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ABSTRACT: The detailed analysis of the conformation and the dynamics of poly(oxyethylene) (POE) in
benzene solution is presented in order to examine the solvent effect relative to a POE aqueous solution.
The analysis is based on a 5 ns molecular dynamics simulation of a POE chain with 15 repeating units
in a solution of 191 benzene molecules. The results are compared to the previous simulation of the same
POE chain in aqueous solution. The helical conformation taken from the simulation in an aqueous solution
transformed to a random coil in 0.5 ns in a benzene solution. Further, much faster conformational
transition rates around the internal bonds have been found in a benzene solution than in an aqueous
solution, indicating a significantly smaller solvent damping effect on the POE chain in benzene solution.
The C—C—0 pairwise conformational populations are also compared with those obtained from the recent
POE melt simulation in light of the POE chain dimension in different states. The chain conformation,
the conformational populations, and the relaxation time for the C—H vector reorientation are all in good

accord with the experiments.

Introduction

Poly(oxyethylene) (POE) is of significant industrial,
in particular biomedical,! importance due in part to its
unique solubility in both water and a wide range of
organic solvents. The solution properties of POE are
known to be very sensitive to the solvent.? In fact, POE
exhibits a number of interesting characteristics in
aqueous solutions such as a high solution viscosity, a
phase separation at a cloud point, a psuedoplastic
rheological behavior, and a helical conformation, many
of which are not found in organic solutions.?2 Due to lack
of sufficient experimental data, however, thorough
comparison of POE characteristics between aqueous and
organic solutions is often difficult. It is thus not very
clear what the fundamental difference is in the solution
properties of POE between aqueous and organic solu-
tions; therefore, it remains equivocal what the role of
water is in the conformation and the dynamics of POE
in aqueous solution. The difference in the effect of the
solvent, the relative solvent effect, on the POE proper-
ties between aqueous and organic systems is our
primary interest in this study.

This report is one of a series to investigate the
solution properties of POE in a wide variety of solvents
by an atomistic computer simulation in order to gain
insight into POE conformational and dynamical char-
acteristics in different solvents. The conformation and
the dynamics of POE in different environments play an
important role in a variety of properties. A number of
computer simulations have been successfully applied to
polymers in glassy states, melts, and crystals.® On the
other hand, computer modeling of synthetic polymer/
solvent systems is less explored, compared to amorphous
polymers.# Previously, we have performed a molecular
dynamics (MD) simulation of POE in a dilute aqueous
solution.> We found that water had a strong effect
through its hydrogen bonds on characteristics of POE
in aqueous solution. POE is a unique polymer in that
it has both hydrophilic and hydrophobic groups along

T Current address: Mitsubishi Chemical America, Inc., 99 W
Tasman Dr. Suite 200, San Jose, CA 95134.

® Abstract published in Advance ACS Abstracts, December 15,
1996.

the backbone chain. The interactions of both groups
with water have been studied in detail.> It is of
considerable interest to investigate the interactions with
a hydrophobic solvent.

In this article, we report an MD simulation of POE
in a dilute benzene solution. We first characterize the
conformation and the dynamics of POE in detail and
then examine the difference in the conformational and
dynamic properties of POE in going from a highly polar
protic solvent, water, to a nonpolar organic solvent,
benzene. We chose benzene as a solvent since benzene
is a nonpolar, aprotic solvent with no hydrophilic group.
Thus such effects as the hydrogen bond and the high
polarization effect of water can be eliminated from
POE's characteristics in benzene solution, while the
hydrophobic effect of benzene still remains. This makes
it possible to examine the role of the hydrogen bond and
the polarization of water on the conformation and the
dynamics of POE in aqueous solution. Furthermore, a
number of experimental data of POE in benzene
solutions?2-9 are available for calibration of the simula-
tion. Nonetheless, no quantitative analysis of the POE
conformation in benzene solution has been presented
except for the rotational isomeric state analysis based
on its dipole moment.®

We observed from the previous simulation that POE
assumed a helical conformation in an aqueous solution
which remained throughout the 2 ns of simulation.® The
helix structure was ascribed to its fitness to the water
structure and the strong hydration of the helix. How-
ever, the helical conformation might have been an
artifact due to the insufficient simulation time. Exami-
nation of the POE conformation using the same simula-
tion protocol in benzene may help verify the POE helix
as a result of the solvation. It is known that POE adopts
a random coil conformation in benzene.?2d POE has
also been reported to have more chain flexibility in
benzene solution than in aqueous solution.?2=9 Our
interests in the relative solvent effect here include the
chain dimension and conformation, the local conforma-
tion and chain dynamics, and the high field shift of the
methylene 'H NMR chemical shift observed in benzene
solution.2> Comparison of the results from POE simula-
tions in an organic solvent with experiment has not been

S0024-9297(96)00278-1 CCC: $12.00 © 1996 American Chemical Society



Macromolecules, Vol. 29, No. 27, 1996

reported. Also, this is a part of our effort to develop (or
calibrate) a force field to describe the conformational
and dynamical behaviors of POE in various solvents.
One of our future goals is to model POE in two-phase
systems, e.g., a water—organic solvent system, of great
scientific and industrial interest.

Recently, MD simulations of POE melts have been
performed by Smith and cowokers.” It was found that
in going from the unperturbed chains to the melts, the
gauche*—trans conformational population for the
C—C—-0O bond pair increased, while the gauche*—
gauche™ population decreased. They claimed that those
population changes resulted from the intermolecular
O-:-CH; interactions, giving rise to an extended POE
chain in the melts. Small angle neutron scattering
measurement has observed that the POE’s molecular
dimension in the melts is extended,® relative to the
chain in © solutions.® Similar conformational changes
have been also found for 1,2-dimethoxyethane (1,2-
DME), a low molecular weight analogue of POE, in
going from the gas phase to the liquid by MD simula-
tions, which has been also attributed to the same
intermolecular O---CH; interactions.’® However, an
NMR study has shown very similar vicinal coupling
constants for 1,2-DME in both the liquid and dilute
nonpolar solutions.?11 This result implies little differ-
ence in the conformational populations of 1,2-DME
between the liquid and the solutions with no appreciable
intermolecular O-:-CH, interactions, which seems to
contradict with Smith et al.’s finding.” We analyze the
pairwise conformational populations of POE in a ben-
zene solution to see whether they differ from those in
the melts. Though it is believed that the conformation
of POE in both organic solvents and the melts is a
random coil,?? the difference in the conformation is not
well understood in detail between these states.

