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ABBREVIATIONS

acid poly(ethylene oxide) sulfonic acid.

anion poly(ethylene oxide) sulfonic acid anion.

cations the proton and the hydronium ion.

cell1 simulated system containing one PEO sulfonic acid anion, one
proton, one hydronium ion and 220 water molecules.

cell2 simulated system containing four PEO sulfonic acid anions, four 
protons, four hydronium ions, one PEO molecule, which degree of 
polymerization is 60 and 74 water molecules.

cell3 simulated system containing four PEO sulfonic acid anions, four 
protons, four hydronium ions and one PEO molecule, which degree of
polymerization is 60.

CMM cell multipole method.

Ewald Ewald summation method.

MC Monte Carlo.

MD molecular dynamics.

MM molecular mechanics.

PEO poly(ethylene oxide).

PEO sulfonic acid poly(ethylene oxide) sulfonic acid.

PEO sulfonic
acid anion poly(ethylene oxide) sulfonic acid anion.

PEOS experimentally studied  poly(ethylene oxide) sulfonic acid,
(the acid and the anion forms are both included to this term).



ABSTRACT

Atomistic molecular modelling has been used to study  proton conducting polymer
electrolytes. Such materials are studied bacause of their possible applications in fuel cells in
electric vehicles.

Amorphous systems i.e. cells consisting of poly(ethylene oxide) sulfonic acid anion (PEO
sulfonic acid anion),  hydronium ion and proton with different amounts of water and PEO
were constructed. For comparison isolated PEO sulfonic acid anion and PEO sulfonic acid
molecules were built. The  PCFF force field  was parametrized to form a new force field
called NJPCFF, which  was able to simulate the anion, the hydronium ion and also the proton
as accurately as possible in an atomistic model. The vibrational spectra were calculated and
the new parameters were found to give frequencies corresponding to the experimental IR and
Raman spectra in the accurary of the used simulation method. To optimize the duration of the
simulation, different methods to calculate the non-bonding interactions were tested.

The primary aim of this work is to study the structure of  the PEO sulfonic acid anion, as well
as coordinations and the dynamical behaviour of the proton and the hydronium ion in the
materials. The structure of the PEO sulfonic acid anion was found to depend on the
environment. In the cell containing the largest amount of water the well-know gauche effect
was seen, while in vacuum the OCCO dihedral angles in the PEO sulfonic acid anion were
mainly in the  trans state. The PEO sulfonic acid  anion was randomly coiled in water and in
an extended shape in vacuum. However, in single cases the coordination between cations and
the anion had a strong effect on the shape of the anion. The main conclusion from the
coordination study was, that the coordination between the cations and anions decreased as the
amount of the water in the system increased.  The  coordination data were found to be mainly
in accordance with experimental data. The motions of the cations and water were studied. In
the cell containing the largest amount of water the Einstein diffusion was reached and the
diffusion coefficients agreed with the experimental values.  In this cell the ion conductivities
of the whole system and of the ions were estimated and found to be in accordance with
experimental values. The good correlation between the experimental and simulated results
shows, that the used model may provide guidance for evaluating new materials by
experimentalists.
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1. INTRODUCTION

Polymer-based conducting materials have  stimulated considerable interest in the field of solid
polyelectrolytes during the last two decades due to their potential applications  in electronic
equipment, medical devices and electrical vehicles.1,2,3,4,5,6   The traditional attempts to
develop ion-conducting polymers are to dissolve salts in a  polymer matrix like poly(ethyle
oxide) PEO.7,8,9,10

  Recently a new group of materials, namely the proton conducting
polymers, have been studied because of  the possible use of these materials in low
temperature fuel cells for zero emission vehicles and electrochemical devices.11,12,13,14,15

Materials needed are proton conducting polymer electrolytes with ion conductivities in the
range of mS/cm at temperatures up to 400 - 430 K.

In  this work the atomistic molecular modelling is used to study the proton conducting
materials, (I - VI).  Conductivity in these materials is associated with the amorphous
regions.7,16

 Poly(ethylene oxide) sulfonic acid anion, PEO sulfonic acid anion,
(-O3SCH2CH2CH2O(CH2CH2O)4CH2CH2CH2SO3

-), and cations containing amorphous
materials with different amounts of  water and  PEO  were  therefore constructed. These
materials have been experimentally studied.11

 Ionic conductivities up to 1.5 x 10-3
 Scm-1

 were
reached and the studied PEO sulfonic acid (<Mw > = 436 g/mol) was found to be amorphous
according to the polarising microscope investigations.11 The primary aim of this work is to
study the local structure of the materials as a function of the water content and to create a
model,  which gives information of the dynamical behavior of the proton and the hydronium
ion in  polymer materials. The amount of water is an extremely important factor in the proton
conductivity. The simulated  results can be used to predict the applicability of a new material
as a polyelectrolyte and to evaluate the conduction mechanism, which is still not completely
understood despite many experimental and theoretical investigations.

