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Abstract

We study dilute aqueous solutions of PEO oligomers which are subject to an elon-
gating force dipole acting on both chain ends using atomistic molecular dynamics.
By increasing the force liquid-liquid demixing can be observed at room temperature
far below the lower critical solution temperature. For forces above 35 pN fibrillar
nanostructures are spontaneously formed related with a decrease in hydrogen bonding
between PEO and water. Most notable is a rapid decrease of bifurcated hydrogen
bonds during stretching which can also be observed for isolated single chains. The
phase-segregated structures display signs of chain ordering, but a clear signature of
crystalline order is not obtained during the simulation time, indicating a liquid-liquid
phase transition induced by chain stretching. Our results indicate that the solvent

quality of the aqueous solution of PEO depends on the conformational state of the



chains, which is most likely related with the specific hydrogen-bond induced solvation
of PEO in water. The strain-induced demixing of PEO opens the possibility to ob-
tain polymer fibers with low energy costs since crystallization starts via strain-induced

demixing in the extended state only.

Introduction

Fibers made of extended and crystallized polymer chains can have extraordinary strength
such as a yield stress in the order of 10 GPa.! However, to obtain such materials in practice
the stretching of chains has to be achieved against the interactions of the crystal-forming
polymer which requires high processing energies and still leads to imperfect molecular ar-
rangements. Metastable polymer solutions, which can undergo a disorder-to-order transition
in response to stress are therefore of great interest for developing new low energy solidification
techniques. The solidification with minimal energy input will drastically reduce the costs for
producing polymeric materials.? Natural silk is an example of an efficient system that pro-
duces high performance and biodegradable materials with superb mechanical properties.?*
The material being mechanically drawn from the silk gland into the external air undergoes a
liquid-to-solid phase transition.* The structural variation of these semi-crystalline polymers
is, however, very wide. For instance, the crystallites may consist of 5-sheets, a-helical coiled-
coils, collagen helices etc.* In addition, the ordered crystalline and disordered amorphous
domains possess high and low hydrogen bonding densities, respectively.* This biological com-
plexity hampers a physical understanding of the process of fiber formation. On the other
hand, an aqueous solution of poly(ethylene oxide) (PEO) is a potential candidate also capa-
ble to undergo a phase transition as a result of loss of the hydrated structure. Thus, PEO
can serve as suitable model system to study strain-induced phase transition which may guide
the understanding of complex biological composites such as spider silk.

PEO is one of the best studied and widely used polymer in biomedical and technological

applications.® PEO is an amphiphilic, low toxic and water-soluble homopolymer with a gen-



eral formula CHs — [O — CHy — CHy),, — O — CHj3.° In addition to the solubility in water, PEO
is also soluble in organic solvents due to its unique chemical structure with both hydrophilic
and hydrophobic character. Its excellent solubility in water at ambient conditions can be
explained by the match in the oxygen - oxygen interdistance in the PEO and in the structure
of pure water.” In contrast, decreased water solubility of its homologues, i.e poly(methylene
oxide) (PMO) and poly(propylene oxide) (PPO), can be explained by the poor match in
oxygen - oxygen interdistances.” However, the solubility of PEO decreases upon heating
and its aqueous solutions undergo phase separation at a lower critical solution temperature
(LCST).® The intriguing properties of PEO in water were already considered in previous
simulation studies using different force fields and degree of coarse-graining.’'* Recently,
Dahal and Dormidontova 4! have studied the hydration, static and dynamic properties of
PEO chains both in aqueous solutions and grafted to the surface using atomistic molecular
dynamics simulations.

A tensile stress introduced into the amorphous material can enhance the phase separa-
tion, if the binding or coordination of water with respect to the monomers is reduced by
stretching. Holland et al.? have found indication for transient crystallization of PEO in di-
lute solutions under flow. In a very recent work by Semenov et al.'® the formation of stable
jets from dilute PEO solutions has been explained by an increase of the intermolecular in-
teractions between the chains due to extension-induced orientation of macromolecules. In a
combined experimental and computational study, Netz et al.!” have shown that stretching
of single PEO chains in water is related with a release of hydrogen-bonded water which can
compensate the entropic forces at high strains.