A short MD simulation (120 ps) of POE in a benzene
solution has been previously reported.’> Here, we have
performed a 5 ns MD simulation for a similar size POE
chain in an attempt to examine how long is sufficient
for an MD simulation of the current size of the POE
chain used to allow the chain to reach its equilibrium.
Time evolutions of the equilibrium characteristics are
presented for this purpose. The force field used in our
MD simulation was originally developed by Smith et
al.’® Due to the different potential energy function
adopted in our simulation, the potential function com-
monly used in popular commercial software packages
such as QUANTA!* and SYBYL,® we start with the
adjustment of Smith et al.’s parameters?!? to our poten-
tial energy function.

Potential Energy Function

The potential energy function used in our MD simula-
tion was the same as that used in our previous simula-
tions in aqueous solution:®

V=Sk(r = 1)+ S ky(0 — 6" + S k{1 +
cos(ng — )} + Z4Gij{ (o3/r)™? — (03T} +
Z(Qiqj/rij) 1)

which represents, in the order, the bond stretching, the
bond angle bending, the torsion potential, the van der
Waals interactions, and the electrostatic interactions,
respectively. In the previous simulations, the atomic
charges and the torsion potential were parametrized for
the POE—aqueous system, while the rest of the param-
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Table 1. Potential Energy Parameters

Nonbonded Interaction Parameters
Aeii{ (oifris)*? — (0ijlrij)%}

interacting pair &ij, keal mol~? aij, A
C---C 0.095 3.44
C---0 0.138 3.15
O---0 0.199 2.85
C-H 0.031 3.23
O---H 0.044 2.93
H---H 0.098 3.00

Torsion Parameters
kg{1 + cos(ng — o)}

torsion kg, keal mol—2 0, deg n

CCc-0C —3.50 0.0 1

CC-0cC 1.40 180.0 2

CC-0C 0.50 0.0 3

OC-CO —1.35 180.0 2

oc-Cco 0.60 0.0 3

HC-0OcC? 0.40 0.0 3

a2 Taken from ref 13.

eters were taken from the force field developed by Smith
et al.»® Here, we adopted the potential energy param-
eters directly from Smith et al.’s force field!3 since they
are more relevant for a POE—nonpolar solvent system.16
The same values were used for the atomic charges (q;),
the stretching force constants (k;), the bending force
constants (ky), and the reference bond lengths (lp) and
angles (6o) except for the COC bond angle (6,°°€). Our
previous ab initio study!” has shown that the bond angle
COC of 1,2-DME optimized by MP2 gradient calcula-
tions is about 3° smaller than that optimized at the
Hartree—Fock level on which Smith et al.’s force field
is based.’® Thus, we used 6,°°C = 108° to reproduce
the MP2 bond angle. As for the other parameters, we
made adjustment due to the different potential energy
function used in our simulation. For example, Smith
et al. used a Buckingham type potential for van der
Waals interactions, Y Aj; exp(—rijBij) — Cirij %, and 3 -
(ke/2){1 — cos n(p — ¢o)} for the torsion potential '3 In
our potential, the Lennard-Jones parameters were
determined so as to reproduce the potential well depths
(ij) and the van der Waals radii (2¥%0;;) of the atomic
pair interaction potentials used by Smith et al. The
torsion terms were reparametrized on the basis of the
gas-phase ab initio calculations of 1,2-DME.1"18 Table
1 lists only the values of the parameters different from
those developed by Smith et al.13

Table 2 shows a comparison in the conformational
energetics and the optimized geometries for 1,2-DME
between ab initio and force field calculations. The
results of the ab initio calculations were taken from
Jaffe et al.’s results obtained at the MP2/D95+(2df,p)
level,'8 and the force field calculations used the param-
eters listed in Table 1 and the rest of the parameters
taken from ref 13. The results obtained from Smith et
al.'s force field calculations?® are also shown in the
parentheses. The agreement of our force field results
with the ab initio calculations is comparable to that of
Smith et al.'s'3 except for the relative energies for tG*g+
and g*GTg*. These conformers have relatively high
energies, and the agreement for the lower-energy con-
formers is excellent. The optimized bond angles by the
current potential energy parameters show a better
agreement with the MP2 geometries of 1,2-DME?!’ than
those optimized by Smith et al.’s force field'® based on
the Hartree—Fock geometries.
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Table 2. Comparison between MP2 Ab Initio and Force Field Calculations for 1,2-DME

Energetics and Torsion Angles

ab initioP force field®
conformera Ed bcot dect Ed $co® pec’
tTt 0.0 180.0 180.0 0.00 180.0 (179.9) 180.0 (—179.9)
Gt 0.15 175.3 73.6 0.10 (0.14) 180.0 (—177.6) 74.8 (77.2)
tGg™ 0.23 179.1, —84.2 75.1 0.21 (0.19) 180.0 (—178.5), —65.3 (~79.9) 84.8 (85.1)
tTg* 1.43 179.4, 78.7 175.1 1.43 (1.38) 180.0 (—179.1), 66.4 (85.0) 163.7 (175.2)
tGig* 151 179.3, 68.0 61.7 2.02 (1.74) 180.0 (—178.3), 61.6 (86.0) 58.1 (73.4)
g=G*g* 1.64 63.9 48.3 2.42 (3.19) 60.6 (82.3), 60.9 (82.3) 48.2 (64.4)
g*G*g™ 1.86 83.0, —81.3 73.4 2.79 (1.70) 68.9 (79.1), —73.6 (—81.4) 92.3 (77.2)
g*tGTg* 2.41 110.6, 110.2 —65.7 4.11 (2.07) 86.1 (106.5), 86.0 (106.5) —144.5 (~74.9)
g*Tg" 3.08 86.8, —86.9 180.0 2.95 (2.64) 91.5 (86.2), —66.4 (—86.2) 159.0 (179.1)
g*Tg* 3.13 82.9, 82.8 180.0 3.76 (2.66) 89.5 (83.4), 92.0 (83.4) 178.8 (167.9)
tCt 8.9 180.0 0.0 8.43 (8.9) 180.0 0.0
tTc 7.24 7.29 (6.71) 180.0 180.
tTt—tG*t9 231 ~178.6 120.0 2.45 (1.88) 180.0 120.0
tTt—tTg* 2.04 178.2,117.4 1787  2.77(1.97) 180.0, 120.0 180.0
Optimized Geometry
ab initiof force field®
rec rco Ococ Occo rcc rco Ococ Occo
tTt 1.52 1.41 111.2 107.4 1.52 1.40 111.7 108.9
(1.52) (1.40) (113.8) (108.8)
tG+t 1.51 1.41 111.2 108.9 1.52 1.40 111.8 109.1
(1.52) (1.40) (113.9) (108.6)
tG*g™ 1.52 1.41 113.6 113.9 1.53 1.41 113.8 112.3
1.42 111.2 109.9 1.40 111.6 109.6
tTg* 1.52 1.42 112.9 112.4 1.53 1.41 113.9 112.0
1.42 111.3 107.1 1.40 111.8 108.9
tG*g* 1.53 1.41 114.4 112.9
1.40 111.9 109.1

