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Abstract

Non-toxic, chemically inert, organic polymers as polyethylene glycol (PEG) and polyoxymeth-
ylene (POM) have versatile applications in basic research, industry and pharmacy. In this work,
we aim to characterize the hydration structure of PEG and POM oligomers by exploring how
the solute disturbs the water structure compared to the bulk solvent and how the solute chain
interacts with the solvent. We explore the effect of (i) the C-C-O (PEG) versus C-O (POM)
constitution of the chain and (ii) chain length. To this end, MD simulations followed by clus-
tering and topological analysis of the hydration network, as well as by quantum mechanical
calculations of atomic charges are used.

We show that the hydration varies with chain conformation and length. The degree of folding
of the chain impacts its degree of solvation, which is measurable by different parameters as for
example the number of water molecules in the first solvation shell and the solvent accessible
surface. Atomic charges calculated on the oligomers in gas phase are stable throughout confor-
mation and chain length and seem not to determine solvation. Hydration however induces
charge transfer from the solute molecule to the solvent, which depends on the degree of hydra-
tion.



1. Introduction

Long-chained organic polymers, which are composed of numerous repeating monomer units,
are frequently used in a variety of industrial, agricultural, and medical applications'™. For ex-
ample, polyethylene glycol (PEG) — a polymer made up of various units of ethylene glycol
(CH2CH20), — is nontoxic, chemically inert, non-antigenic, highly soluble in water and in eth-
anol and has a high biocompatibility>°. Along with these characteristics, PEG is FDA approved
as an architectural molecule in for example drug carriers or multivalent inhibitors’.

They can reduce the immunogenicity of biosimilar therapeutics and decrease renal clearance.
PEG also serves as a model system to investigate the intricate behavior of polymers in solu-
tion®’. Hydration of these polymers modulates the chain’s characteristics. The perturbation
caused by the hydrogen bond formation in the coordinated water networks will determine the
physical properties and has a profound effect on, e.g., chemical reactions in the solvent and on
the ability to bind as a ligand in, e.g., protein cavities.

In the present study, due to their versatile applications in both basic research and industry, we
direct our attention to PEG and polyoxymethylene (POM) which differ in the constitution of
the polymer backbone: PEG is characterized by repeating units of C-C-O, while in POM C-O
units are repeated (see Chart 1).
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Chart 1. Building blocks of PEG and POM oligomers showing also the number of units (n) that build
up the chains studied in this work.

Oligomers of different lengths as models for PEG and POM polymers are chosen to explore the
effects of (i) the C-C-O (PEG) versus C-O (POM) constitution of the chain and (i1) chain length.
We investigate how the solute disturbs the water structure compared to the bulk solvent and
how the solute chain interacts with the solvent.



While PEG is soluble in water'’, POM is completely insoluble and even in apolar solvents such
as benzene and toluene, high temperatures are needed to dissolve it. The contrast between the
solubilities of PEG and POM in water is counterintuitive based on their C/O ratios. A recent
publication by Ensing et al. '' sought to explain the solubility patterns in water using MD sim-
ulations on PEG-3 and POM-3 chains. They discuss inductive effects of the intrinsically differ-
ent polarization of the single bonds of the backbone chain (formally C has an oxidation number
of 0 in POM and -1 in PEG.), resulting in different partial RESP charges (Restrained Electro-
Static Potential charges, characteristic charges for describing the electrostatic interaction at
large distance from the molecule) on the ether oxygen atoms in POM and PEG, as the underly-
ing factor determining solvation. Using different atomic charge schemes and longer PEG/POM
chains, we refine this finding. We show that solvation varies with chain conformation and chain
length, while the atomic charge calculated on the oligomers in gas phase does not. The degree
of folding of the chain impacts its degree of solvation, which is measurable by different param-
eters as for example the number of water molecules in the first solvation shell and the solvent
accessible surface. For less solvated chains, a lower charge transfer from the solute to the sol-
vent is found.

The structure of solvation networks can be characterized using the toolbox of complex network
theory'?. Also biopolymer solvation is well studied'*!'*. PEG in water is stabilized by water
bridges'>'°. Earlier studies report that hydrated PEG polymers form helical structures for which
the surface hydrophobicity increases with chain length!”. Hydration stiffens the PEG polymer
by stabilizing the local helical structure elements through the formation of water bridges’.
Stretching of the PEG polymer releases the water molecules that in the relaxed state form dou-
ble hydrogen bonds'®. Accordingly, larger stretching forces in solvent are needed compared to
PEG in gas phase’.

For poly(ethylene oxide), neutron diffraction experiments revealed that each monomer is hy-
drated by six solvent molecules!’. No evidence for the presence of structured water at the pol-
ymer-water interface was found'®. Also, the tetrahedral cavities in water are too small to ac-
commodate the polymer; therefore, the polymer cannot be assumed to be hydrated by an un-
perturbed tetrahedral water lattice'.