In this work we will give evidence that stretching of PEO chains in water leads indeed
to liquid-liquid phase separation far below the LCST. This is demonstrated by applying a
force dipole to both ends of the chains which are otherwise freely movable in the solution.
We argue that this observation is related to a change in the state of hydrogen bonding due

to a change in the population of conformational states involving two successive oxygens



from gauche to trans. This is in contrast to the usual paradigm of polymer physics that
the polymer-solvent interaction parameter, often referred to as the y-parameter,'® does not
depend on the conformational state of the chains. As a consequence stretching of PEO chains
in aqueous solutions involves forces typical for flexible polymers and only in the extended

state crystallization can set in within the segregated polymer phase.

Simulation Details

All simulations in this work were performed by using the molecular dynamics package
LAMMPS® with a velocity-Verlet integrator and an integration time step of 2 fs. MD
simulations were conducted either in the isothermal-isobaric (NPT) ensemble or in the
isothermal-isochoric (NVT) ensemble. The temperature and pressure were kept constant
using Nose-Hoover thermostat and barostat with relaxation times of 0.2 ps and 2.0 ps, re-
spectively. The Lennard-Jones interactions were switched to zero between 8 A and 12 A.
The real space electrostatic interactions were cutoff at 12 A, while the long-range electro-
static interactions were evaluated using particle-particle particle-mesh method. Bonds and
angles in water as well as bonds involving hydrogen and any other atom were kept rigid
using the SHAKE algorithm with the relative tolerance of 107%. The revised version of the
CHARMM ether force field (c35r) was used for PEO.?° Water was represented using TIP3P
model. The simulated system consists of 100 PEO chains (each with total 46 ether units)
and 133341 water molecules in a periodic box with following dimensions: x =y = 150 A
and z = 210 A. The concentration is well below overlap of the PEO chain under the given
solvent condition. Therefore, entanglement constraints should not play an important role.
For the calculation of hydrogen bonds we used geometrical criteria following the classical
work of Luzar and Chandler: d(D-A) < 3.5 A and Z (D-H-A) < 30°.?' The conclusions
about our findings of the conformation-dependent hydrogen bonding remains unchanged if

different cut-off criteria are used such as proposed in Ref.!'” The MD results were mainly



analyzed using VMD software. 22

Comparison of the computed force-extension curve with that measured using atomic force
microscopy (AFM)!7 for a single molecule, see Fig. S1 (a), shows a quantitative agreement
with experiment and confirms that the properties of PEO in water are well described by
classical MD simulations. Simulations were carried out at temperature of T = 298 K far
below the LCST of these oligomers which is located approximately at Ty ogr = 423 K in our

model system.

Results and Discussion

Force-induced phase-separation

Classical MD simulations were performed to study the tensile deformation and stress-
induced phase transition behavior of PEO in solution at atomic level. To this end, 100 PEO
molecules were solvated by water in a rectangular box with following dimensions: x =y =
150 A and z = 210 A. The larger size in z-direction is to ensure that the fully stretched
oligomer chain will not interact with itself through the periodic boundary conditions. The
oligomer considered was PEO46. The system first was equilibrated at room temperature
and then a constant mechanical force dipole was applied to two end points on the PEO
molecules. The sum of the forces acting on both chain ends is exactly zero, therefore center
of mass motion is unrestricted by the applied forces. This implies that the ends are not
fixed in space and the chains can rearrange in different phases in response to the external
field. In this way the distances between two end points were continuously elongating until
a plateau for the averaged end-to-end distance for a given value of externally applied force
was reached.

First of all, it is worth to note that at temperature of 298 K and without external
forces the oligomer chains are fully dissolved in water with homogeneous distribution in the

simulation box. Only upon heating at around T = 373 K the PEO-water solution starts to
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Figure 1: Snapshots of an individual PEO chain picked from the simulation box under various
values of the external force. Black arrows show the directions of the applied forces. Except
for the force-free chain (left) only a short sequence is displayed to illustrate the change in
conformation.

phase-separate. It is known that PEO exhibits lower critical solution temperature (LCST)
behavior for high enough molecular weight. The LCST of PEO with a molecular weight
greater than 10* Da approaches an asymptote at temperature of ~373 K.® On the other
hand, according to the theoretical predictions based on the Flory-Huggins theory, which are
supported by experimental measurements, the phase separation of PEO with a molecular
weight of ~2-10% Da (which was considered in this study) should occur at slightly elevated
temperatures in the range of 410 — 440 K.® In our own simulations using atomistic model
the increase in the temperature from T = 373 K up to T = 423 K results in the formation
of spherical aggregates of PEO molecules. The decreased solubility of PEO in water upon
heating can be explained by the fact that at higher temperatures the hydrogen bond network
between the ether oxygens of PEO and surrounding water molecules breaks due to thermal
fluctuations, allowing the PEO-water system to demix with the formation of a two-phase

region.



