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ABSTRACT: Molecular dynamics (MD) simulation studies of the interface between poly(ethylene oxide)
(PEO) and TiO; have been performed at 423 K using a quantum chemistry-based force field. MD
simulations revealed that the PEO density is significantly perturbed by TiO, surfaces, forming layers of
highly dense polymer (compared to the bulk melt) that persisted up to 15 A from the surface.
Conformational and structural relaxations of the interfacial PEO were found to be dramatically slower
than those of bulk PEO. These effects are attributed to an intrinsic slowing down of PEO dynamics and
increased dynamic heterogeneity of the interfacial polymer. The surface structure and electrostatic
interactions between PEO and TiO,, rather than the increased polymer density at the TiO; surface,
determine the nature of PEO relaxation at the TiO, interface.

I. Introduction

The addition of nanoparticles to polymers allows one
to alter the structural and mechanical properties of the
polymer matrix while keeping the chemical properties
of the polymer intact. The dramatic changes in the
polymer glass-transition temperature, the appearance
of a second glass-transition temperature at a certain
range of filler volume fraction,2 changes in dynamic—
mechanical properties,? dielectric relaxation,® and poly-
mer dynamics*® observed for numerous polymer nano-
composites and thin films open a realm of possibilities
for the modification of polymer properties by the addi-
tion of nanoparticles.®” The potential impact of modi-
fication of polymer properties at interfaces also has
significant ramifications on the design of new lubri-
cants,® adhesives, polymer electrolytes,® protective coat-
ing,1° and photolithography, inspiring numerous theo-
retical and experimental efforts directed toward gaining
a fundamental understanding of polymer-filled systems.

The influence of nanoparticles on the dynamic—
mechanical properties of polymers was investigated by
Tsagaropoulos and Eisenberg in dynamic—mechanical
and thermal analysis studies.>2 Poly(dimethylsiloxane)
and poly(vinyl acetate) polymers filled with silica nano-
particles exhibited the appearance of the second glass-
transition temperature at a sufficiently high volume
fraction of silica nanoparticles.? This (second) glass
transition occurred at a higher temperature than the
glass transition of the pure matrix polymer and was
associated with the dynamics of the polymer loosely
bound to nanoparticles, whereas the lower glass-transi-
tion temperature was associated with the dynamics of
the bulk polymer. The nature of the nanoparticle—
polymer interactions and the volume fraction of nano-
particles were found to have a significant influence on
the higher glass-transition temperature and almost no
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effect on the glass transition at lower temperature. The
elastic modulus of poly(ethylene oxide) (PEO)/SiO,
nanocomposites was found in a separate study!! to be
strongly dependent on the surface modification of SiO,
nanoparticles, indicating the importance of PEO—nano-
particle interactions on nanocomposite mechanical prop-
erties.

Coarse-grained molecular dynamics (MD)'2-17 and
Monte Carlo!®8~20 simulations have provided valuable
insight into factors responsible for altering polymer
matrix properties with the addition of interfaces. The
strength of the nanoparticle—polymer interaction and
the nanoparticle specific surface area were found to be
the most important factors controlling the properties of
the interfacial polymer. The addition of nanoparticles
with attractive interactions led to decreased polymer
dynamics and increased viscosity, whereas the addition
of nanoparticles with the repulsive, or excluded volume,
interactions led to increased polymer dynamics and
decreased viscosity.1>16 These effects were found to scale
linearly with the specific surface area of nanoparticles.!®
Another important factor controlling interfacial polymer
dynamics is the structure of the surface.132! The poly-
mers next to the structureless, or flat, surfaces with the
attractive surface—polymer interactions were found to
exhibit quite different dynamics than polymers near
structured surfaces. In the later case, polymer motion
near the surface was found to be strongly correlated to
the surface structure.?!

We are interested in understanding the influence of
the strength of the (PEO) interactions with TiO, sur-
faces and the effect of the TiO, surface structure on PEO
structural, conformational, and dynamic properties near
TiO; surfaces. The PEO/TiO, system has been chosen
because PEO is a major component of PEO-based solid
polymer electrolytes, which are potential candidates for
use in solvent-free secondary lithium batteries. The
addition of ceramic nanoparticles to polymer electro-
lytes, initially done to enhance mechanical properties,
has also been found to improve the anodic stability,??
cyclability,232* sometimes conductivity,?225-27 and cation
transfer number222526 of polymer electrolytes without
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causing any observed degradations. A fundamental
understanding of the mechanisms responsible for the
dramatic changes in polymer electrolyte properties with
the addition of nanoparticles is lacking. This MD
simulation study of the PEO/TiO, system is the first
step toward understanding more complicated PEO/Li
salt/TiO, systems.

This paper is organized in the following order. In
section Il, the development of the quantum chemistry-
based force field for the PEO/TiO;, interactions is
presented. In section 111, MD simulations methodology
is described together with the simulated systems. The
results of MD simulations of PEO sandwiched between
TiO; surfaces are presented and discussed in section 1V.
Then we investigate in section V the influence of the
surface structure on the interfacial PEO dynamics and
structure by performing simulations of PEO near flat,
or structureless, surfaces having the same PEO density
profile normal to the surface as observed in the PEO/
TiO2 system. The influence of the strength of the
surface—polymer interaction of PEO dynamics is studied
in section VI.

1. Force Field Development.

A. Energetics of TiOsHyg—Dimethyl Ether Com-
plexation. An accurate prediction of the strength of the
PEO—TiO; interactions is important for a realistic
representation of the PEO structural and dynamic
properties in the proximity of TiO, surfaces. Because
accurate quantum chemistry calculations of high mo-
lecular weight PEO next to TiO; surfaces are prohibi-
tively expensive, we studied the PEO—TiO, interactions
using a representative model system consisting of a PEO
monomer (dimethyl ether) complexed with the TiOsHg
cluster, as illustrated in Figure 1. Then the PEO—-TIiO,
force field was developed upon the basis of TiOsHg—
dimethyl ether energetics and was used in MD simula-
tions of PEO—TiO..