Depending on the following parameters: temperature, molecular weight of PEG and water con-
tent of the solution, PEG solubilized in isobutyric acid can form helices?’. These helices co-
exist with coils: separate PEG molecules can form either helices or coils and/or one PEG mol-
ecules can take on a partially coiled and partially helical structure.

For PEG with 15 units, using molecular dynamics (MD) simulations?!, the hydration, confor-
mation of PEG and the water structure near PEG were already examined. In water, PEG trans-
forms from a collapsed coil to a helical structure, which was considered as a unique pattern for
PEG solvated in water. A rather complex hydration structure was found, consisting of bridging
water molecules between PEG and the bulk solvent and between two O atoms of PEG separated
by two ethylene oxide units. The average number of water molecules associated per ethylene
oxide unit is 2.9, in agreement with experimental studies. In our study, we will extend this work
with a statistical analysis of the hydration shell using MD simulations, in combination with
clustering and topological analysis of the hydrogen bond network using graph theory. The water



structure forming the solvation shell will be properly analyzed along the MD trajectories in
terms of local structural parameters as the average hydrogen bonds and number of water mole-
cules. These systems will also be characterized as a complex network, in which each water
molecule can be handled as a vertex and the hydrogen bonds among them as edges®?. For water-
formamide mixtures, data from neutron-diffraction experiments and from MD simulations are
in good agreement, suggesting that molecular modeling can give realistic descriptions of water-
hydration 23. Also, for PEG, validation of MD simulations by experimental data confirms that
the MD approach is capable of generating reliable molecular structures and descriptions!”.

To further study the water — solute interactions and to study the effects of the polymer confor-
mational change induced by water, we perform quantum mechanical calculations on representa-
tive structures of the MD simulation, to evaluate the electrostatic potential and the atomic
charge using different electron partitioning schemes (ESP, NPA, Hirshfeld-I).

This fundamental work, aimed to give insight in the solvation properties of PEG and POM, can
give leads for the practical use of PEG polymers as linkers with a fine-tuned spacer arm length
in for example multivalent inhibitor design (e.g., an overview can be found in Brissonnet et al.
24. and references therein).

2. Methods

2.1 Molecular Dynamics Simulations

Chains of PEG and POM oligomers with a different number of monomers (2, 3, 5, 10, 15, 25,
and 50 units for PEG & 3, 7, 13, and 22 units for POM) were constructed using Gaussview. In
order to perform efficient conformational searches on the PEG and POM chains, we employed
the Conformer Generation (ConfGen) tool in the Schrodinger suite. The oligomer chains were
then centered in an orthorhombic box of water molecules and it was ensured that all edges of
the box were at least 10 A away from any atom of the solute. The box was filled with 3-site
rigid water molecules (Transferable Intermolecular Potential with 3 points, TIP3P model). The
topology files of all the systems were generated using the OPLS 2005 force field parameters®>,
This server derives parameters for the various atom types automatically from the molecule's
topological structure.

The TIP3P water model is indeed a relatively simple water model, but both TIP3P and OPLS-
AA were developed by Jorgensen?%2” and his group, and they are compatible. The OPLS 2005
force field includes the TIP3P force field as one of the two default water models.

Systems were then relaxed into a local energy minimum using the Maestro’s default two-stages
protocol, followed by four stages of MD runs with gradually diminishing restrains. The MD
simulations were carried out using the Desmond simulation package of Schrodinger. The par-
ticle mesh Ewald method was utilized to calculate the long-range electrostatic interactions®s.
Using periodic boundary conditions, all runs were performed for 150 ns, with a simulation time
step of 2 fs, in the NPT ensemble with a temperature of 300 K, using the Nosé—Hoover chain
coupling scheme for the temperature control. The pressure was fixed at 1 atm, using the



Martyna—Tuckerman—Klein chain coupling scheme for the pressure control?’. Every 20 ps, a
snapshot of the structure was saved to build the trajectory of the MD simulations. In order to
obtain statistically independent configurations, every 70" snapshot of each trajectory (equal to
a temporal spacing of 1.4 ns) was selected for further analysis, leading to 108 snapshots for
each PEG and POM system. These 108 snapshots were clustered using the trajectory frame
clustering tool based on the root-mean-square deviation (rmsd) matrix calculated for carbon
atoms. The mid structures of the top three clusters were selected for the electrostatic potential,
Hirshfeld-I, NPA, and ESP charge calculations (see further below).