During stretching the PEO conformations are altered significantly by the applied forces,
as shown in Fig. 1. As we show later in more detail, deformation of the chains in response to
external mechanical forces leads to the formation of highly oriented fibrillar nanostructures.
However, the stress-induced phase separation can only be observed if the load is above some
threshold value.

As expected, the deformation of individual chains grows monotonously with the applied
force. In Fig. S1 (a) we compare the force-extension curve of the chains after relaxation
with the corresponding results for single chains. Inspection of the local structure of bonds
clearly proves that valence angles are not changed even up to a very high force of 350 pN
and the deformation is the result of changing the distribution of torsion angles related with
a decrease of conformational entropy.

Local conformations can be classified based on the dihedral angles involving carbon and
oxygen atoms along the backbone of the PEO chains. In Fig. 2 (a,c) we show probability
densities for the O-C-C-O dihedral angles. We define populations of trans (gauche) con-
formers as the ratio between the area for the trans (gauche) conformation and the total area
under the curve. The corresponding results are displayed in Fig. 2 (b,d). It is worth to note
that without external forces the O-C-C-O torsion angles have a preference for the gauche
conformation, which is known as the gauche effect.?® This is displayed by the black curve
in Fig. 2 (a). The transformation of gauche conformers into the trans conformers requires
a relaxation time which also depends on the applied force. For instance, at time of 2.0 ns
and force of 350 pN most of gauche conformers are transformed into trans conformers with
population of about 98 %, see Fig. 2 (a,b). For smaller magnitudes of force, the population
of trans conformers can further increase as time goes on, see Fig. 2 (¢). This indicates a
cooperative process between several chains which takes place at lower forces. In Fig. 2 (d)
we display the two populations at the maximum relaxation time which we have applied to
the systems. An abrupt change in the populations from gauche to trans occurs in the range

from 70 - 140 pN, as indicated by the arrows.
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Figure 2: Normalized probability distributions of O-C-C-O digedral angles for different ap-
plied forces (a,c) and corresponding populations of conformers of PEO oligomers (b,d). The
temperature is T = 298 K.

Without an external force the PEO chains are in good solvent conditions and do not
aggregate. To study the impact of stretching the chains on the solubility, the two-dimensional

intermolecular pair correlation functions (PCF) between the PEO monomers were calculated.

The PCF is defined as:

L p(r)
9(r) = dlrgno 27N (N/A)rdr (1)

where r is the distance between the pair of monomers, p(r) denotes the average number
of monomer pairs found at a distance r and r + dr, while N and A are the number of
reference particles and the total area of the layer perpendicular to the direction of the
applied force, respectively. A two-dimensional PCF takes into account only the correlations

within the layers perpendicular to the force and, as a result, this eliminates the correlations



arising from the alignment of PEO chains along the force. These results are displayed in

Fig. 3. The correlation intensities strongly depend on both the magnitude of the force
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Figure 3: Two-dimensional intermolecular pair correlation function (PCF) between the
monomers of PEO oligomers at times of 2 ns and 20 ns, respectively. The insets illustrate the
PEO molecules in monomer representation (water molecules are omitted for clarity). The
temperature is T = 298 K.

and elapsed simulation time (compare left versus right plots). Initially at time of 2.0 ns
there is a big difference in correlation intensities for different forces, especially for the one
of 350 pN. Nevertheless, the correlations are building-up with time and become relevant
even for smaller forces, such as 35 pN and 70 pN, as it is illustrated by the green and blue
curves in Fig. 3, respectively. As the order parameter indicating the phase separation one
can use the appearance of higher order peaks in the PCF. Given the relaxation time of 20
ns in our simulations, deformation-induced phase separation of PEO can be thus observed
above a threshold value of the force of about 35 pN. The appearance of fibrillar clusters
can be detected by an oscillating pair correlation function in Fig. 3 (right) which, however,
decreases rapidly with the distance. A more detailed analysis of the scattering data, not
shown here, indicates the absence of crystalline order yet. Thus, the resulting clusters should
be considered as a simple demixed phase of stretched oligomers. However, it is expected that
the once demixed bundles occur they are able to crystallize given a sufficiently long time for
nucleation and possibly further reorganization.