All quantum chemistry calculations have been per-
formed with the Gaussian 98 package.?® The binding
energy is defined as the energy of the dimethyl ether/
TiOsHg complex minus the energies of the isolated
dimethyl ether and TiOsHg using cluster geometries.
Binding energies were calculated along the two Cs
symmetry paths shown in Figure 1 at the Hartree—Fock
(HF) level and using Mgller—Plesset second-order per-
turbation theory (MP2) with the basis sets described
below. The geometry of the TiOsHg cluster was frozen
to that of the anatase crystal. Hydrogen atoms were
added to the TiOs cluster along the directions of the
O—Ti bonds in the TiO; crystal. The O—H bond length
was fixed to 0.97 A. The MP2/aug-cc-pvTz geometry was
used for dimethyl ether. The binding energies were
corrected for basis set superposition error using the
counterpoise method.?® Three basis sets were employed
in the study: (a) 6-31G* for all atoms (170 basis
functions), yielding a BSSE-corrected MP2 binding
energy of —8.3 kcal/mol; (b) 6-311+G(3f2g) for Ti and
aug-cc-pvDz® for O, C, and H (326 basis functions),
yielding a binding energy of —10.8 kcal/mol; and (c)
6-311+G(3f2g) for Ti and aug-cc-pvTz for O, C, and H
(736 basis functions), yielding a binding energy of —11.5
kcal/mol. The dimethyl ether/TiOsHg binding energy
calculated at the MP2/6-31G* level (—8.3 kcal/mol) is
much lower than the binding energies of —10.8 and
—11.5 kcal/mol calculated at the MP2 level using much
larger basis sets aug-cc-pvDz and aug-cc-pvTz for C, O,
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Figure 1. BSSE-corrected binding energy for the CH;OCHa/

TiOsHo complex calculated at the MP2/6-311+G(3f2g) level for

Ti and at the aug-cc-pvDz level and from the force field. The

many-body polarization (induction) energy estimate from the
force field is also shown.

and H, respectively, and the 6-311+G(3f2g) basis set for
Ti, indicating that the 6-31G* basis set yields inaccurate
predictions of the dimethyl ether/TiOsHg binding ener-
gies. Using the aug-cc-pvTz basis set for the C, O, and
H atoms, however, is very expensive and yielded a
dimethyl ether/TiOsHg binding energy close to that
calculated at the MP2/(6-311+G(3f2g) level for Ti and
the aug-cc-pvDz level for C, O, and H; therefore, we
suggest that the most optimal way of calculating the
dimethyl ether/TiOsHg binding energy along paths 1 and
2 from Figure 1 is to perform calculations using the
intermediate-sized basis set (6-311+G(3f2g) for Ti, aug-
cc-pvDz) at the MP2 level and scale them by a factor of
1.07. This factor is the ratio of the dimethyl ether/
TiOsHg binding energies (MP2/(6-311+G(3f2g) for Ti,
aug-cc-pvTz for C, O, H) and MP2/(6-311+G(3f2g) for
Ti, and aug-cc-pvDz for C, O, H) calculated at the
geometry corresponding to the minimum energy along
path 1.

B. Force Field Parametrization. A force field of
the form

A C.

1 ij ij

NB _ - R r. 7
U (r)—zlz zA., (B Tt
ij ij

;g

+ UP(r) (1)
4regls;

was parametrized to reproduce the binding energy of
the dimethyl ether/TiOsHg cluster. Either the exp-6 (Aj;
exp(Bijri))) or Lennard-Jones 12's power (A'jj/ rij*?) was
used to represent atom—atom repulsion. The potential
energy due to dipole polarization UP°!(r) is not pairwise
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Table 1. Partial Charges of Titanium Oxide Clusters from Fits to the Electrostatic Potential around the Titanium Oxide
Clusters from ab Initio Quantum Chemistry Calculations®

partial charges (e)

complex level of theory basis set Ti O(no H) O(OH) O(H20)

TiOsHg MP2 O-Dz/Ti-6- 1.292 —0.661 —0.744
311+G(3f2g)

TiOsHg MP2 6-31G* 1.377 —0.757 —0.741

TiOsHg HF 6-31G* 1.774 —0.855 —0.862

Ti,09H10 MP2 O-Dz/Ti-6- 1.247 —0.68 —0.678 —0.658
311+G(3f2g)

Ti209H10 MP2 6-31G* 1.37 —0.773 —0.767 —0.697

Ti,09H10 HF 6-31G* 1.669 —0.865 —0.868 —0.764

a8 The aug-cc-pvDz basis set is denoted Dz.

additive and is given by the sum of the interaction
energy between the induced dipoles (ui) and the electric
field E;® at atom i generated by the partial charges in
the system (first term in eq 2), the interaction energy
between the induced dipoles (second term in eq 2), and
the energy required to induce the dipole moments pu;
(third term in eq 2):3!

yro! (r)=-— z”i. Eio _ 0.52 z”i. Tij "B +
] 4

i Ry @)
Z 20,
where ui = aiEwt, o is the isotropic atomic dipole
polarizability, Ey: is the total electrostatic field at
atomic site i due to permanent charges and induced
dipoles, and Tj; is the second-order dipole tensor.3? The
nonbonded contributions including the potential energy
due to polarization were calculated for all intermolecular
dimethyl ether/TiO, atom pairs (ij) and for the intramo-
lecular atom pairs separated by more than two bonds
for dimethyl ether.

Partial charges, geometries, and polarizabilities of
dimethyl ether and PEO have been previously ob-
tained,® leaving only partial charges, polarizabilities
of TiO, and (Ti,0)/PEO exp-6, or Lennard-Jones param-
eters to be determined. We proceeded with the TiO,/
PEO force field parametrization in the following order:
in the first step, the Ti and Or; dipole polarizabilities
were determined (the O+ symbol denotes the oxygen
belonging to the TiO, complex (or surface), which is not
to be confused with the ether oxygen); in the second
step, the Ti and Or; partial charges were found; in the
third step, the (Ti,Or;)/PEO exp-6 and Lennard-Jones
parameters were fit to the CH3OCH3/TiOsHg binding
energies along paths 1 and 2 shown in Figure 1; and in
the fourth step, the two-body approximation to the
many-body force field was developed.