2.2 Analysis of the hydrogen bonding network

For our study we used a well-accepted and frequently applied criterion to define hydrogen
bonds. Two atoms, O and H, in water or PEG/POM are regarded as hydrogen bonded if the
H---O distance between the two atoms is smaller than 2.5 A and the O---O-H angle is smaller
than 30°. However, some of the water molecules over the surface of PEG/POM do not directly
form hydrogen (H-) bonds with PEG/POM but interact via dipole-dipole and dispersion forces
(e.g. via C-Heter...Omn20 type interactions). These water molecules were identified as having a
Cether*Owater distance smaller than 4.5 A, a criterion used previously successfully in the studies
of the hydration shell around DNA!# and insulin'3. All water molecules around PEG/POM that
correspond to these criteria belong to the first solvation shell. The second shell of water mole-
cules was then defined to include all water molecules that do not belong to the first solvation
shell and that form a H-bond to the 1 shell water molecules using the above H-bond crite-
ria. Using this rule, water molecules were assigned to additional shells. For further details and
visual representation, please consult Figure 2 in Rozza et al'®.

The average hydrogen bond number, Nug, was calculated by averaging the number of hydrogen
bonds over the trajectory and over all molecules (Eq. 1),

(X1 Ny, i) (1)

Nyp=
HB 2N

where N is the number of water molecules of the entire water box; the factor of 2 in the de-
nominator is avoids double counting of the H-bonds.

2.3 Charge calculations

As mentioned in the previous section, three structures were chosen for each system (PEG and
POM with various chain lengths) for quantum mechanical calculations to study the effect of
composition, chain length and conformation on the atomic charges of the individual atoms. For



the oligomer chains with the smallest number of PEG units, charge calculations were also per-
formed in the presence of a 6 A shell of water molecules, to investigate the impact of water
solvation on the atomic charges of the oligomers. In previous work on protein clusters, it was
shown that this should be sufficient to obtain a converged picture for non-radical systems®’.
Three fundamentally different charge schemes were chosen: Natural Population Analysis
(NPA), Hirshfeld-I (HI-I) and ElectroStatic Potential (ESP).

2.4 Hirshfeld-I -Charge calculations

For each structure, the first-principles electron densities as well as the local electrostatic poten-
tial are calculated. In this work, Hirshfeld-I (H-I) charges are calculated making use of a grid
based approach which directly partitions the electron density®'-32. This atoms-in-molecules ap-
proach has been shown to provide robust charges with regard to the structure of polymer con-
formations®? as well as periodic materials** while remaining sensitive to the chemical environ-
ment, allowing for charge transfer calculations at interfaces’>.

The first-principle models are constructed by placing selected MD polymer geometries with a
vacuum region of at least 15 A in each direction in the centre of an orthorhombic cell. This
reduces possible interactions between periodic copies to a negligible level and allows for the
charge density to decay naturally to an almost zero value at the cell edge.

Density functional theory calculations are performed using the Projector Augmented Waves
(PAW) method as implemented in Vienna Ab initio Simulation Package (VASP) code. The
exchange and correlation functionals were approximated using a generalized gradient approxi-
mation as derived by Perdew, Burke and Ernzerhof (PBE)*. The kinetic energy cut off was set
to 1000 eV with the electronic energy convergence criterion set to 108, Atomic charges were
calculated using the Hirshfeld-I atoms-in-molecules partitioning scheme, implemented in the
HIVE-code, using a convergence criterion of 1.0 10 electron, and a Lebedev-Laikov grid of
2030 grid points per spherical shell3!-32-3738,

The electrostatic potential (EP) was visualized using the VESTA program?°. VASP allows one
to store the local potential containing only the Hartree contribution (same definition for ESP as
given by Gaussian) or both the Hartree and the exchange-correlation contribution. A test (see
SI, Figure S1) with the 2-unit PEG shows the exchange-correlation contribution to only lead to
very minor changes. The qualitative picture for both approaches thus remains the same.

2.5 NPA and ESP - Charge calculations

NPA#4 and ESP* charges are calculated from the MD structures (see previous section) using
the Gaussian 16 program package*’ using the B3LYP functional and the 6-311+G(d)-basis set
from the MD structures (see previous section).



3. Results & Discussion

3.1 Structure of solvated PEG and POM

From the MD simulations, it can be seen that both PEG and POM polymers behave the same
way in water, whereas in reality, POM is completely insoluble in water. As we will see in the
next sections, there are differences at the microscopic level. This picture is confirmed by the
radial distribution functions (cf. Fig. S0), describing the distance between the oxygens of PEG
and the hydrogen atoms of water. The curves show the existence of H-bond interactions (cf.
peak at 2A). For PEG, there is a clear difference in radial distribution between the middle ether
oxygens and the -OH end groups/the first ether oxygen. For POM, the end-points show the
same radial distribution as the middle oxygens.