To understand the origin of deformation-induced phase separation, we relate the local



conformational changes (as shown in Fig. 2) with the change in the number of hydrogen
bonds. In Fig. 4 we display our calculations of the number of intramolecular bifurcated and

single hydrogen bonds, respectively. As it was mentioned above, at high enough strains the
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Figure 4: (a) Number of intramolecular bifurcated (obtained by averaging over last 10 ns
of the simulation) as well as (b) single hydrogen bonds per oligomer chain as a function of
force. The temperature is T = 298 K.

helical structures (enhancement of the gauche O-C-C-O and trans C-O-C-C populations)
of PEO chains undergo a strong deformation, which ultimately leads to a drastic reduction
in the number of intramolecular bifurcated hydrogen bonds, involving two ether oxygens
within the oligomer chain and one water molecule, as shown in Fig. 4 (a). This result
corresponds to that of Ref.!” These bifurcated hydrogen bonds almost completely destroyed
already for the force of 70 pN. This can be explained by the steric hindrance due to the fact
that hydrogen atoms of methylene bridges in trans conformation occupy certain amount of
space between two adjacent oxygens, which prevents the formation of bifurcated hydrogen
bonds. The number of single hydrogen bonds is displayed in Fig. 4 (b), which are also
much reduced if the force reaches values of the order of 70 pN. This finding may appear
somewhat counterintuitive, since the stretching of oligomers results in more extended PEO
conformations in which all ether oxygens become exposed to the surrounding water molecules.
However, the simulation results indicate a more than twofold reduction in the number of

single hydrogen bonds from ~25 down to ~11 per one oligomer molecule for large enough

10



forces, as illustrated by the arrow in Fig. 4 (b). A possible explanation is that the tensile
deformation of PEO oligomers leads to an increase in their hydrophobicity due to favorable
van der Waals interactions. As a consequence the PEO chains start to segregate, eventually
resulting in the formation of the fibrillar nanoclusters. This reduces the surface between
PEO and water and, hence, less ether oxygens can be exposed to water molecules.

This conclusion is supported by the trends in interaction energies (which include the van
der Waals and Coulomb energies) between PEO and PEO, and between PEO and water, as
illustrated in Fig. S4. In this regard, it is worth to note that for a single oligomer chain
we do not observe a reduction in the number of single hydrogen bonds, see Fig. S3 (a).
In addition, we may assume that large aggregates will grow on the expense of smaller ones
with increasing time, a process known as Ostwald ripening, with the formation of one large
aggregate to minimize the total surface area, since the PEO oligomers are energetically more

stable in the interior of the aggregate.

Discussion and Conclusion

Our results clearly indicate that the stretching of oligomer chains initiates interchain
aggregation, which ultimately leads to the phase separation of the PEO solution with the
formation of highly oriented fibrillar nanostructures. This agrees with experimental results
regarding the fiber formation, induced by shearing of PEO-water solution using SIPLI and
SAXS/WAXD techniques.? In this respect also the work by Semenov et al.'® should be
noted where the authors explain their findings of the formation of stable jets from dilute
PEO solutions by enhanced intermolecular interactions of elongated macromolecules. We
found that the strain-induced phase transition of PEO oligomers is associated with the
reduction in the number of intramolecular bifurcated as well as single hydrogen bonds. The
intramolecular bifurcated hydrogen bonds are presumably responsible for the stabilization

of the local helical structures.?* Accordingly, at high enough magnitudes of the force the
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helical structure elements unfold and most of gauche conformers transform into the trans
conformers.

The strain-induced demixing transition occurs due to the favorable interaction energies
between the PEO chains, i.e. primarily due to van der Waals interactions. In addition, the
electrostatic interactions between PEO and water molecules become unfavorable as force
increases, which further encourages the oligomer clustering, resulting in the loss of the hy-
drated structure. We note that the fibrillar structures we have obtained in our simulations
are not crystalline but correspond to a concentrated polymer phase consisting of (partially)
stretched chains segregated from water.

Summing up, a tensile stress introduced into the PEO-water solution reduces the solu-
bility of the former and, if there are other oligomer chains present in the simulation box,
leads to a phase separation of PEO from water. In terms of polymer physics this corre-
sponds to an increase of the y-parameter due to elongation of the chains, or, in other words
a conformation-depended y-parameter between PEO and water. Thus, we expect a change
in the whole phase diagram of PEO in water which contains besides the temperature and
concentration also the force as a coordinate. As a consequence one can expect a shift in
the LCST-line in the concentration-temperature space induced by the external force. The
demixed state is a possible precursor to crystallization of the extended chains and thus pro-
vides the possibility to obtain a low-energy cost stretching-crystallization pathway in the

PEO solutions.
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