a8 The lower case refers to the conformation around the C—O bond, the upper case denotes the conformation around the C—C bond, and
C or ¢ denotes the cis conformation where the oxygens are cis with respect to each other via the C—C bond or the methoxy carbon is cis
with respect to the methylene carbon around the C—O bond, respectively. ® Taken from ref 18. ¢ Calculated by using the parameters
listed in Table 1 and the rest of the parameters taken from ref 13. 9 The relative energy in kcal mol~. ¢ The torsion angle around the
C—0 bond in degrees. f The torsion angle around the C—C bond in degrees. 9 The conformer at the rotational barrier in going from tTt to
tGt. " The conformer at the rotational barrier in going from tTt to tTg. | Calculated at the MP2/6-311+G** level taken from ref 17. The

numbers in parentheses are obtained from Smith et al.’s force field parameters.'3

A number of potential energy functions have been
proposed for a benzene molecule with different ac-
curacy.’® For the simplicity of the force field, we have
adopted Jorgensen’s OPLS parameters: no charge on
each CH united atom.2021 The geometry of the benzene
molecule was taken from the standard parameters used
in conjunction with the OPLS parameters. Benzene
molecules were treated as a rigid molecule with no
internal degree of freedom.

MD Simulation Protocol

The detail of the MD simulation protocol was de-
scribed elsewhere.> Here, we only describe the proce-
dure relevant to the POE—benzene solution simulation.
The system consisted of a POE chain with 15 repeating
units, C3;HgsO16, surrounded by 191 benzene molecules
in a cubic primary box subject to periodic boundary
conditions. The helical conformation obtained from the
POE—aqueous solution simulation® was superimposed
on the coordinates of a well-equilibrated cubic box of
benzene molecules. Those benzene molecules which
overlapped any of the POE atoms were eliminated from
the system, and then the box length was set to 30.32 A
to yield the density of 0.881 g cm~2 for the POE—
benzene solution at room temperature and at 1 atm. The
concentration of this resulting solution was 0.058 M.

The system was first minimized to eliminate any van
der Waals contacts between POE and benzene molecules
through 100 steps of the steepest descent method.
Equilibration was then performed for 100 ps during
which atomic velocities were either scaled or assigned

if the temperature deviated by +5 K from 300 K.
Subsequently, the simulation was continued for 5 ns for
data collection. The temperature and the total energy
were continuously monitored during the equilibration
and thereafter and remained constant with small drifts
after the first 50 ps of the equilibration until the end of
the simulation. The simulation was performed on a
Silicon Graphics Power Challenge and required 10 days
of CPU time on one R8000 processor to complete the 5
ns simulation.

Benzene Liquid

A total of 216 benzene molecules were placed on
lattice sites in a cubic box with 31.76 A of the box length
to yield the density of 0.874 g cm~2 at room temperature.
The system was first heated to 500 K and then equili-
brated for 20 ps, followed by cooling to 300 K and
equilibrating for 20 ps. The simulation was continued
for another 200 ps from which the structural and
dynamic properties of benzene molecules were analyzed.
The pair distribution function for the benzene carbon
atom calculated from the dynamic trajectory was rea-
sonably in good agreement with the X-ray measure-
ment.22 The self-diffusion coefficient of the center of
mass of the benzene molecule, 2.13 x 107% cm? s71,
calculated from its mean-square displacements also
agrees well with the thermodynamic data, 2.2 x 107°
sz 571_23

Overall Conformation

Figure 1a illustrates the trajectory of the end-to-end
distance (R) and the radius of gyration (S) of the POE
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Figure 1. (a) Trajectories of the end-to-end distance (R) (a
dotted line) and the radius of gyration (S) (a solid line) of the
POE chain in a benzene solution and (b) those in an aqueous
solution. Snapshots are shown at various stages of the simula-
tion. The root-mean-square end-to-end distance (Ro) and the
radius of gyration (Sp) for an unperturbed chain are indicated
by a solid straight line.

chain in a benzene solution along with snapshots of the
chain at various stages of the simulation. Also shown
is the unperturbed root-mean-square end-to-end dis-
tance (Rg) calculated from the observed molecular
dimension of POE in © solvents® for the current size of
the chain. The root-mean-square radius of gyration for
the unperturbed state, Sy, included in the figure was
estimated with an assumption that the square radius
of gyration at the unperturbed state is one-sixth of the
unperturbed square end-to-end distance.