We determine atom polarizabilities by fitting the
polarization energy around a cluster or a molecule found
from quantum chemistry calculations. The polarization
energy around the TiOsHg cluster due to a unit charge
(+1e) was calculated along path 1 of Figure 1 in the
following way: First, the total energy of the unit charge
complexed with the TiOsHg cluster is calculated at the
HF/(6-311+G(3f2g) level for Ti and the aug-cc-pvTz level
for O and H. Then the energy of the TiOsHg cluster and
the electrostatic potential at the point of the unit charge,
calculated at the same level, are subtracted from the
total energy of the unit charge—TiOsHg cluster, yielding
the polarization energy along path 1. Atomic dipole
polarizabilities of Ti and O of 0.7 and 1.3 A3, respec-

tively, were found from the fit of the polarization energy
along path 1 from the force field (eq 2) to the polariza-
tion energy from quantum chemistry calculations. The
polarizability of hydrogen atoms was assumed to be zero
during the fit.

Partial charges of Ti, Oy, and Ht; were obtained by
fitting the electrostatic grid around the TiyOyH, clusters.
Following Breneman et al.,3* we excluded the electro-
static potential grid points inside the atomic VDW radii
from the fit because the approach of any atom inside
the VDW radii of another atom is highly unlikely in MD
simulations. The following VDW radii were used: 1.8
A for H, 1.9 A for O, and 2.2 A for Ti. Electrostatic grid
points farther than 3.5 A from any atom were also
excluded from the fit in order to obtain relatively
homogeneous layers of electrostatic grid points around
the cluster. The resulting partial charges for Ti and O
are given in Table 1. This Table indicates that a small
6-31G™* basis set and the HF level of theory yielded the
Ti partial charge of (1.77—1.67¢), which is much higher
than the Ti partial charges obtained from the fits to the
electrostatic potential at the most accurate level inves-
tigated (MP2/(6-311+G(3f2 g) for Ti and aug-cc-pvTz for
O and H), which in turn yielded a Ti partial charge of
around 1.25—1.3e. A similar tendency is seen for the
oxygen partial charge. The fits to the electrostatic grid
calculated at the MP2/(6-311+G(3f2g) level for Ti and
the aug-cc-pvTz level for O and H) suggest that the
oxygen partial charge should be somewhere between
—0.65e and —0.74e. We have chosen a partial charge of
—0.7e for O. The Ti partial charge was assigned a value
of 1.4e to preserve the charge neutrality of the TiO,
surfaces.

The nonbonded Ti—C, Ti—0O, and Ti—H Lennard-
Jones parameters shown in Table 2 were obtained by
fitting the TiOsHo/CH3OCH3; binding energies from
quantum chemistry calculations along the two paths
shown in Figure 1. The exp-6 parameters for O—X,
where X = O, C, or H, interactions were taken from the
PEO force field® in order to decrease the total number
of fitting parameters and make fitting more stable. The
resulting fits to the TiOsHy/CH3OCHS3 binding energies
shown in Figure 1 are good. Figure 1 also indicates that
the polarizable energy contributes substantially to the
binding energy along path 1, suggesting that polariza-
tion should be included in the force field in some form.

Because MD simulations with the many-body polariz-
able terms are approximately 2—4 times more expensive
than the MD simulations of identical systems with the
force field containing only two-body interactions, it is
desirable to develop a two-body force field for PEO/TiO;
interactions that takes into account the many-body
polarizable effects in a “mean-field” sense. Considering
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Table 2. Nonbonded Parameters for PEO/TiO; Interactions

atom pair A (kcal mol—1 A-12) C (kcal mol—t A-6) D (kcal mol—1 A-4)
Ti—O 97 622 496.0 16
Ti—C 125 000 645.0 18
Ti—H 88 630 32.0 3

atom pair A (kcal mol-1) B (A C (kcal mol~1 A-6) D (kcal mol~1 A4
Ori-0O 75 844.80000 4.063 396.89 0
Ori-C 33702.40 3.57700 503.04 0
Ori-H 14 175.98 3.90150 103.95 0

only the lowest-order term in rj; in eq 2, the polarization
energy between two charged atomic centers with dipolar
polarizability is given by eq 3:

332.07[q oj+ qe)] Dy
- 4 =——
2rij ij

UPOL(rij) =

where o; and o; are the atomic dipole polarizabilities.
For the system with more than two charged polarizable
atoms, eq 3 is not exact because it neglects interactions
between the induced moments and induction from the
other atoms; therefore, we call the D parameter used
in the condensed-phase simulations an effective D
parameter and determine it from condensed-phase
simulations. The effective D parameters for the con-
densed-phase simulations of PEO/TiO, were found by
manually matching the PEO density profile near the
TiOz surface from the short 100-ps MD simulation run
with the many-body force field with the density profile
from MD simulations with the two-body force field that
included the effective D parameters given in Table 2.
Atomic partial charges for the effective two-body force
field were taken from the many-body polarizable force
field without modification. Following our previous work,3°
the Dj; parameters are scaled to zero beyond the first
coordination shell of atoms (3.5 A) using a distance-
dependent dielectric constant.

I11. MD Simulations Methodology and System
Description

MD simulations of pure PEO and PEO sandwiched
between two TiO; surfaces, as shown in Figure 2, have
been performed. Ten PEO chains with the structure of
H—(CH>—0—CH3)s4—H were used in the simulations.
A previously developed quantum chemistry-based two-
body force field (FF-3 T-B)3® was used to describe PEO—
PEO interactions. Each TiO, surface comprises four
atomic planes or layers of 336 Ti and 772 O from the
(110) direction of an anatase crystal that is about 10 A
thick (z dimension) and 27.4 and 29.5 A in the x and y
dimensions, respectively. The surfaces were frozen and
placed symmetrically with respect to the middle of the
box as shown in Figure 2.