Both PEG and POM have an almost free rotation around the C-C and C-O single bonds in gas
phase. This is significantly altered in the condensed phase and when the chain interacts with a
solvent. Helical structures are formed in the crystal phase of PEG** and POM*. As extensively
described in the introduction, hydrated PEG transforms from a collapsed coil to a helical struc-
ture®!15:16:17.18.1920.21 ' The H-bonds formed between the hydrated chains and water result in a
significant competition between entropic and enthalpic contributions to the solvation energy.
Versatile folding patterns of solvated oligomers are found: extended, helical or coiled confor-
mation, or a combination thereof (cf., Fig. 1).
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Figure 1: Possible local conformations of a PEG oligomer with 25 units (n=25), together with different ways
in which water can interact with the chain, either as a single molecule interacting with a sole ether oxygen or
with two ether oxygens (bridge water) or as a chain of water molecules connecting ether oxygens far away.

Several parameters can be used to characterize the shape and the size of these macromolecules.
The first one is the expectation value of the square of the end-to-end distance ({r?)). Figure S2
shows the distance (r) between the two end hydroxyl oxygen atoms (O-O) of all conformations
obtained along the MD trajectory. Figure 2a shows the dependence of (r?) as a function of the
chain length, averaged over all conformations obtained along the MD run. The degree of folding
can also be assessed by a second parameter, the solvent accessible surface area (SASA) of the
chain, see Figure 2b. For small chain lengths, the system behaves as a random coil (i. e. a sta-
tistical distribution of shapes), represented by the straight linear relation between (r?) or the
measured SASA and the chain length. Per PEG/POM unit, we see a consecutive decrease of
(r?) and SASA as chain length increases, which agrees with a higher degree of folding. We
also see that the standard deviation on (r2) and SASA increases significantly as a function of
chain length due to the potentially larger conformational variability of longer chains. This may
be understood as a consequence of the folding of the chain and the simple model of a polymer
as a self-avoiding random walk (Fig. 1 gives an overview of possible folding patterns). Already
for a normal random walk, the standard deviation on the position is found to scale with the
square of the chain length*.



A third set of parameters (cf., Fig. 2c,d) include the gyration radius, asphericity and acyclicity,
see T1 in SI*’. The time-evolution of the gyration radius, asphericity and acyclicity parameters
along the MD trajectories for representative examples are given in Figure S3. Similar to the
end-to-end hydroxyl group O-O distance (cf., Fig. S2), no trends are observed, implying the
structures are well equilibrated without a systematic tendency towards folding of the structures.
For an ideal polymer (random coil), the gyration radius as a function of monomeric unit follows
a power law behavior with an exponent of 0.5, For PEG/POM, the gyration radius shows
indeed power law behavior, but with a significant deviation from the ideal random coil (cf., Fig.
2¢). This deviation becomes more pronounced when the chains become longer, consistent with
the behaviour of (r?) and SASA (cf., Fig. 2a,b). According to the best of our knowledge, no
universal law applying to the asphericity and acyclicity parameters have been established until
now. From our data, it can be seen that both parameters follow a power law behavior, again
except for the largest polymers.

POM has a significantly larger (r?) and asphericity index than PEG for chains having about the
same number of heavy atoms (e.g., POM-13 and PEG-10 have 26 and 30 heavy atoms, respec-
tively). This indicates that the conformations found for PEG and POM are different, with POM
having more extended conformations than PEG. The SASA of POM however, is somewhat
smaller compared to PEG, in agreement with its insolubility.

In summary, all parameters considered in this section indicate the considerable folding of the
longer oligomers, while smaller chains adopt a random coil. This goes along with the shift from
entropic (random coil) to enthalpic (folded chain) contributions making up the majority part of
the solvation energy for longer chains.
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Figure 2: a) Dependence of (r2) as a function of the chain length, with r the distance between the end
hydroxyl groups, measured between the two end hydroxyl oxygen atoms (O-0), for PEG and POM. b) Sol-
vent Accessible Surface Area (SASA) of PEG and POM. c¢-d) Gyration radius, asphericity and acyclicity for
PEG (c) and POM (d), shown in a log-log scale.

For a-d, all data are shown as a function of the unit number and have been averaged over all conformations
obtained along the MD run. For the PEG chains, the systems up to PEG-15 are included in the fit to have a
similar number of heavy atoms as the largest POM chain (POM22); PEG-22 and PEG-50 are indicated on
the graph, but not included in the fit.