Although molecular dynamics, MD, provides a new interesting tool to study polymer
electrolytes, and it is the best method for our purposes, it has not yet been utilized widely to
study polymer electrolytes. This is due to the difficulties related to MD simulations of
polymer electrolytes such as e.g. lack of a forcefield, which could treat both polymers and
ions, long simulations times, nanometer size-scale and nanosecond time-scale of MD.  To
solve the first mentioned problem, a NJPFCC forcefield was constructed, which can treat both
ions and polymers, (II).  To optimize the duration of the simulations, several methods to
calculate the non-bonding interactions were tested and the fastest suitable was selected, (II,
V).

In this work the structure of the PEO sulfonic acid anion in different environments is
compared to the structure of PEO and PEO sulfonic acid, (I,  III, V, VI).  The structure of
PEO and its conformer fraction 1,2 dimethoxyetane, DME, CH3OCH 2CH2O CH3, has been
extensively studied both experimentally, (NMR, electron diffraction, ED, IR, SANS ), and by
molecular modelling.17

 Models to simulate the conformations of the PEO chain have been
developed for about 35 years:  first only using the rotational isomeric state theory18,19,20    and
later also using the MD.8,21,22 The most interesting feature in the spatial configuration of the
PEO (and DME) is that the dihedral angle OCCO prefer the gauche conformation to the trans
form. This is called gauche effect. This is the origin of the helix structure of the crystalline
PEO.23

  The gauche effect is also detected in the amorphous PEO.24
 However,  there is still

not much information of the structure of systems containing  amorphous PEO.7  It is known
that in addition to the temperature25

 also the polarity,26
 dielectric constant and the hydrogen
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bonding character of the surrounding media have a  strong effect on the conformations of the
PEO.21

The coordination has an important role in the conductivity. 27  MD shows the coordination
between different particles in the materials in details as a function of time.  In this work  the
average coordination were studied, (II,  IV, VI), and the instantaneuous coordination of
cations are discussed briefly.

While MD is known to be a suitable method to study the local structure of amorphous
polymers or their complex systems, the proton conductivity is usually modelled by ab initio
methods. 27,28,29,30,31,32,33

  Also mixed MD and  Monte Carlo, MC,  algorithms have been
previously used to study the migration of the hydronium ion in liquid water.34

 However, there
is no MD algrorithm with which the proton conductivity could be studied explicitly and
accurately in a polymer system. Thus a model was developed to be able to simulate the proton
conductivity in the polymer containing system. Two contributions to proton conductivity in
water are studied in this work:  the classical diffusion and the proton transfer from one water
molecule to another, (a proton hopping mechanism or a Grotthus chain mechanism).35

  The
data for the calculation of the classical diffusion of the hydronium ion was collected by usual
MD methods in the present work. It is possible to take into account also the hopping
mechanism explicitly merely in the framework of the quantum approach, which can only be
applied for small systems usually consisting of up to some tens of atoms. In the present work
a new and effective particle was defined to study proton-conductivity by classical MD, which
can handle the polymers. This particle, which is called a proton, has the mass and charge of a
proton. However, its Van der Waals radius is derived based on condensed phase properties of
molecules containing highly polarized hydrogen, (such as water or alcohol). Thus this particle
can in the used model interact constantly with surrounding molecules by a strong electrostatic
potential and jump from one water molecule to another. This means that the proton in our
system is not a true proton neither a proton in condensed phases, but it is a particle, with
which in a way the hopping mechanism can be described in the MD simulation. The model, of
course, is not perfect, e.g. no bonds can be created between the proton and the water
molecules and many MD related difficulties like the nanosecond time-scale are still present.
However, this provides a new interesting approach  to a very difficult task.
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2. METHODS OF CALCULATIONS

2.1.  Molecular mechanics and dynamics36,37,38

Molecular mechanics and dynamics are used to minimize the initial geometries of the
molecules in systems studied. Molecular mechanics, MM,  is also used for mapping the
energy barriers for conformational transitions. In addition molecular dynamics, MD, is used
to follow the system as a function of  time. As a method the MM focuses only on finding the
minimum geometries, energies and describing static properties, while MD includes also the
time evolution and results trajectories i.e. different conformations as a function of  time. The
basic theory concerning this chapter can be found for example in refences 36, 37 and 38.