All MD simulations were performed at 423 K using a
modification of the Lucretius MD simulations package.3®
The system of PEO sandwiched between two TiO;
surfaces was created by placing PEO in a box with a z
dimension of 230 A between the surfaces. Then the box
was shrunk in MD simulations for 3 ns to match the
estimated experimental PEO density at 423 K in the
middle of the PEO film and subsequently equilibrated
in an NPT ensemble for 6 ns with the internal stress
tensor component P,, = 0 using the velocity Verlet
algorithm with a 1-fs time step.3” The 16-ns production
runs were performed in an NVT ensemble with the box

Figure 2. Snapshots of PEO sandwiched between two TiO;
surfaces from MD simulations.

size corresponding to P,; = 0, which was previously
found in NPT simulations.

The distance between the TiO; surfaces through the
periodic boundary was approximately 50 A. A Nose—
Hoover thermostat®® and a barostat®® were used to
control the temperature and pressure, and bond lengths
were constrained using the Shake algorithm.*® The
particle-mesh Ewald (PME) technique*! was used to
treat Coulomb interactions. A multiple time step revers-
ible reference system propagator algorithm was em-
ployed,*2 with a 0.75-fs time step for bonding, bending,
and torsional motions, a 1.5-fs time step for nonbonded
interactions within a 6.5-A sphere, and a 3.0-fs time step
for both the nonbonded interactions between 6.5 and
10.0 A and the reciprocal space part of the PME
summation. The long-range correction to the cutoff of
10 A of dispersion interactions was applied.

To investigate the effect of surface—polymer interac-
tions on PEO structure and dynamics, two additional
simulations were performed on PEO sandwiched be-
tween surfaces. In the first simulation, the TiO, charges
were set to zero; this system is called a neutral surface
system. In the second simulation, in addition to the TiO,
charges being zero, the TiO,/PEO dispersion parameters
were set to zero, and the TiO,/PEO repulsion param-
eters were made longer-range (Table 3), resulting in a
soft repulsion between the surface and PEO. MD
simulations of these systems were performed for 3 ns
in NPT ensemble (equilibration) and 16 ns in NVT
ensemble with the distance between two surfaces set
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Table 3. Nonbonded Parameters for PEO/SR-surface and
PEO/Flat Surface Interactions

PEO/SR Surface

atom pair A (kcal mol~?1) B(A1)  C (kcal mol-1 A-6)
Ti—O 1416 1.96 0.0
Ti—C 674 1.70 0.0
Ti—H 282 1.80 0.0
O1i—O 674 1.70 0.0
Ori—C 674 1.70 0.0
Ori—H 282 1.80 0.0
PEO/Flat Surface
atom type A’ (kcal mol—1 A-9) C (kcal mol—1 A-3)
O 633.3 31.83
C 633.3 17.65
H 633.3 6.59

to give a zero P, component of the stress tensor and
the PEO density in the middle of the box equal to the
PEO bulk density.

MD simulations of PEO sandwiched between two flat
(i.e., structureless) surfaces were also performed. The
potential for the PEO/flat surface of the surface is given
by eq 4:

U =A'z°-Cyz*® (4)

where z is the distance between PEO atom j (H, C, O)
and the closest surface to the PEO atom. The A’ and C
parameters were optimized by matching the PEO
density profile normal to the flat surface with the PEO
density profile normal to the atomistic TiO, surfaces as
closely as possible. The surface—X (X = O, C, H)
repulsion parameters (A;") were constrained to have the
same value, whereas the surface—X dispersion param-
eters (C;) were constrained to be proportional to H—H,
0O—0, and C—C parameters, leaving only two adjustable
parameters to govern the PEO—flat surface interac-
tions: one for scaling the repulsion and one for scaling
the dispersion parameters. The NPT MD simulations
of PEO between flat surfaces were performed for 1.5 ns
followed by the 7-ns NVT simulations at the distance
between surfaces corresponding to the internal stress
tensor component P,; = 0 and the density of the middle
of the PEO file equal to the bulk PEO density at the
same temperature and 1 atm of pressure.

1V. Influence of TiO; Surfaces on PEO
Structure and Dynamic

A. Structural Properties. We begin our investiga-
tion of the influence of TiO, surfaces on PEO structure
by analyzing the PEO density profile normal to TiO;
surfaces, which is shown in Figure 3. The PEO density
profile indicates strong PEO structuring up to ap-
proximately 10—14 A, whereas the PEO density farther
than 14 A from the surface approaches the PEO melt
density. The PEO at the TiO, surface is divided into
three interfacial layers using the minima of the density
profiles as shown in Figure 3 by the dotted lines. A
snapshot of a part of the simulation box shown in Figure
3 represents the typical structure of PEO in the first
interfacial layer. The PEO oxygen atoms approach
closest the TiO, surface because of strong electrostatic
interactions with the Ti atoms bearing a positive partial
charge of 1.4e. Carbon atoms are positioned between two
layers of the oxygen atoms as seen from the carbon and
oxygen atom density profiles and from the simulation
snapshot. Segments of the PEO chains in the first
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Figure 3. PEO density profile at TiO, surfaces. Vertical
dashed lines indicate division into interfacial layers. A part
of the simulation box is shown, with characteristic PEO
structure in the first interfacial layer shown above the box.
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Figure 4. Probability distribution for the PEO C-O—-C-C
dihedral angles at TiO; surfaces.

interfacial layer have a preferential alignment on the
surface as shown in the representative snapshot in
Figure 3. The Z component (normal to the surface) of
the square of the radius of gyration decreases from
about 120 A2 in the middle of the PEO film to less than
20 A2 in the first interfacial layer, indicating a flattening
of the interfacial PEO in agreement with the previous
simulations.1217.19