3.2 Hydration analysis of the solvation shells — Analysis of the water structure

3.2.1 Water molecules in the solvation shells

Water can form H-bonds with other water molecules or with the PEG/POM chain or bridging
both (cf. Fig. 1). Water molecules of the first solvation shell are identified as PEG/POM-hydro-
gen-bonded, either as donor or acceptor (PHB, hydrophilic) or as PEG/POM-non-hydrogen-
bonded (PnHB, hydrophobic) water molecules. PHB waters form direct hydrogen bonds to the
oligomer, while PnHB waters are close (r._o < 4.5 A) to the surface of the central part of the
oligomer. This interaction, however, does not involve hydrogen bonds with the oligomer. The
PHB and PnHB water molecules add up to the first solvation shell. The water molecules from
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the bulk solvent excluding this first solvation shell, are indicated as “all”, throughout this work.
For the oligomers, the oxygen atoms are either labelled as ether O or as end group -OH.

We counted the number of water molecules in the hydration shells around the solutes, accord-
ing to the criteria given in the Methodology section (cf., Fig. 3). The number of water mole-
cules per PEG unit reported in literature ranges from 1 to 6 (see ref. 2! and references herein),
which appears to be lower than the values found in our study (cf., Table S1). The number of
PHB waters per PEG/POM unit varies between 0.5 and 1.6 (cf., Table S1).

The number of water molecules in each shell is smaller for POM than for PEG (cf., Fig. 3)

which is consistent with its lower SASA and the insolubility in water of POM compared to PEG
(see previous section and Fig. 2). For most oligomers, the number of water molecules consec-
utively increases when going to higher solvation shells. However, at or above a threshold chain
length (10 units of PEG and 22 units of POM), more water molecules are present in the first
solvation shell than in the second one (cf., Fig. 3 a.l, b.I). This may be due to the volume ex-
clusion effect, which is more pronounced for larger chains, as for these more variation in con-
formation are seen. For instance, for a U-shaped chain, there is not enough space in the middle
of the structure to form a complete second solvation shell. Experimentally, the solubility of
PEG decreases with chain length'®, which is consistent with the consecutive decrease of the
number of water molecules in the solvation shells with increasing number of ethylene glycol or
formaldehyde units present in the PEG/POM chains (cf., Fig. 3 a.Il, b.IT). As such, larger chains
are less hydrated per chain unit, which appears to be a consequence of geometric factors.

Although no direct data is obtained on how many water molecules interact with a particular
PEG/POM unit, we anticipate an end-effect on the number of water molecules accumulated by
the -OH end groups. These groups are more accessible to solvent, have three H-bond forming
sites and are bound to only one bulkier group, in contrast to the ether oxygens, which have only
two H-bond forming sites and are bound to two bulkier groups. Furthermore, as will be dis-
cussed in paragraph 3.3.1, the -OH end groups form more H-bond interactions than the ether
oxygens (Fig. S4), giving an indirect confirmation of the accumulation of water at the edges.

12
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Figure 3: Number of water molecules in the various hydration shells (I) and number of water molecules
per ethylene glycol or formaldehyde units (II) as a function of PEG (a) or POM (b) units, averaged over
all conformations obtained along the MD trajectory. Accompanying data, see Table S1.

3.2.2 Number of H-bonds
The number of H-bonds formed per water molecule (water to water and water to solute) as a

function of the chain length is presented in Fig. 4 and Table S2. For the first solvation shell
around PEG, we find an average number of H-bonds formed per PHB and PnHB water molecule
of 3.6 and 3.4, respectively. Similar averages of 3.7 and 3.3 per PHB and PnHB water molecule,
respectively, are found for POM (cf., Table S3).

Water molecules in the first solvation shell of the oligomer form fewer H-bonds than in the
higher hydration shells. A possible explanation might be that a significant number of water
molecules turning towards the solute surface are less available (geometrically constrained),
compared to water in bulk solvent, to form interactions.

13
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S2.

3.3 Hydration analysis of PEG/POM chains

3.3.1 Interactions with the PEG/POM chains

The number of hydrogen bonds per ether oxygen atom and per oxygen atom of the OH-end
groups is presented in Fig. S4 for representative examples. We observe that: 1) the -OH end
groups form a large number of H-bonds; 2) the first ether oxygens adjacent to the end -OH,
form fewer H-bonds than the following ones and 3) for the ether oxygens in the centre of the
oligomer, the number of formed H-bonds randomly varies within a narrow range around the
average value. It is clear from these results that a strong end-effect is seen in H-bond formation.
The average over all ether oxygens (excluding the two outer O atoms at both ends to exclude
end-effects, cf., Fig. S4) taken within one chain, shows that the number of H-bonds tends to
decrease with chain length (cf., Fig. 5). This is consistent with the solubility decrease of larger
chains (cf., Fig. 2, 3). Furthermore, for POM fewer H-bonds per ether oxygen are found than

for PEG, in agreement with its lower hydration.
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Figure 5: Average number of hydrogen bonds per ether oxygen, averaged over all ether oxygens in one
chain, and over all conformations obtained from the MD simulation, excluding the -OH end groups and
first adjacent ether O (¢f., Fig. S4), for PEG and POM oligomers of different lengths (note that PEG-3
and POM-3 are not present as these oligomers do not have middle ether oxygens, only an -OH end group
and a first adjacent ether).