The helical conformation in the beginning of the
simulation, taken from the previous simulation,® quickly
broke down to a more disordered conformation by the
first 0.5 ns. The POE chain stayed in a coiled confor-
mation until the end of the simulation, in good agree-
ment with the experiment,22d a sharp contrast to the
ordered helix found throughout the POE-water simula-
tion.5

There seem to be two types of fluctuations in the
variations of R and S: the large “amplitudes” ranging
from R =4 A to R = 38 A and the small “fluctuations”
associated with the amplitudes in a benzene solution.
The root-mean-square distance (IR2(¥2) averaged over
5ns is 15.66 &+ 6.64 A. The values of S vary less than
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benzene

li - ji
Figure 2. Bond direction correlation function S;; between
skeletal chords as a function of the index difference |i — j|.
The results were averaged over 1000 trajectory frames. A few

error bars are included based on the rms in the values of [3os?
o0

those of R: [32(¥2 = 10.12 + 2.62 A. Similar behavior
was observed by Tanaka and Mattice in their gas-phase
simulation of a poly(vinyl chloride) chain.?* The current
size of the POE chain, 15 monomer units, is too short
to reproduce the experimentally observed Ry in a
benzene solution.?®

Similar plots for the POE aqueous solution are
displayed in Figure 1b, taken from the previous simula-
tion.> The amplitudes are about the same as those for
the benzene solution, while the fluctuations are smaller.
The POE chain stayed in a helix with the end-to-end
distance between 8 and 32 A. The value of [R2[¥2, 20.91
+ 3.97 A, is larger than that for the benzene solution,
while the value of [$2[¥2, 8.1 + 0.4 A, is coincidentally
close to Sp. The fluctuations in R and S suggest a higher
degree of freedom in the bond rotation along the chain
in a benzene solution than that in an aqueous solution,
consistent with the experiments.2a—f

In order to examine the difference in the chain
behavior between both solutions in detail, we calculated
the order parameter, S = (3[gos? AU~ 1)/2.26 S;;, the
bond orientational correlation, was obtained by taking
the average over all the bond chord pairs in the
backbone chain with given index difference |i — j| and
over 1000 frames of the trajectories. 0 is the angle
between two skeletal bond chords of the chain. Figure
2 shows a striking contrast in S;; between the two
solutions as a function of |i — j|. In a benzene solution,
Si; gradually decreases with increasing distance, and
little directional correlation is shown at long distances,
indicating a random coil-like behavior, while a large
oscillatory correlation remains along the chain in an
aqueous solution due to the helical conformation.

In the previous study,> we examined the structural
fitness of the POE helix to the water structure by
comparing the pair distribution function (PDF) for the
POE oxygen atoms and that for bulk water oxygen
atoms. We found an excellent agreement in peak
position between the two PDF's. This agreement was
interpreted as a manifestation of a good structural fit
of the POE helix to the water hexagonal structure.
Figure 3 displays the PDF for the oxygen atoms of the
POE coil calculated from the current simulation in a
benzene solution (a), along with the PDF's for the helical
POE oxygen atoms in an aqueous solution (b) and for
the bulk water oxygen atoms (c).2” The first peak is split
to two in the PDF a: one for the oxygens in a gauche
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Figure 3. Pair distribution functions for the POE oxygen
atoms (a) in a benzene solution, (b) in an aqueous solution,
and (c) for the bulk water oxygen atoms. The results for (b)
and (c) were taken from refs 5 and 27, respectively, and are
shifted by 1 and 2 along the ordinate, respectively.

L

position around the C—C bond, ~3 A, and the other for
those in a trans position, ~3.6 A. No trans conformation
around the C—C bond was observed in an aqueous
solution except for the terminal bonds (the PDF b). A
somewhat broad peak of the PDF a around 3 A results
from a wide range in the values of the C—C torsion
angles, e.g., e+l (i = 2—14) = 68—95° (A = 27°),
averaged over the simulation, compared to those, 54—
73° (A = 19°), in an aqueous solution.?® The larger
values of [dg.[jalso give rise to a shift in the first peak
position from 2.9 A in the aqueous solution to 3.2 A in
a benzene solution, which disagrees with the first peak
at 2.8 A for the bulk water oxygens, as do other peaks.

The second peak and its shoulder of the PDF b have
been attributed to the —[tG*t];[tGTt]i-1— and the —[tG=t];-
[tG*t]ira— conformational sequences, respectively, in
which the brackets [ ] denote an ethylene oxide (EO)
unit.> Averaging over both conformational sequences
as a result of a random coil led to the second peak
around 5 A in the PDF a. The disagreement in peak
position between the PDF a and c implies an unfavor-
able random coil chain conformation in aqueous solu-
tion. Depner et al. also found no difference in the C—C
bond conformational preference, the gauche or the trans,
with respect to the interactions with benzene mol-
ecules.’2 Our observation including the above results
for the chain conformation is consistent with various
experimental studies reporting a significant change in
going from aqueous solution to an organic solvent.22—9

In order to compare the POE-solvent interactions
between the two solutions, we calculated the total POE-
solvent interaction energy which is a summation of
interaction energies for all POE-solvent molecule pairs.
The total POE-benzene molecule interaction energy
averaged over 5 ns was —0.46 kcal mol~1, while the
averaged total POE-water molecule interaction energy
was —96.52 kcal mol~1, of which —97.75 kcal mol~1 was
contributed from the electrostatic interactions. The
positive van der Waals energy was due to the repulsive
interactions associated with the water molecules con-
fined inside the helix.

Macromolecules, Vol. 29, No. 27, 1996

T T T T T
a

8 | —
=
> 6 »— ]
o
2
£ 4f 1

2 F o

60 120 180 240 300
0CC, degree
T T T T I
b

20 n
~ ;
S is5f \ .
»
)
2 10l \-\ ]
- x

0.5 3ns Sns \ 7]

| M

60 120 180 240 300
¢CO, degree

Figure 4. Torsion angle distributions (a) P(¢°C) around the
C—C bond and (b) P(¢“°) around the C—O bond of POE,
respectively, averaged over 1 ns (a dotted line), 3 ns (a broken
line), and 5 ns (a solid line) in a benzene solution.