PEO conformations are also perturbed by the pres-
ence of the TiO; surfaces. Figure 4 shows the C—C—
O—C dihedral angle distribution for the PEO interfacial
layers and PEO far from the interface. A given C—C—
O—C dihedral is considered to be in a particular layer
if the center of the C—O bond belongs to that layer. This
criterion for assigning the dihedrals to the layers is used
throughout this paper. Figure 4 illustrates that the
influence of the TiO, surface on PEO conformations is
very local (i.e., only PEO in the first interfacial layer
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Table 4. Parameters for C—O—C—C Dihedrals®

layer
system width (&) twait/twai®™'®  TTAcF/TTACE 0?lo? Uk gigefTigEPulk  gygeBauss/pgeGaussbulk gy oy g Gauss
PEOI/TIO; 4.2 1.2 51 11.3 490 32 14.1
PEO/neutral surface 5.3 1.0 1.0 15 1.9 1.2 1.7
PEO/SR surface 9.4-12.3 0.8 0.5 0.6 0.4 0.4 1.2
PEO/flat surface 6.7 1.0 1.0 15 0.9 0.9 1.2

a Mean waiting time for torsional transitions for C—O—C—C dihedrals (twait), torsional autocorrelation time for C—O—C—C dihedrals
(r7ack), dispersions of the distribution of torsional transition time for a C—O—C—C dihedral to undergo 10 torsional transitions (¢?),
structural relaxation times obtained from the decay of the intermediate incoherent structure factor (zjsg), and structural relaxation times
for Gaussian-distributed atom displacements 7,s£%2uss for PEO in the first interfacial layer relative to the corresponding times for bulk

PEO calculated for the same layer width.

(~4 to 5 A) has conformations significantly different
from those in bulk PEO, whereas PEO conformations
in the second interfacial layer and farther away from
the surface are essentially the same as in the bulk).
Similar results are seen for the O—C—C—0 dihedrals.

B. Conformational Dynamics. Polymer motion in
the melt is intimately connected to its conformational
dynamics and relaxation. Torsional transition is a
fundamental step of conformational dynamics, whereas
torsional relaxation described by the torsional autocor-
relation function (TACF) is closely connected to polymer
dielectric relaxation, viscosity, and T; spin—Ilattice
relaxation.*® The TACF is defined as

_ [Bos ¢(t) cos ¢(0)0— [Gos #(0)3
[6os ¢(0) cos ¢(0)— [Bos ¢(0)F

P(®) (®)

where ¢(t) is the dihedral angle for a given dihedral of
a particular type and the brackets denote the ensemble
average over all dihedrals of that type.

To investigate the effect of TiO, surfaces on the
conformational dynamics of PEO, we divided PEO into
layers according to the minima of the density profile
shown in Figure 3, as was done in the investigation of
the distribution of dihedral angles shown in Figure 4.
Because MD simulation trajectories were saved every
1 ps, the torsional transitions were considered to occur
if the state of the dihedral changed over 1 ps. We found
that the presence of the TiO, surface has only a minor
effect on the intrinsic conformational dynamics, as
reflected by the mean waiting time tyair between tor-
sional transitions for PEO in the first interfacial layer
being only 20% longer than that for bulk PEO as shown
in Table 4. The effect of the TiO; surface on the mean
waiting times for torsional transitions of the interfacial
PEO beyond the first layer is negligible.

Torsional relaxation measured by the decay of the
TACF, however, is affected more dramatically than
expected from the mean waiting times between torsional
transitions. The TACFs were calculated for each layer
and plotted in Figure 5 versus the reduced time (t* =
t/twait), measured in units of the average number of
torsional transitions. This Figure allows us to examine
the difference between torsional relaxation probed
through the TACF and intrinsic conformational dynam-
ics measured by tyait. A given dihedral was included in
the TACF statistics as long as it is continuously present
in the layer. Because of the finite width of the first three
layers (~4.2 A), a significant number of dihedrals exited
the layer, reducing the statistics at long times. It is
reasonable to assume that the “fast” dihedrals exited
the finite layer sooner than the “slow” dihedrals, result-
ing in a slightly slower decay of the TACF for PEO
belonging to the finite layer compared to the decay of
the PEO TACF calculated for the much larger layer as

- ——- ["layer
2 —-— 2" ayer
I ~ —--— 3"layer
i > a >3" layer
& N A bulk (21 A)
= O  bulk(4.2 A)
Ol C \
o o
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Figure 5. PEO C—0O—-C-C TACFs at TiO, surfaces and in
bulk PEO.

shown in Figure 5. Therefore, one should compare TACF
calculated for the interfacial PEO in finite layers to
those for the bulk PEO divided into layers of the same
size. The decay of the TACFs for PEO in the second and
third interfacial layers and beyond is similar to that of
bulk PEO, indicating that the influence of TiO, surfaces
on PEO conformational relaxation is very local and is
limited to the first interfacial PEO layer that extends
only 4 to 5 A from the TiO; surface, at least at the
temperature investigated (423 K). The decay of the
TACEF in the first interfacial layer is dramatically slower
than that for bulk PEO, which is indicative of the
decreased efficacy of conformational transitions on
polymer conformational relaxation previously observed
in simulations of polymer melts** and polymer electro-
lytes.*®> To obtain a quantitative measure of the slowing
down of the conformational relaxation of the interfacial
PEO relative to that in bulk PEO, the torsional auto-
correlation times tracr are calculated as time integrals
of the stretched exponential exp[—(t/7)] fits of the TACF
for decay up to 0.1. The ratio of the torsional autocor-
relation time of interfacial PEO to that of the bulk PEO
is 5.1 (Table 4) compared to the ratio of mean waiting
times tyait/twait®'k = 1.2, indicating that the influence
of TiO; surfaces on interfacial PEO conformational
relaxation (TACF) is 4.25 times larger than its the
influence on mean waiting times between torsional
transitions.