Solvent-solute interaction energies are attractive (negatively valued, cf., Table S4). They are
calculated as the sum of the Coulomb and the Lennard-Jones interaction potential, hereby fol-
lowing the standard approach as being used in molecular mechanics methods (c¢f. Eq(1) in
Jorgensen et al.?’). We calculated the interaction energy between PEG/POM per water mole-
cule (thus as a mean value, independent of the number of water molecules present in a particular
shell), which for the first solvation shell is a weighted sum of the interaction with both the
PEG/POM H-bonded (PHB) and the PEG/POM non-H-bonded (PnHB) water molecules. The
PHB as well as the PnHB interaction energies are attractive (thus negatively valued), with the
oligomer—PnHB interaction energies clearly much smaller, resulting in an overall first shell
solvation interaction energy per water molecule of about -1.2 to -1.6 kcal/mol, independent of
chain length or oligomer type.

For the PHB water molecules forming H-bonds with the oligomer, a profoundly more negative
interaction energy per water molecule is found. This interaction energy is also significantly
higher, thus more negative, for PEG than for POM (cf., Fig. 6), consistent with its higher degree
of hydration. Here as well, we see a non-linear increase of the interaction energy with increasing
numbers of oligomer units (cf. a non-linear curve, Fig. 6), consistent with the finding that longer
chains form less H-bonds to water per ether oxygen (cf., Fig. 5).
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Figure 6: Interaction energy (kcal/mol) between PEG (triangles, solid line) or POM (circles, dashed

line) and PHB water (interaction energy per water molecule) in function of the chain length, ¢f. Table
S4.

3.3.2 Bridging waters

Water molecules forming two hydrogen bonds to PEG or POM and hereby bridging two oxygen
atoms of the oligomer, are indicated as bridging water molecules (cf., Fig. 1). Bridging waters
have been reported experimentally from IR studies' and from MD simulations®!. In agreement
with this earlier work, the highest probability of finding bridging water molecules is between
the n'" and n+2"¢ oxygen (cf., Fig. 7). For POM, water molecules are bridging the n™ and n+1%
oxygen. This can be easily visualized from a topological perspective. POM and PEG chains are
not straight, but form a jagged-structure. If two carbon atoms separate the oxygen atoms of
consecutive units, as in PEG, the oxygens of the n™ and n+2"¢ unit are found at the same side
of the PEG chain. If only one carbon atom separates consecutive oxygens, these oxygen atoms
are found at the same side of the chain, easily justifying the highest probability to bridge the n
and n+1 oxygen of POM oligomers.

Furthermore, PEG and POM oligomers do not adopt a linear conformation in solvent, but are
coiled. Therefore, there are also other bridges between ether oxygen atoms which are close
together in space that can be formed, but with a lower probability.
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Figure 7: Probability of forming a bridge (cf. Fig. 1) between various ether oxygen pairs in PEG-25 (a)
and POM-22 (b). Both axes are labeled with the unit number of ether oxygens and colors express the
probability of finding water molecules between the respective oxygen atoms. The strong coloring, indi-
cating the likelihood of finding a bridging water molecule, is most pronounced among ether oxygens of
units n and nt+2 for PEG and among ether oxygens of adjacent units for POM. Other spots show that
bridge water molecules can also be found among units that are more distant from each other.

3.4 Electrostatic potential and charge

Electrostatic potentials can give further insights into the interactions of polymers with solvent
molecules and can therefore be used to assess factors governing solubility. The evaluation of
electrostatic potentials is, however, somewhat hampered as they are defined at every point in
space. In contrast, charge schemes localize the electrons at an atomic nucleus, thus providing
condensed descriptors which are more practical tools to use for direct evaluation. However, one
needs to remember that atomic charges are in a sense ‘fictitious’ as atomic charge is not a quan-
tum mechanical observable. Consequently, there exists no uniquely defined partitioning
scheme. In our work, we therefore use several such schemes (c.¢g. HI-I, NPA, and ESP charges),
which are based on fundamentally different ways of electron partitioning, to obtain a more ro-
bust picture.
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3.4.1 Geometry and chain length dependence

From the analysis presented in previous sections, we can conclude that hydration is strongly
dependent on the conformation. We found that longer chains are more heterogeneous structures
and more folded compared to smaller chains adopting a random coil. Longer chains are less
solvated per monomeric unit as the hydration shells take up a smaller volume around the oligo-
mer. As such, solvation depends on the geometrical shape, which is influenced by the length of
the oligomer chain. This is not the case for the electrostatic potential (EP), calculated around
the solute in gas phase. To judge the role of the geometry of the system on the EP around the
solute, PEG-10 and POM-13 (having a similar number of heavy atoms) chains were studied, as
they are long enough to show significant bending. The three conformers with highest probabil-
ity during the MD simulation show a clearly different structure (cf., Fig. 8a). However, there is
no obvious qualitative variation in EP between the different conformations. The EP calculated
on the oxygen atoms are irrespective of the conformation negatively valued, while the rest of
the chain has a rather neutral EP, indicated by respectively the red and green color (cf., Fig. 8a).

