig. 11.

The profile obtained for T= 283 K presents two main features: i) at 
least two peaks of increased density are observed around the polymer 
chains, ii) the water density plateau is higher than 1. The former aspect 
confirms that, even if the polymeric chains at low temperature are in-
teracting (see previous Results 3.2 section), they are well hydrated and 
do not form aggregates that modify the single chain level hydration fea-
tures. Instead, moving to 𝑟 > 𝑟hyd the value 𝜌∕𝜌f ict > 1 indicates that, on 
average, water is at a density higher than that of bulk. This is due the 
presence of a multitude of solutes, each one well hydrated - as demon-
strated by the peaks at short distance in the plots. The high content 
of hydration water, thus, collectively affects the average water density 
which results to be slightly higher than the bulk (this phenomenon is 
better analysed in ref. [34]).

Interestingly, in the T= 323 K case, the 𝜌∕𝜌f ict profile does not resem-
ble the one of a typical solute in water; close to the chain surface, the 
density is smaller than that of bulk and the plateau is hardly reached. 
These aspects are due to the formation of the large aggregate described 
in the previous section. In fact, within such a supramolecular structure, 
only the regions of the polymer chains at the interface can be genuinely 
considered to be hydrated. The ratio smaller than 1 between the density 
computed from the actual simulation and the “fictitious” one, are due 
to regions of low density within the actual simulation that would con-
tain more water molecules in the “fictitious” condition. By increasing 
the distance from the polymer surface, the density of water is affected 
according to three regimes: the 𝑟 << 𝑟hyd low density regions, the hy-
dration layers surrounding the large cluster (𝑟 ≃ 𝑟hyd), and the 𝑟 >> 𝑟hyd
regions (distant from the cluster surface) where water can be assumed 
to be in bulk condition. This gives rise to the peculiar shape of the 𝜌∕𝜌f ict
curve of Fig. 11 panel (a) for T= 323 K.

Finally, we computed the number of hydrogen bonds (HB) between 
water and the polymer, as we report in panel (b) of Fig. 11 (the re-
sults obtained from the replica are reported in the SI, Section 4.3). The 

data are reported normalised by the maximum number of HBs between 
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Fig. 11. Panel (a): Comparison between the water density 𝜌 computed in presence of the polymer, and the water density in bulk condition 𝜌𝑓𝑖𝑐𝑡 for increasing 
distances from the ellipsoidal surface that approximates PiPOx10 at 𝑥𝑤 = 0.1 and T= 283 K (blue line) and T= 323 K (red line). For clarity, a black line corresponding 
to 𝜌∕𝜌f ict = 1 is reported. Panel (b): Fraction of hydrogen bonds (HB) engaged by the polymer with water (the reference for the normalisation is given by the number 
of HB between Pipox10 and water obtained from the single chain simulations at the two temperatures).
the solute and the solvent. The latter is obtained - for each temperature 
- as the number of HBs between PiPOx10 and water computed from 
the single molecule simulation, multiplied by the number of chains in 
solution. While at low temperature, almost all the possible HBs are sat-
isfied (fraction of HBs greater than 0.7), at high temperature less than 
half of the maximum number of bonds are made. This confirms that 
large part of the big cluster that is found at high temperature remains 
not hydrated. Moreover, in literature it is also proposed that peculiar 
hydrogen bonds are formed between PiPOx and water, bridging two 
carbonyl groups [48]. Such cross-linking bonds are predicted to induce 
liquid-liquid phase separation as a step prior to water expulsion and for-
mation of the polymer-rich phase [10]. From the MD simulations, we 
observe that few of these bonds form. On average, we compute ∼ 0.3 
bonds per frame, per chain, for both systems; this means that around 
30% of the total acceptors are involved in the bridging for each system. 
Hence, according to our data, such a property does not seem to actu-
ally characterise neither the stable solution nor the de-mixing condition. 
However, when T=T𝐻 , the few bridges that are found, are located at 
the interface between the polymer rich and the water rich phases (see 
SI, Fig. S15, for a snapshot of the system). To conclude, in line with the 
single molecule analyses, these results stress the major role played by 
hydration in the thermoresponsive behaviour of PiPOxs. In particular, 
our data confirm the resemblance between LCST and the liquid-liquid 
phase separation reported in literature.