To understand the reason for the decreased efficacy
of conformational transitions on conformational relax-
ation, we analyzed the distribution of torsional transi-
tions. Figure 6a shows the probability density for 10
torsional transitions to occur at reduced time t* = t/tyait
in bulk PEO layers of 21 and 4.2 A. The dependence of
the distribution of torsional transitions on the layer size
is due to torsions leaving the layer before they can
contribute to the spectrum of torsional transition times
at long time. To correct effectively for the effect of the
finite layer size, the distribution of PEO torsional
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Figure 6. Probability distribution for C—O—C—C dihedrals
to undergo 10 torsional transitions vs reduced time (t*) for bulk
PEO layers of 4.2 and 21 A and interfacial PEO at TiO;
surfaces.

transitions for interfacial layers is compared to the
distributions of bulk PEO calculated for the same layer
thicknesses. The PEO beyond the third interfacial layer
has the distribution of torsional transitions identical to
that of bulk PEO of the same layer thickness of 21 A
and is only slightly wider than the Poisson distribution
corresponding to the random (uncorrelated) events of
torsional transitions. Weak correlations between tor-
sional transitions are expected at the temperature, 423
K, which is much higher than the glass-transition
temperature of PEO, ~213 K.#344 The distributions of
torsional transitions for the interfacial PEO in the
second and third layers shown in Figure 6b are similar
to those of bulk PEO. An examination of the distribution
of torsional transitions for the first interfacial layer of
PEO reveals a long time tail due to the increased
number of “slow” dihedrals with long waiting times
between torsional transitions and some increase in the
population of the “fast” dihedrals with short waiting
times between transitions compared to that for the bulk
PEO. Thus, the distribution of torsional transitions of
interfacial PEO is much wider than that of bulk PEO,
and the dispersion of conformational transitions of
interfacial PEO is an order of magnitude larger than
the dispersion of torsional transitions of bulk PEO, as
seen from Table 4. The mean waiting time between
torsional transitions for PEO next to the TiO, surface
compared to that for the bulk, however, remained
basically unchanged (twait/twait®'® = 1.2) despite the
dramatic increase in the dispersion of torsional transi-
tions.

Our previous simulations** used a simple two-state
model and demonstrated that the increased dispersion
of transitions with the average transition rate constant
leads to a slower relaxation. The behavior of the
distribution of torsional transitions and TACF for the
interfacial PEO compared to that for bulk PEO closely
resembles the results of this model. Indeed, the in-
creased number of fast dihedrals in interfacial PEO does
not significantly influence the decays of TACF because
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Figure 7. Mean-square displacements for interfacial PEO
backbone atoms at TiO, surfaces and bulk PEO.

such fast dihedrals characterized by extremely short
waiting times between transitions exhibit self-correlated
transitions resulting in immediate or near-immediate
back jumps. Dihedrals undergoing back jumps are
rather ineffective in polymer relaxation because polymer
relaxation requires each dihedral to visit all conforma-
tional states with average probability. Slow dihedrals,
however, are very effective in hindering the relaxation
of TACF. Therefore, the slowing down of PEO relaxation
because of an increased number of slow dihedrals in
interfacial PEO compared to the number in bulk PEO
prevails over the insignificant speed up of PEO relax-
ation due to an increased number of fast dihedrals.
Similar behavior is seen for polymers approaching the
glass-transition temperature.*?

C. Translational Dynamics. To examine the influ-
ence of TiO, surfaces on PEO translational dynamics,
the mean-square displacements (MSD) of the PEO
backbone atoms in a plane parallel to the TiO, surfaces
(e.g., x—y plane) were calculated. Mean-square (X, y)
displacements of PEO backbone atoms calculated for
each interfacial layer are shown in Figure 7. This Figure
demonstrates that PEO backbone atoms in the first
layer adjacent to TiO, surfaces were significantly slower
than those in bulk PEO. The PEO dynamics in the
second layer, however, is perturbed significantly less
than the PEO dynamics in the first layer, whereas the
MSD of PEO atoms in the third layer and beyond is
essentially the same as in the bulk, consistent with the
behavior of the PEO TACFs.

Molecular dynamics simulations allowed us to inves-
tigate in detail the effect of solid interfaces on polymer
dynamics by considering the structural relaxation of
PEO backbone atoms in addition to MSD. Quasielastic
neutron scattering and neutron spin—echo experiments
also probe polymer structural relaxation; however, these
experimental methods do not allow us to measure mean-
square displacement directly; instead, an incoherent
structure factor (ISF) in the frequency domain S(Q, w)
or in time domain 1(Q, t) is measured in such experi-
ments probing local polymer dynamics. Because of the
similarity in the decay of PEO coherent and incoherent
intermediate structure factors* far from the glass-
transition temperature, we assume that PEO structural
relaxation is reflected reasonably by the incoherent (or
self-) scattering function. The decay of ISF at the
position of the first peak of the PEO structure factor*’
occurring at Q = 1.5 A~1 can be used to approximate
PEO structural relaxation. A component of the ISF
describing polymer motion in the x—y plane is given by
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eq 6:

ine(Q, t) = [Bos(Ar,_()Q)T (6)

where Ary—y(t) is the atom displacement vector after
time t in the x—y plane, Q is the momentum transfer
vector, and OOdenotes an average over all time origins
for atoms with a significant incoherent cross section and
an average over all possible directions of the Q vector
in the plane. One hundred twenty directions of the Q
vector were used to average the ISF.