Consistent with the EP picture, atomic HI-I charges for gas phase oligomers present no
significant variation with the conformation (cf., Fig. S5). Furthermore, the atomic charges
converge quickly with regard to the distance from the chain ends (cf., Fig. 9), a finite size effect
also observed in proteins’’. Already for a PEG chain of 5 units, the atomic charges of the central
unit present no significant deviation from the average, which roughly coincides with the values
for an infinite (straight) PEG chain (Oy;_; = —0.258 e; Cy;_; = 0.002 e; Hy;_; = 0.064 e). In
case of an infinite POM chain the HI-I charges are Opy;_; = —0.294 ¢;Cy;—; =
0.266 ¢; Hy;_; = 0.014 e.

Although some oscillations around the average values are visible, these remain within the stand-
ard deviation of the individual charges, which is of the order of 0.01-0.02 electrons. The O and
H charges of the -OH end points show a significant deviation (cf-, Fig. 9), which can be expected
from the difference in chemical nature of the group (-OH versus ether oxygen).

The different charge schemes considered here (HI-I, NPA, and ESP) agree that the atomic
charges of the gas phase oligomers are independent of geometry and oligomer length (cf., Fig.
9 and S6). The actual values of the charges, on the other hand, differ according to the charge
scheme, which is to be expected as charges are not quantum mechanical observables.
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Figure 8: a) The Hartree local potential for the three configurations with highest probability of occur-
rence of the PEG-10 (a.]) and POM-13 (a.Il) system, plotted on the iso-charge surface of 0.03 e. b) Local
potential, Hartree only for the PEG-3 molecule in gas phase and in a water-cluster up to 6 A, plotted on
the iso-charge surface of 0.03 e. The color code representing the EP shows which parts have a
more positive (blue) or negative (red) EP, the green color indicates a neutral EP. The EP in the
presence of water becomes less negative, as indicated by the change from the red to green color upon
going from vacuum to solvent.
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Figure 9: a) Average Hirshfeld-I charges (averaged over three conformations obtained along the MD
trajectory, cf.- Method section) for PEG (a.I) or POM (a.IT) molecules of different length obtained in gas
phase (see also text T2 in Supp. Inf.). The standard deviation is given as error bar. The y-ranges are
identical for the H, O and C atoms, allowing for direct visual comparison of the results. A similar figure
for the NPA and ESP charge distribution can be found in SI as Figure S6. b) Same as panel a), but
limited to the atoms closest to the chain ends, for PEG. ¢) Comparison of the average charges between
PEG and POM molecules of different length obtained in gas phase with the different charge schemes.
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d) Average Hirshfeld-I charges (averaged over three conformations obtained along the MD trajectory,
cf- Method section) for PEG molecules of different length obtained in a converged solvent sphere of 6A
around the PEG molecule. The standard deviation is given as error bar. The y-ranges are identical for
the H, O and C atoms, allowing for direct visual comparison of the results.

3.4.2 Charge transfer to the solvation sphere
The atomic charges calculated for the solvated oligomers surrounded by a converged water

shell of 6A are presented in Fig. 9d. For oligomers ranging from PEG-2 to PEG-10, the effect
of water on the EP is evaluated, as these systems are small enough to allow for the inclusion of
the water shell during the DFT calculations. We clearly see that the strong negative EP (red
color) seen on the oxygen atoms of the non-solvated chains is now neutralized (green color) in
the presence of water (cf., Fig. 8b). As such, charge is transferred to the surrounding water,
leaving the solute globally more positively charged, compared to the oligomers in the gas phase.
Per atom there is a small, though significant, shift of charge from the PEG/POM-molecule to
the water molecules (cf., Table 1), which varies with the chosen conformation.

The small charge transfer agrees with the small water-solute interaction energy found per water
molecule (cf., Table S4) in the range of weak/moderate H-bond interactions (Fig. 6).