Local Conformation

A number of articles have been reported regarding
the relationship between the simulation period and
configurational equilibrium of condensed systems.2° Due
to a limited computer time, it is difficult to determine
whether the system satisfies the ergodicity. Here, we
only examine the time evolutions of local conformational
characteristics of the POE chain in an attempt to obtain
an “equilibrium value” in a sense that a further simula-
tion would not yield a significantly different result. The
gauche conformations around the C—C or C—0O bonds
of POE are mirror images to each other. Thus, the
torsion angle distributions are a good measure for the
conformational equilibrium of POE. Figure 4 illustrates
the time evolution of the torsion angle distributions
P(¢°C) and P(¢<°) around the C—C and the C—O bonds
of POE in benzene, respectively, the mean values over
the entire chain except for the terminal EO units. The
distributions were averaged over 1, 3, and 5 ns. The
distribution around the C—C bond does not become
symmetric until 5 ns, while the C—0O bond torsion angle
distribution assumes a symmetric curve after 1 ns. The
implication of the symmetric torsion angle distribution
is an isomerization for both C—C and C—O bond
rotations, as is required by their symmetric gauche
rotamers G*/g*, and also a random coil for the chain
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Figure 5. Torsion angle distributions (a) P(¢°C) around the
C—C bond and (b) P(¢“°) around the C—O bond of POE,
respectively, averaged over 2 ns in an aqueous solution. The
figures were taken with permission from ref 5.

conformation, which is in good agreement with the
experiments.?22d Torsion angle distributions for indi-
vidual bonds also showed similar characteristics. On
the other hand, in an aqueous solution, the POE helix
resulted in an asymmetric torsion angle distribution
around the C—C bond, as is shown in Figure 5. The
distribution profiles for the C—C and C—0 bonds in an
aqueous solution remained the same after 1 ns.
Figure 6 displays the conformational populations,
pCC(t) and pCO(t), averaged over a given time period t.
They are defined by p;c(CO)(t) = ¥ n;CSCOX(t)/N(t) where
n;CCCOX(t) is the number of the cumulative time steps
for conformation j around the C—C (C—0) bond aver-
aged over the chain up to time t and N(t) is the total
number of time steps. The summation is over the total
time framesup tot. T(t), G™(g™), and G~(g~) are defined
as the conformers with 120° < ¢ < 240°, 0° < ¢ < 120°,
and 240° < ¢ < 360°, respectively. pcC(t) evolves slowly
with time, and it is only after around 4 ns that the
average conformational populations become somewhat
leveled. The conformational isomerism around the C—O
bond, on the other hand, reaches its equilibrium more
quickly by around 2 ns. Both observations are consis-
tent with the time evolution of the torsion angle
distributions. Further, many conformational transi-
tions, approximately several hundreds, occurred around
each C—C and C—0 bond during the 5 ns simulation.
Based on the above observations, the conformational
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Figure 6. Time evolution of conformational populations p©c-
(t) and pO(t) for the trans (T/t) and gauche (G*/g*) conforma-
tions around (a) the C—C bond and (b) the C—0 bond of POE,
respectively, in a benzene solution. See the text for the
definition.

characteristic of the POE chain seems to have reached
at least its quasi-equilibrium value in 5 ns, if not
completely the equilibrium value.

The gauche populations around the C—C and C-0O
bonds averaged over the chain except for the terminal
bonds for 5 ns are pg+ = 0.37, pg- = 0.38, pg- = 0.12,
and pg- = 0.12, respectively. The estimated populations
are close to those previously reported for POE which
have been adjusted to reproduce the dipole moment of
POE in benzene solution by the rotational isomeric state
(RI1S) model® (pe+ = 0.67 and pg= = 0.24) and also similar
to the populations determined in nonpolar solvents by
NMR spectroscopy (pet = 0.66 and pgt = 0.24).34 On
the other hand, Depner and Schirmann’s 120 ps
simulation showed larger populations for pg+ (0.85) and
pgt (0.3).12 It is not clear, however, in their simulation
that the conformational populations reached the equi-
librium values at 120 ps. In contrast, in an aqueous
solution, we found that ps= = 1.00 and pg= = 0.06.5 An
NMR study has shown a significant solvation effect on
the conformational energies for both C—C and C—-0O
bonds of POE.2

Additionally, we computed the pairwise conforma-
tional populations p©©° for the C—C—0O bond pair. From
MD simulations of POE melts and unperturbed chains,
Smith et al. have recently found an increase in the
population of the G#t conformation (ps+““°) and a
decrease in the population of G*gT (pg+4¥°C°) in going
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Table 3. Pairwise Conformational Populations for C—C—-0O Bond Pair?

system Pe+C0 p G_g¥cco prCCO pTg+cco p G+g+cco
benzene solution 0.52 0.25 0.14 0.05 0.04
melt? 0.60 0.12
unperturbed®? 0.51 0.22
aqueous solution® 0.85 0.01 0.04 0.01 0.09

aThe results was averaged over all the internal bonds. ? At 300 K taken from ref 7. ¢ Taken from ref 5.

Table 4. Average Geometrical Parameters of POE in Benzene and Water Obtained from Simulations

Bond Lengths and Angles

solvent rec? reo? Occo® 6coc®
CeHs 1.52 + 0.02 1.40 £+ 0.02 1098+ 24 113.1 4+ 2.3
H>O 1.52 + 0.02 1.41 +0.02 109.8 + 2.2 1122+ 2.2
Torsion Angles
solvent ¢1° ¢e¢ $e¢ P ¢g*! g
CsHs 180.1 +11.7 81.8 + 13.5 —81.0 +13.2 180.1 + 9.4 75.8 + 14.2 —75.3+14.4
H>0 63.7+£9.4 —68.3+9.4 —-171.0+8.0 98.5+ 10.1 —97.4+9.6

a The bond lengths in angstroms. ® The bond angles in degrees. ¢ The trans torsion angle around the C—C bond in degrees. ¢ The gauche
torsion angle around the C—C bond. ¢ The trans torsion angle around the C—0O bond. f The gauche torsion angle around the C—O bond.

from unperturbed chains to the melts.” They concluded
that the population changes result from the intermo-
lecular O---CHj3 interactions and give rise to an exten-
sion of the chain in the melt® relative to the unperturbed
chain in ©® solutions.® The values of pg+©“° and
pctg¥°CC obtained from our simulation in a benzene
solution listed in Table 3 are very similar to those for
the unperturbed POE chains obtained by Smith et al.,”
also shown in the table. Since there is no intermolecu-
lar O--:CHj3 interaction in the current POE-benzene
system, our result seems to warrant Smith et al.'s
rational for the cause of the extended POE chain in the
melt. In an aqueous solution, on the other hand, pg+c©°
has the largest value among the systems listed in the
table. This is a consequence of a helix in which the
conformation of the C—0O bond prefers either trans (t)
or the same sign of gauche (g*) as that of gauche (G%)
for the preceding C—C bond such as G*t or G*g*.