If polymer atom displacements are Gaussian, then the
ISF is represented by eq 7:

- Q2 mszx—y(t)a

IGaussinc(Q! t) = eXp( 4 (7)

For Gaussian mean-square displacements, 152auss; (Q, t)
depends only on the MSD for a given Q vector and can
be readily backed out from the experimental measure-
ments. IXYin(Q, t) was calculated for each layer of PEO
adjacent to TiO; surfaces and for bulk PEO. I*7¥j(Q, t)
plotted verses PEO backbone mean-square displace-
ments [Ar?, (t)Oare shown in Figure 8a. This Figure
indicates that atom displacements in bulk PEO and
PEO in the third layer and beyond it in the PEO/TiO,
system only slightly deviate from Gaussian behavior,
whereas a more significant deviation from Gaussian
behavior is observed with PEO getting closer to the TiO,
surface (e.g., in the second and especially the first
interfacial layer). The non-Gaussian behavior of PEO
mean-square displacements results in a dramatically
slower decay of " Yin(Q, t) for the first interfacial layer
than expected from MSD and eq 7 as demonstrated by
Figure 8a. We define the structural relaxation time 7,s¢
and structural relaxation time assuming a Gaussian
distribution of atom displacements 7,sg®2Us as time
integrals of the stretched exponential fits of I;(Q, t) and
1Gauss; (Q, t) from 1 up to a 0.1 decay and for t > 1 ps to
exclude the ballistic regime. The effect of the TiO,
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Figure 9. Distribution of PEO backbone atom displacements
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at TiO, surfaces. Gaussian fits to the distributions are also
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surface on 7,k for interfacial PEO is more than an order
of magnitude larger than the effect on 7,5%24S, as seen
from Table 4. This is a significant fact, indicating that
standard models of polymer behavior assuming Gauss-
ian displacements should not be applied to the analysis
of polymer dynamics in nanocomposites with nanopar-
ticles such as TiO; or that the non-Gaussian correction
should be included in the model.

The leading-term correction to the ISF for non-
Gaussian behavior is given by egs 8 and 9:

Ix_yinc(Q' t) =
2 2
IGaussinc(Qv t)*[l + 05*(%)(_)/(0)(12(0 —|—] (8)

3Ar,_ ()0

o,(t) = SUXI’ZX,Y (t)lﬁ -

(9)

where o?(t) is the non-Gaussian parameter. The behav-
ior of the non-Gaussian parameter for interfacial and
bulk PEO is shown in Figure 8b. The non-Gaussian
parameter for the first interfacial layer is about 6 times
larger than that for bulk PEO and the third interfacial
PEO layer, consistent with ISF behavior versus MSD
shown in Figure 8a. A broad maximum in the non-
Gaussian parameter for bulk PEO is observed at ~0.1—
0.3 A2, corresponding to the displacements at which
PEO backbone atoms start leaving the weak cage
formed by its neighbors. The maximum in the non-
Gaussian parameter for the first interfacial PEO layer
occurs at much larger mean-square displacements of
~4.2 A% and thus cannot be associated with polymer
caging by the neighboring polymer. To understand the
underlying physical mechanisms leading to the increase
in the non-Gaussian parameter for the interfacial
polymer, the distribution of the displacements is calcu-
lated for times corresponding to the maximum in the
non-Gaussian parameter (e.g., Ar3(t)0= 4.2 A?) and is
shown in Figure 9. The displacement distributions for
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(2).

the second and third interfacial layer and bulk PEO are
essentially Gaussian, in agreement with the ISF be-
havior shown in Figure 8a. The displacement distribu-
tion for PEO in the first interfacial layer exhibits a
pronounced shoulder that cannot be described by a
single Gaussian function; however, it can be reasonably
described by two Gaussian functions with the most
probable displacements at 0.64 and 1.8 A, as shown in
Figure 9b. The first Gaussian corresponds to Gaussian
vibrations of PEO backbone atoms trapped in potential
wells on the surface of TiO;, whereas the second
Gaussian corresponds to the PEO backbone atoms
jumping the most probable distance of 1.8 A from one
potential well to an adjacent well located approximately
one Ti—O distance away. The picture of PEO backbone
atoms vibrating in potential wells on the TiO, surface
and jumping to the closest potential well emerges. We
conclude that the PEO backbone atom displacements
in the first interfacial layer are highly non-Gaussian and
are intimately related to the structure of the TiO;
surface rather than bulk PEO.

V. Effect of Surface Structure on PEO
Dynamics

We have demonstrated that the PEO interfacial
dynamics near TiO, is correlated with the surface
structure. Surface structure was also found to influence
the interfacial dynamics and glass-transition tempera-
ture in previous studies!®?! of bead—spring models of
polymers, whereas McCoy et al.*® hypothesized that the
inhomogeneous density profile can account for the shift
in the glass-transition temperature upon polymer con-
finement. We wish to separate the effect of inhomoge-
neous and increased density from the effect of surface
structure on polymer dynamics by comparing interfacial
polymer dynamics from MD simulations of PEO be-
tween TiO, atomic surfaces and two flat (structureless)
surfaces that have very similar density profiles. Figure
10 shows the PEO density profile for the PEO/flat
surface system fitted to the density profile of the PEO/
TiO, system. Interfacial PEO in the PEO/flat surface
system is divided into three layers according to the
density profile, as was done for the PEO/TiO, system.
Figure 11 shows that conformational distributions for
the interfacial C—O—C—C dihedrals near flat surfaces
are essentially identical to those for bulk PEO, suggest-
ing that significant perturbations in the PEO density
profile do not cause any noticeable perturbations of the
PEO conformations.

The TACFs for the first interfacial layer in the PEO/
flat surface system are compared to those for the PEO/
TiO, system in Figure 12. This Figure demonstrates
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PEO backbone atoms at bulk PEO.

that despite the similarity of PEO density profiles next
to the flat surface and TiO,, the TACFs of the interfacial
PEO next to TiO, and the flat surface are quite
different. In fact, the decay of the TACF of interfacial
PEO next to the flat surface is almost identical to that
of the bulk PEO, suggesting that flat surfaces have no
effect on conformational relaxation, unlike that seen for
PEO/TiO, atomic surface systems. The PEO torsional
transition times, backbone mean-square displacements,
and non-Gaussian parameters shown in Table 4 and
Figures 13 and 14, respectively, also demonstrate that
the PEO structural and conformational relaxations near
flat surfaces are similar to those of bulk PEO and quite
different from those for the PEO/TiO; system, suggest-
ing that the surface structure rather than the density
profile is the primary factor influencing the interfacial
PEO relaxation at TiO, surfaces.