The charge transfer to the solvation sphere shows overall a decreasing trend per number of
ethylene glycol/formaldehyde units in a particular oligomer (cf., Table 1) and is smaller for
POM than for PEG, all consistent with the lower hydration of longer chains and of POM com-
pared to PEG. As noted before, the smaller SASA for POM and non-linear decrease of the
solvent accessible surface in function of the unit number, especially seen for larger chain
lengths (cf., Fig. 2) leads per chain unit and for POM to a lower number of 1) water molecules
in the solvation shells and of 2) H-bonds formed to ether oxygens (cf., Fig. 3 and 5). As a
consequence, the less hydrated chains of higher unit number and of POM carry less positive
charge per unit number.
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Table 1: Total charge transfer from PEG/POM to water, calculated as the deviation from zero
of the total charge of the solvated solute molecule, and average charge transfer per ethylene
glycol or formaldehyde unit (HI-I-charges, in units of electrons) from PEG/POM to water,
given per considered conformation.

Chain Conformation 1 | Conformation 2 | Conformation 3 | Av. charge
transfer per
ethylene gly-
col/formalde-
hyde units

PEG-2 0.15e 0.17 e 0.24 e 0.093 ¢

PEG-3 0.24 ¢ 0.26 ¢ 0.27e 0.086 ¢

PEG-5 043 e 0.47 e 0.54 ¢ 0.096 e

PEG-10 0.82 e 0.84 ¢ 0.85e 0.084 ¢

POM-3 0.14 ¢ 0.18 e 0.16 e 0.053 ¢

A more detailed investigation of the individual atomic charges on the PEG chains, as well as
the charge of the water molecules, shows no clearly preferred charge transfer site. The charge
is transferred from the solute as a whole to the surrounding water solvation shell.

3.5 Solubility of PEG and POM

The origin of the different solubilities is not well understood*. Numerous work show evidence
that the hydrogen-bond geometry of the PEG solvating water molecules is more favorable than
that of the POM solvating water molecules (for an overview, see Ensing et al.'"), which would
be at the basis for the solubility difference. Recent work'! attributes however the solubility
difference to inductive effects, resulting in different partial charges on the O-atoms, depending
on the number of C-atoms by which they are separated. They find more negative RESP charges
for the ether oxygens of PEG-3 than for POM-3, obtained by the AMBER GAFF force-field
from fitting the quantum mechanically calculated electrostatic potential around PEG-3 and
POM-3!!, without including the solvent molecules.

Although the OPLS force field used for the MD simulations in our work uses the same atomic
charges for PEG and POM and for the different chain lengths (cf., Fig. S7), we clearly see that
POM in our simulations is less solvated than PEG (cf., Fig. 2, 3, and 5). Further, we observe
that the atomic charges of the oligomer in the gas phase are independent of conformation and
chain length (cf., Fig. 9a and S6), which indicates that solvation properties are not determined
by the individual atomic charges. This conclusion follows from the different charge schemes
independently. This strong agreement can be placed in stark contrast to the clear difference of
the values of the individual atomic charges given by the different charge schemes (cf., Fig. 9c¢).
Further, there is also no agreement among the different charge schemes on the relative values
of the C and O atomic charges of solvated PEG versus POM. Based on the HI-I and ESP
schemes, we observe more negative atomic charges on the O atoms in hydrated PEG compared
to POM (cf., Fig. 9c), opposed to what was found by Ensing ef al.'!. The NPA charge scheme,
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on the other hand, gives similar charges for the ether oxygens in solvated PEG and POM. This
discrepancy among the different charge schemes reinforces our statement that the origin of var-
ying solvation properties should be found outside the atomic charges

As a final remark on solubility, let us note that it is determined by numerous factors and not
solely by the Coulombic interactions with the solvent molecules. The complex phenomena of
dissolution are a phase equilibration process which depends on both the liquid phase of the
solvent and the solid phase of the solute (e.g., factors such as lattice energy, solvation free
energy), as well as on their mutual interaction. Also other factors as temperature and concen-
tration of the solute come into play. A more complete picture of the dissolution process would
be obtained by the study of the thermodynamics of solid-solution equilibria. This is however
beyond the scope of this contribution.

4. Conclusion

In summary, solvation appears to decrease with polymer length. Longer chains are more folded
and as a consequence of these geometrical factors, water is excluded, giving rise to a smaller
solvent accessible surface (SASA). Per additional chain unit, a decrease in the number of water
molecules in the solvation shells as well as a lower number of H-bonds formed to the ether
oxygens is found. A smaller SASA and an accordingly lower degree of hydration are also found
for POM compared to PEG. Atomic charges are found to remain unchanged irrespective of the
chain length and conformation, indicating that conformational effects, rather than inductive ef-
fects, are the dominant factors determining their strikingly different solubility in water. Noting
that hydration induces charge transfer from the solute molecule to the solvent, this charge trans-
fer depends on the polymer conformation and on the degree to which the chains are solvated by
means of the solvent accessible surface. As such, geometrical factors will eventually determine
the atomic charges of solvated chains.
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