Table 4 lists the average geometrical values of POE
over 5 ns of the simulation in a benzene solution and
those obtained from the aqueous solution simulation.>
The COC bond angle is more sensitive to the solvent
due to its smaller bending force constant, 149 kcal
mol~1, than the CCO bending force constant, 172 kcal
mol~1. The average torsion angles in a benzene solution
are closer to those previously predicted by MP2 ab initio
geometry optimization of 1,2-DME in the gas phase,
(pe+0= £74.8° and [py=0= +77.4°.17 This suggests a
relatively small solvent effect on the torsion angles in
a benzene solution. Also, larger rms deviations in the
torsion angles, compared to the aqueous solution, are
consistent with the greater flexibility of the torsional
fluctuation in a benzene solution. On the other hand,
a considerable shift is observed on the average torsion
angles in an aqueous solution. This is likely to be
related to POE’s helical conformation in water. Similar
changes in the torsion angles were made by Depner et
al.’s simulation.?2 These average geometrical param-
eters are difficult to obtain experimentally.

Before we close the section for the conformation of
POE, it is of interest to examine the effect of the force
field on the POE conformation in light of the solvent
effect. We performed an additional simulation of POE
in benzene solution for 5 ns in which the POE's
intramolecular interactions were described by the previ-
ous force field for a POE-water system while all inter-
molecular interactions were treated by the current force

field. The simulation procedure was the same as
discribed above. This will shed light on two issues: is
the helix observed in water a result of the intramolecu-
lar force field for the POE chain, and does the current
intramolecular force field have any effect on the random
coil in benzene solution? The result indicated that the
POE chain still transformed from a helix to a random
coil in benzene, which shows basically the same con-
formational characteristics as those for the random coil
observed in benzene solution above: R2[¥2 = 15.01 +
6.12 A, 5232 = 9.82 + 2.53 A, ps+ = 0.79, and pg* =
0.20.3° In comparison between the two solutions, the
largest difference in the intermolecular interactions
stems from the electrostatic interactions since the
benzene molecules bear no charge. This observation
suggests that the interactions leading to the alteration
of the chain conformation are mainly intermolecular in
nature, in particular, electrostatic. It was found in our
previous study that the electrostatic interactions were
dominated by the hydrogen bonds between POE and
water molecules.® Next, we examine how the different
chain conformation affects the chain dynamics of POE.

Local Chain Dynamics

In the following, we characterize the local chain
dynamics of POE in a benzene solution and then discuss
the difference in the chain dynamics from POE in water.
Figure 7 shows typical trajectories of the torsion angles
around the C—C and C—O0 bonds in a benzene solution.
The actual numbers of the conformational transitions,
several hundreds, are not depicted in Figure 7 due to
the data used for the trajectories which were plotted
only at every 5 ps. The inspection of the trajectories of
the torsion angles for both C—C and C—O bonds
indicated that during the 5 ns simulation, there was no
direct conformational transition for Gt (g*) < G~ (g")
for which the transition only occurred via the T (t)
conformation instead. This is due to the higher rota-
tional barrier for the G* (g*) <= G~ (g™) transition, 8.43
(7.29) kcal mol=1, than for the T (t) < G+ (g%) transition,
2.45 (2.77) kcal mol~t (see Table 2).

The conformational transition rate krgg) for the C—C
and C—0O bonds averaged over all the bonds in the chain
for 5 ns are listed in Table 5, along with those for the
aqueous solution. They are defined as the number of
transitions divided by the total simulation time.l2 A
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Figure 7. History of the torsion angles around (a) the C—C
bond and (b) the C—O bond of POE obtained from the
simulation in benzene. The data are plotted at every 5 ps.

Table 5. Conformational Transition Rates between
Trans and Gauche Conformations krgg) (Ns™) and the
Correlation Time r (ps) for the Transition Process in
Benzene and Water?

c-C c-0
solvent kte T Kig T
benzene 98.8 1.9 61 3.0
water 1.2° 0.0° 9.9 6.6

a See the definition for krg(g) and 7 in the text. ® The transitions
occurred only for Gt < T < G~ with little residence time for the
trans conformation.

significant difference is observed between the two
solutions. In the aqueous solution, there were only a
few conformational transitions for both C—C and C-0O
bond rotations during the 2 ns simulation. The value
of kre is smaller than that for ki because the confor-
mational transition for T <> G* in aqueous solution leads
to a breakdown of a helix while a transition for t < g*
does not affect the stability of the helix as much. The
much faster transition rates in the benzene solution
indicate a smaller solvent damping in the bond rotations
than in the aqueous solution.

According to Chandler,3! the correlation time () for
the transition process can be estimated from the transi-
tion rates and the conformational populations, ny() and
Ng(g), as follows: 7= ntyngE/kTerg. The results are also
shown in Table 5. In comparison, Depner and Schur-
mann reported 20 ps for both bonds.1?2 However, the
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1,
Figure 8. Torsion angle autocorrelation functions Ceosy(t) for
the C—C and C—0O bonds of POE in a benzene solution. The
results were averaged over the chain except for the terminal
group. The dotted lines are obtained from the trajectories
taken from the simulation, and the solid curves are fits to the
KWW equation.

Table 6. KWW Parameters for Torsion Angle
Autocorrelation Functions?

bond Peosp Tcosgs PS Tr, PS
c-C 0.77 6.71 7.77+£0.5
Cc-0 0.85 3.65 3.97+05

a Averaged over all the internal bonds except the terminal
bonds.

force field used in their simulations was not calibrated
for POE. A higher rotational barrier around a bond can
easily result in a large correlation time.

The relaxation time of the internal rotations of the
chain can be estimated from the torsion angle (¢)
autocorrelation function,3?