VI. Influence of PEO—Surface Interaction on
PEO Structure and Dynamics

We investigated dynamic and structural properties
of the technologically important PEO/TiO, system.



7882 Borodin et al.

1.8

1.6 E —— PEO/TIiO,

1.4 — — — - PEO/neutral surf.

1.2 F — — PEO/SR surf.
(:/\: 1.0 _—— PEO/flat surf.
S 3 O  PEO bukk
306

04 F

02 F

Figure 14. Non-Gaussian parameter for the interfacial PEO
at surfaces.

Previous MD simulations>~17 of the bead—spring mod-
els indicated that polymer dynamics and viscosity can
be significantly decreased if polymer/surface interac-
tions are strongly attractive and that polymer dynamics
can be increased if polymer/surface interactions are
repulsive. It is interesting to understand the extent to
which the PEO/TiO, Coulomb interactions influence
PEO dynamics. This is achieved by simulating the PEO/
TiO; system with TiO; charges set to zero. This system
is called the PEO/neutral surface system. We investi-
gated the possibility of speeding up PEO dynamics at
the surfaces by simulating PEO sandwiched between
two surfaces with the TiO, structure, but soft repulsion
(SR) interaction between the surface atoms and PEO
as seeding up the interfacial PEO dynamics is desirable
in battery and other applications of PEO.

Density profiles of PEO near the neutral surface and
SR surface are shown in Figure 10. The peak in the PEO
density profile from the neutral surface is less pro-
nounced and shifted farther away from the surface than
that seen for PEO/TiO,. The PEO density profile near
the SR surfaces does not exhibit any structuring peaks;
instead, it shows a region of about 10 A with density
below the PEO bulk density. All profiles converge to the
PEO bulk density 12—15 A from the surface. Distribu-
tions of the torsional C—O—C—C angles for the inter-
facial PEO at the neutral and SR surfaces, shown in
Figure 11, are essentially identical to those for bulk
PEO, indicating that changes in PEO conformations are
insignificant for the neutral and SR surfaces compared
to those observed for PEO/TiOa.

The TACFs for all surface types are shown in Figure
12. The torsional autocorrelation times trace, Mmean
waiting times between torsional transitions tyait, disper-
sions of torsional transitions ¢?, and structural relax-
ation times for interfacial PEO at neutral and SR
surfaces relative to those for bulk PEO are given in
Table 4. All ratios of interfacial PEO values near neutral
surfaces to those of bulk PEO are close to unity,
indicating little influence of neutral surfaces on PEO
interfacial dynamics. Interfacial PEO at the SR surfaces
exhibits a 50% faster decay of TACF, whereas the mean
waiting times between torsional transitions are de-
creased only by 20%. A decrease in the dispersion of
torsional transitions in the interfacial PEO near SR
surfaces is responsible for the additional (from 20 to
50%) speed up of the interfacial PEO dynamics near SR
surfaces.

The interfacial PEO near neutral surfaces exhibits
PEO bulklike MSDs as shown in Figure 13, whereas
the analysis of the MSDs for the interfacial PEO near
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the SR surface indicates a significant speed up of PEO
relaxation as seen in Figure 13 and Table 4. The non-
Gaussian a? parameter for interfacial PEO near SR and
neutral surfaces is small and only slightly higher than
that for bulk PEO as seen in Figure 14, indicating that
the models assuming polymer Gaussian behavior would
work reasonably well for such systems far from the
glass-transition temperature.

VII. Conclusions

MD simulations of PEO at TiO, surfaces revealed
significantly perturbed PEO structure (density profile
and conformations) and hindered PEO conformational
and structural relaxations within 5—10 A of the TiO,
surface as compared to those for bulk PEO. The dimin-
ished PEO conformational relaxation at TiO, surfaces
compared to that for bulk PEO was primarily due to
the dramatically increased heterogeneity of torsional
transitions and cannot be attributed to the changes in
waiting times between torsional transitions. The slower
interfacial PEO structural relaxation as measured by
the ISF is attributed to both the slowing down of
intrinsic PEO translational dynamics and the increased
non-Gaussian behavior of the PEO atom displacement.
The distribution of atom displacements for the interfa-
cial PEO at TiOs; is highly non-Gaussian and bimodal,
giving rise to the picture of PEO backbone atoms
vibrating in potential wells on the TiO, surface and
jumping to the closest potential well, thus indicating
that the structure of the TiO; surface is intimately
related to interfacial polymer dynamics. MD simulations
of PEO between flat (structureless) surfaces with in-
teractions modified to match PEO density profiles to
those of the PEO between the atomistic TiO; surfaces
revealed no significant differences between the struc-
tural and conformation relaxation of the interfacial PEO
and the PEO bulk, indicating that the PEO density near
surfaces has only a minor influence on interfacial PEO
dynamics and that perturbations of the interfacial PEO
dynamics near TiO, surfaces are largely due to the
atomistic structure of the TiO, surfaces and not the
densification of interfacial PEO.

Eliminating the Coulomb interactions between PEO
and TiO, significantly increased the structural and
conformational relaxation times of the interfacial PEO,
demonstrating that these interactions are responsible
for the slowing of PEO dynamics. Moreover, the relax-
ation of the interfacial PEO in the PEO/neutral surface
system is similar to that in bulk PEO, suggesting that
the surface with the TiO, structure and no Coulomb
interaction with PEO does not significantly perturb the
PEO dynamics. The reduction of the repulsive interac-
tion between the neutral surface and PEO further
facilitated the relaxation of the interfacial PEO, in
agreement with the results of polymer film simulations
in vacuum.

We conclude that in addition to such intrinsic param-
eters as torsional potentials, polymer—surface interac-
tions and surface structure (at least for attractive
polymer—surface interactions) are two fundamental
factors that determine interfacial polymer relaxations
in PEO/TiO, nanocomposites.
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