In the minimization and optimization of the geometries and finally of the structure an
equation describing the energy of the system as a function of the coordinates of the system, ( a
potential energy function), is first defined. In this study the NJPCFF forcefield, (see chapter
3.3.), defines this function and the parameters needed to calculate the potential energy surface
for the system.  Next a minimization algorithm is chosen to find the potential energy
minimum of the potential energy surface corresponding to the lower energy structure.
Usually after many iterations this leads to the optimized structure and, thus, to find the
optimal structure the coordinates of the initial structure are changed several times. In the
gradient-based  minimization algorithms the potential energy V(x+∆x) of the system after
changing the initial structure is expressed by using the Taylor series:39

V V T T( ) ( ) ( ) ( )x x x g x x x H x x+ = + +∆ ∆ ∆ ∆1

2
(1)

Where V(x) is the potential energy of the system before the change, g is the gradient of the
potential energy contour curve, (first derivative) and  H(x) is the Hessian matrix, (second
derivative).  The steepest-descents and conjugate gradients methods resolve only the gradient,
while the BFGS method, (Broyden-Fletcher-Goldfarb-Shanno), includes also the
approximation of the inverse of the Hessian matrix.  In the steepest-descents method the line
search direction is to the direction of the negative gradient. The new direction of the search is
always perpendicular to the previous gradient. The optimizing process is started using the
steepest-descents, because it generates a lower-energy structure even when the initial structure
is far away from the minimum structure, which is the case of the initial structures of  the cells.
However, when the steepest-descents method is used, the convergence near the minimum is
slow and oscillation can occur. Thus the conjugate gradients method is used near the
minimum, where it converges efficiently.  In this method the line search direction is a
combination of the direction of the negative gradient and the direction of the previous search,
like also in the BFGS method. The BFGS method is a quasi-Newton-Raphson method and it
is used for mapping the energy barriers of the conformational transitions.

The MD calculation is performed by integrating the Newton´s equation of motion over time
for all i atoms,  i = 1,...,N, where N is the number of the atoms  in the system:

     F a
r

i i i i
it m t m

t

t
( ) ( )

( )
= =

∂
∂

2

2
(2)
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where Fi is the force on atom i at time t, mi is the mass of atom i and ai is the acceleration of
atom i at time t.  The force on atom i can also be expressed as a negative gradient of the
potential energy function V:

    F
r r

ri
i n

i

t
V t t

t
( )

( ( ),..., ( ))

( )
= −

∂
∂

(3)

To get the trajectories, (coordinates as a function of time), the initial coordinates and
velocities are first defined and then the equation (2) is solved once in a fs, (which is a good
time step for the algorithm).  Equation (2)  is solved numerically by the Verlet velocity
integrator algorithm40

 based on following equations:

 r r v
a

i i i
it t t t t

t t
( ) ( ) ( )

( )
+ = + +∆ ∆

∆ 2

2
(4)

a
F

i
i

i

t t
t t

m
( )

( )+ = +∆ ∆
(5)

 [ ]v v a ai i i it t t t t t t( ) ( ) ( ) ( )+ = + + +∆ ∆ ∆1

2
(6)

where i = 1,...,N  ( N is the number of atoms in the system), and  r(t) is the position, v(t) the
velocity and a(t)  the acceleration at time t.

The MD simulation can be devided into four stages. In the initialization stage the cartesian
coordinates are set. In the heating stage the kinetic energy is slowly added to the system by
calculating the distribution of the atomic velocities using the Maxwell-Boltzmann equation. In
the equilibration stage the velocities are scaled by the Andersen method41

 to maintain the
desired temperature. In the production stage the observable values are calculated and saved.

The isolated molecules are simulated in vacuum. All other molecules in the simulations are
placed in three-dimensional boxes or cells. Periodic boundary conditions (PBC)  refers to the
simulation of the system, in which the primary simulation box is replicated and three-
dimensionally surrounded by its exact replicants or images. The PBC is used in the
simulations of the cells to include the influence of the solvent and to avoid surface effects.
The PBC simulation is performed using the explicit-image model with image centering to
keep the number of the particles studied constant.

       2.2.  Calculations of  properties

The vibrational spectra were calculated by the local mode method, in which the slow motions
are modelled by  classical simulation techniques, (MD),  and the fast vibrations are treated
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separately by stopping the MD run several times and calculating the molecular vibrations by
quantum mechanical calculations for several configurations and each vibration separately. 42

During the quantum mechanical calculation the local mode vibrations are considered as
quantum oscillators embedded in a mean field of the surrounding atoms, where the effective
potential can be given as a Nth-order polynomial:

V Q K K Q K Q K Qeff ( ) = + + +0 2
2

3
3

4
4 ... (7)

where Q defines the coordinates in the configuration space generated by the molecular
dynamics simulation. Finally the vibrational frequencies are calculated by solving a 1-D
Schrödinger equation as

�

2

2

2M

d

dQ
V Q Q E Qeff+

�

�
�

�

�
� =( ) ( ) ( )Ψ Ψ (8)

where the mass M is the G matrix of normal mode analysis in general. The final results are
averages of the results obtained from ten to twelve different configurations from different
starting systems.