4. Conclusions

This work represents the first extensive molecular dynamics inves-
tigation of poly(2-isopropyl-2-oxazoline) addressing the nature of the 
thermoresponsive behaviour of this polymer both at infinite dilution 
and finite concentration. To this aim, three different systems (DP=10, 
20, 30) - with two replicas each - have been simulated at infinite dilu-
tion for three different temperatures, T𝐿 = 283 K that we expect to be 
well below the experimental LCST, T𝑅 = 300 K and T𝐻 = 323 K, T𝑅 ex-
pected to be about LCST, and T𝐻 to be above. We then explored the 
temperature influence on structural properties of finite concentration 
solutions for the DP=10 system at T𝐿 and T𝐻 , with two independent 
replicas containing a different number of polymer chains for a fixed 
concentration, to have a control over possible size effects.

The thermoresponsiveness lies in a change of solubility for PiPOx 
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aqueous solutions, that undergo a transition from a state with well-
solvated polymer chains (thus appearing limpid at sight) up to a liquid-
liquid phase separation - LLPS - where solutions become turbid. More-
over, poly(2-isopropyl-2-oxazoline) in water is experimentally known 
to crystallise at temperatures well above LCST, or around LCST if left 
unperturbed for a long time.

While crystals are easy to characterise by means of X-ray diffraction 
(XRD) methods, accessing structural information for de-mixed phases is 
more difficult. Moreover, to date, an extensive study that would provide 
an explanation at the molecular level of the nature of the thermorespon-
siveness of the polymer, is lacking.

To start the exploration, we first of all assess the validity of our 
newly developed PiPOx model, by comparing diffusion coefficient re-
sults from simulations with those obtained by DLS measurements on 
specifically synthesised polymers of controlled DP. We use such a 
favourable comparison to confirm the predictability of our model over 
experimental findings.

Single chain simulations performed at different temperatures show 
a difference in the average polymer conformation, that results to be 
significantly more stretched at higher temperature. While chain at low 
temperature tends to assume bent conformations, at high temperature 
the configurational space of possible conformations is restricted to very 
stretched macromolecular conformations. This feature is reproduced for 
all analysed DPs, and well matches with the structural characteristics 
experimentally detected (by IR, NMR methods) for the polymer rich 
phase in de-mixing condition.

Given such an effect, it is interesting to analyse the role played by 
water in the two different states, at the different temperatures. We find 
that high temperature systems are characterised by smaller hydration 
shells, and hypothesise that the shrinking of the hydration shell upon 
increasing temperature concurs to the high temperature stretching of 
this water soluble polymer.

The thermoresponsive behaviour is even more pronounced at finite 
concentration of PiPOx, where the temperature increase triggers an in-
termolecular aggregation process, that leads to the expulsion of water 
molecules from the polymer rich phase, thus inducing a micro phase 
separation (LLPS).

To better explore the nature of the polymer rich phase, we per-
formed a coarse graining by remapping every atomistically defined 
polymer chain onto an effective ellipsoid, and by then measuring the 
average angular and radial distribution of such ellipsoids. We found 

that structures self-assembled at high temperature, present a local liq-



S. Del Galdo, C.A. De Filippo, L. Stefanuto et al.

uid crystalline (LC) ordering. We can thus hypothesise that polymers 
with DPs sufficiently long for the macromolecule to have the needed 
anisotropy, and short enough to remain reasonably rigid, at high tem-
perature should form a liquid crystalline phase in the LLPS region. Such 
a property would allow to have fully controllable thermoresponsive 
liquid crystals, thus electing PiPOx systems as optimal candidates for 
optical thermoresponsive switchers. The existence of the LC phase, as 
well as the exploration of the possible thermodynamic conditions that 
would lead to a stable LC phase, are currently being analysed in our 
laboratory, and will be the subject of future contributions.
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