[Gos ¢(t) cos ¢(0)— [Bos ¢(0)[F
[Bos ¢(0) cos ¢(0)— [Bos ¢(0)(

Ceosg(t) = )

The averages were taken over the chain except for the
terminal C—C or C—0 bond since it has been found that
the dynamics of the internal rotations near chain ends
differ from that in the middle of the chain.3® Figure 8
displays the decays of Ccsy(t) for the C—C and C—O
bonds in benzene, shown by a dotted line, which are
fitted to the Kohlraush—Williams—Watts (KWW) equa-
tion,34 given as

Ceos (1) = XP(—UTyq,) 3)

oS¢
shown in the figure by a solid line. The relaxation time
was calculated by the following equation:

7, = [ exp[—(trg,) "] dt (4)

The KWW parameters obtained from least-squares
fitting to the plots of INn[—In Ceesy(t)] vs In t and the
relaxation time calculated from eq 4 are listed in Table
6.

The relaxation time 7, for the C—0O bond is almost
half that for the C—C bond. This is in good accord with
the experimental observation that the C—0O bond rota-
tion is more flexible than the C—C bond rotation,?2? also
consistent with the time evolution of the torsion angle
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Figure 9. C—H vector autocorrelation functions Ccn(t) for the
carbon atoms from i = 1, 4, 6, and 8 in CHz0—[C{H2Ci+1H20]15—
CHjs in a benzene solution. A fit to the KWW equation is shown
only for the carbon atom i = 8 at the center of the chain.

distribution for the C—0O bond. On the other hand, a
smaller value of Sy for the C—C bond than that for
the C—0O bond suggests a larger cooperativity for the
C—C bond rotation. This is in line with the more
correlated conformational rotations around the C—C—0O
bond pair than those around the C—O—C bond rotations
due to the attractive 1-5 interaction for the C—C—-0O
bond rotations.’® This attractive interaction occurs in
the G*gT conformation which is one of the most stable
conformations for the C—C—0O bond pair of POE (see
Table 2). In fact, the hazard plots showed more cor-
relation for the C—C—0O bond rotations than for the
C—0O-—C bond rotations. The quantitative comparison
with the aqueous solution simulation was not successful
since there were very small changes in the value of cos
¢(t) during the simulation in an aqueous solution, thus
little decay in the torsion angle autocorrelation function.

We also examined the local segmental dynamics of
POE by estimating the rate of the C—H vector reorien-
tation. The C—H vector autocorrelation function was
calculated by the following equation:3®

Cep(t) = P,(CH(0)-CH(t))0= [3 cos? w(t) — 112 (5)

where P; is the second Legendre polynomial, CH(t) is a
unit vector in the direction of a C—H bond vector at time
t, and w(t) is the change in the vector orientation
between time t and time 0. Figure 9 shows the decays
of Ccu(t) for several C—H vectors ranging from the
terminal CH; group (i = 1) to the central CH; group (i
= 8) in CHgo_[CiH2Ci+1H20]15_CH3, along with the fit
of the decay for i = 8 to the KWW equation. The
different local dynamics in going from the end to the
center in the chain is well-illustrated. There was little
difference in the C—H vector reorientation behavior
betweeni =6 and i =9.

The values of the KWW parameters and the relax-
ation time are listed in Table 7 along with those for the
POE aqueous solution. The agreement with the experi-
ment3® is reasonable. A substantial relative solvent
effect is demonstrated. The large relaxation time,
around 6 ns, for the aqueous solution is due primarily
to the rigid helical chain, secondarily to the significant
solvent damping, consistent with the extremely slow
conformational transition rates in the aqueous solution.
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Table 7. KWW Parameters for C—H Vector
Autocorrelation Function?

solvent Beh TcH, PS Tr, PS Texps PSP
CsHe 0.56 8.18 1351 +1.1 15
H,0c¢ 0.3 1640 5790 + 430

a Averaged over the central CH vectors (i = 6—9) in CH30—
[CiH2Ci+1H20]15—CHs. ? Extrapolated from the value, 15.8 ps,
measured at the concentration of 5 wt %36 to 3.3 wt %, the solution
concentration in our simulation. ¢ Analyzed from the data in ref
5.

LSF  O(POE)..C (C¢H,)

g()

1.0 -

C(POE)...C (CsHe)
0.5

Figure 10. Pair distribution function for the POE ether
oxygen atom and the nearby benzene carbon atoms
(Opoge***Ccehe) and that for the POE methylene carbon atom
and the nearby benzene carbon atoms (Cpog***Ccyg)-

However, the values for the agueous solution should be
considered only qualitative.

Solvation Structure

Molecular dynamics simulations provide the informa-
tion regarding solvation structures to help understand
polymer—solvent interactions. Figure 10 illustrates a
typical pair distribution function (PDF) for the POE
ether oxygen atom and the nearby benzene carbon
atoms and that for the POE methylene carbon atom and
the nearby benzene carbon atoms. The POE oxygen—
benzene carbon PDF (PDF(Opog***Ccqns)) displays a
peak around 5.5 A, while the POE methylene carbon—
benzene carbon PDF (PDF(Cpog***Ccqng)) Shows a broad
peak ranging from 4.0 to 6.5 A with the center around
5 A. Although the figure shows the PDF’s for one of
the benzene carbon atoms, the PDF's for other benzene
carbon atoms exhibited very similar distribution pro-
files.3” This observation suggests that the distances
between the POE oxygen (or the methylene carbon) and
all six benzene carbons are similar to each other.

We thus assume that an EO unit of POE orients itself
perpendicular to the benzene molecular plane, rather
than a horizontal orientation, shown in Figure 11. The
numbers in the figure indicate the distances between
the POE oxygen or the methylene carbon and the center
of mass of a benzene molecule. The distance between
the methylene carbon and the benzene’s center of mass
for all the models was taken to be 5 A, based on the
PDF (Cpog***Ccens)- Models | and 11 should yield the
peak around 6 and 4 A in the PDF (Opog***Ccyhe),
respectively. On the other hand, the distance between
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model 1

model III

Figure 11. Proposed solvation models. The distances are
between the POE oxygen or the methylene carbon and the
center of mass of a benzene molecule.

Opoe and the benzene’s center of mass, ~5.6 A, in model
111 is close to the peak position in the PDF(Opog***Ccyhg)s
~5.5 A, which favors model 111 as a most likely solvation
structure for POE in a benzene solution, though our
observation does not exclude models I and Il due to the
broad peak of the PDF(Cpog***Ccqhs). Also, the shoulder
between 3 and 4 A in the PDF (Opog***Cc,he) SEEMS t0
suggest some contribution from model Il where the
Opoe***CcqH, distance is around 4 A. The orientational
preference of the benzene molecule with respect to the
POE oxygen found in this sutdy is in agreement with
Depner et al.’s study.1?

An NMR high-field shift for the POE methylene
proton in a benzene solution is well-known.?® A pref-
erential orientation of the benzene molecule to the solute
was excluded from a possible cause for a similar
observation for poly(methyl methacrylate).3® The ori-
entation of the methylene protons with respect to the
benzene ring illustrated in Figure 11, particularly
models | and Ill, causing the aromatic ring current
effect, is consistent with the experimental observation.2®

Figure 12 displays the PDF for the benzene carbons
near the POE methylene carbon and the PDF for the
bulk benzene carbons taken from the benzene simula-
tion. The former shows similar characteristics to the
latter. The peaks of the PDF for the benzene carbons
near the POE methylene carbon seem to be somewhat
flatter than those for the bulk benzene carbons, though
it is not clear if this is statistically significant. No
considerable difference between the two PDF suggests
a very small perturbation of the solvent structure by
POE, unlike the strongly enhanced water structure near
POE observed in the previous simulation.®> This obser-
vation implies little entropy loss for the benzene mol-
ecules near POE. This is in line with the observation
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Figure 12. Pair distribution functions for the benzene carbon
atoms near the POE methylene carbon atom and for the bulk
benzene carbon atoms.

that POE does not precipitate in a benzene solution at
elevated temperatures.2d

Conclusions

We have characterized the conformation and the
dynamics of a POE chain with 15 monomer units in
detail based on its 5 ns MD simulation in a benzene
solution and compared them with the results from a
previous simulation in aqueous solution. We observed
significant differences in the POE characteristics in
going from an aqueous solution to a benzene solution.
Our main interest was how the difference in nature of
the solvent affects the POE's characteristics. The
absence of the hydrogen bond and the high polarity of
water as a solvent has resulted in considerable changes
in the conformation and the dynamics of POE. For
example, in the simulation of POE in an aqueous
solution, a helical conformation was maintained for 2
ns. In a benzene solution, the conformation quickly
changed from a helix to a coil which continued to stay
throughout the 5 ns simulation. This observation also
supports the helical conformation found in the aqueous
solution simulation® as a result of a solvation rather
than an artifact. The population of the trans conforma-
tion around the C—C bond also increased considerably
from O in water to 24% in benzene, and the conforma-
tional transition rates krgug) jumped from 1.2 (9.9) in
water to 98.8 (61.0) for the C—C (C—0) bond rotations
in benzene. The sensitivity of the POE conformation
to the solvent is largely due to its chain flexibility. The
additional simulation in benzene solution with the
intramolecular force field for the POE-water system also
resulted in a random coil of POE. This observation
confirms the significant alteration in the chain confor-
mation as a result of the change in the POE-solvent
interactions, the electrostatic interactions to be specific.
In the POE aqgueous solution, the intermolecular inter-
actions were dominated by hydrogen bonds between
POE and water molecules which are absent in the
POE—benzene solution.

In an aqueous solution, POE seems to prefer a helix
which is stabilized by a network of hydrogen bonds with
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water which runs through inside the helix.> POE seems
to gain a large negative enthalpy at a minimum cost to
the entropy of water with the least disrupting structure
to water, a helix. On the other hand, due to the absence
of a hydrogen bond and the polarization effect, the helix
is no longer stable in a benzene solution. The weak
interactions between POE and benzene molecules,
indicated by the much smaller POE-solvent interaction
energy in benzene solution than in aqueous solution,
result in a random coil which increases the configura-
tional entropy of POE. Furthermore, the solvent struc-
ture near POE was less perturbed compared to the
aqueous solution. The overall conformational charac-
teristics are similar to those found by Depner et al.’s
simulation.’? Some discrepancies such as the somewhat
higher gauche population around the C—C bond and the
large correlation time for the conformational transitions
found in their study are possibly due to the force field
used and the short simulation time, 120 ps.

The absence of the hydrogen bond and the polariza-
tion effect also manifested themselves in the smaller
solvent damping effect on the torsional rotations and
the C—H vector reorientations of POE in benzene
solution. On the other hand, in aqueous solution the
ordered chain conformation and the much lower con-
formational transition rate and the large relaxation time
for the C—H vector reorientations are due to the strong
solvent effect giving rise to a rigid helical chain.

The pairwise populations, ps““© and pgy“©°, obtained
from our simulation seem to support Smith et al.’s
explanation’ for an extended chain in POE melts,
relative to the unperturbed chains. The NMR vicinal
coupling constants?-11 are probably not very sensitive
to the change in these particular pairwise populations.
On the basis of the pairwise conformations, a POE chain
seems to be less extended in benzene than in the melts,
possibly closer to an unperturbed chain.

On the basis of the time evolutions of the conforma-
tional populations, the equilibrium characteristics of the
POE chain do not seem to alter significantly after 5 ns.
The information obtained from our POE simulation in
benzene solution which either is difficult to probe
experimentally or has not been previously reported
includes the amplitudes and the fluctuations in R and
S, the direct conformational populations including the
pairwise populations, the average geometrical param-
eters, and the solvation structure.

We have also reoptimized the POE force field param-
eters, originally developed by Smith et al.’® for the
potential energy function commonly used in well-known
molecular modeling packages such as QUANTA,*
SYBYL,!®> AMBER,?® and others. A comparison between
the force field calculations with our parameters and the
ab initio results of 1,2-DME'"18 was favorable. The
force field yielded good agreement with experiments in
the conformational and the dynamical characteristics
of POE in a benzene solution despite the fact that the
force field was not specifically calibrated for a POE-
benzene system. This observation supports the basic
validity of Smith et al.’s force field!® for a POE—benzene
system. Together with the previous simulation,® simu-
lations of a POE chain have been successfully performed
in two solvent systems: water and benzene. This will
open a possibility of performing a simulation for POE
in a two-phase system, a POE—water/benzene system,
which will be the subject of our forthcoming article.
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