The dimensions of the PEO sulfonic acid anion were studied by calculating the distributions
and the average values of the radius of gyration and the end-to-end distance. The chain
dimension may be described as the characteristic ratio Cn  as n → ∞

C r ln i
i

n

≡
=
�

2 2

1

(9)

where �r2
� is the mean square end-to-end distance of the chain, n is the number of bonds, and,

li are the lengths of the bonds.43

In the calculation two different types of pair correlation functions were used: intramolecular
and intermolecular.44 The former was used to study the structure of the polymers and the latter
to study the coordinations. In the amorphous cell module it is  possible to calculate pair
correlation between atoms having e.g. different charge, color at the screen, atom type or
potential types. This option was used to be able to calculate  e.g. the pair correlation functions
including only the hydrogen in the hydronium ion, but not in any other molecule including
hydrogen, (e.g. water). The coordination numbers were calculated by the equation

�=
r

zx
z

zx dsssg
V

N
rn

0

2
...... )(4)( π (10)

where nx...z(r) is the number of  x particles coordinated to particle z within a  radius r , Nz is the
total number of the particles z in the system, <V> is the volume of the cell and gx..z(s) is the
pair correlation function i.e. radial distribution function between x and z.7

To penetrate a membrane a substance should go through three stages: 1) absorption into the
membrane  2) diffusion through the membrane and 3) desorption of the penetrant out from the
opposite surface of the membrane. It is well known that the slowest, and therefore the rate
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determining, stage is the diffusion.8 The rate of the diffusion is described by the diffusion
coefficient D. The diffusion coefficient can be determined in the atomistic modelling by the
following equation

[ ]D
N

d

dt
t

t
i i

i

N

α
α

α

= −
→∞

=
�

1

6
0

2

1

lim ( ) ( )R R (11)

The sum term on the right side divided by Nα is the mean square displacement (MSD). In
equation (11) Nα  is the number of diffusing particles, t is time and Ri(t) is the position vector
of particle α at time event t. It is essential that equation (11) is valid only when the motion of
the diffusing particle follows a random walk i.e. its motion is not correlated with its motion at
any previous time, in other words the Einstein diffusion is reached. If the surroundings inhibit
the free motion of the particle, (for instance it will be stuck for a while to a small space
limited by the polymer chain), the diffusion  is called anomalous diffusion. In this case
<|Ri(t)-Ri(0)|2> ∝  tn

 where n<1, and equation (11) is not valid. When  <|Ri(t)-Ri(0)|2> ∝  tn
 ,

where n >1 the motion of the particle is not diffusion but some other transport mechanism is
effective. It is possible to test the region in which equation (11) is valid by plotting log(MSD)
against log(t). In the case of Einstein diffusion the slope of the curve is one:

∆
∆
log( )

log( )

MSD

t
= 1   (12)

The ionic conductivity, σ, can be determined by using the Einstein equation8

[ ] [ ] [ ]σ = − + − −
�

�
�

�

�
�� �

>

e

tVkT
z t z z t ti

i
i i i j

j i
i i j j

2
2 2

6
0 2 0 0R R R R R R( ) ( ) ( ) ( ) ( ) ( )

(13)

where t is time, V is the volume of the cell, k is Boltzmann’s constant, T is the temperature
and R is the position vector of the diffusing ion. The first term on the right hand side is the
sum over individual mean square displacements weighted with the charges and the second is
the sum of correlation of displacements of ions describing the interactions between different
ions.
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3.  COMPUTATIONAL DETAILS

3.1. Programmes used

All the computational results were obtained on two Silicon Graphics Indigo 2 workstations of
the Laboratory of  Polymer Chemistry at the University of  Helsinki and by the SGI Power
Challenge computers of CSC, (Centre for Scientific Computation Ltd, Espoo, Finland).  The
simulations were mainly made by software program packages InsightII and Discover versions
3.0.0  and  4.0.0P  from MSI (Molecular Simulations Inc.).37

 In addition two codes were used.
A MATLAB®

 code was made by Dr Matti Elomaa, (University of Helsinki), to optimize the
simulation time of the calculations of the diffusion coefficients.  By this MATLAB®

 code it
was possible to interactively study by 3-dimensional plots the response surfaces of the
deviation of the slope in equation (12) from one as a function of the location and length of the
time interval used for the calculation. The main criterion in the selection of the intervals used
for the final calculations was that the slope in the equation 12 was as near to one as possible,
(II).  A code made by Dr Igor Neelov , (University of Helsinki),  was used to calculate the
correlations of displacements of the ions and the ionic conductivity of the system, (II).

3.2 Systems studied

The main systems studied consists of  two isolated individual molecules and three different
3D amorphous cells with periodic boundary conditions.  The two isolated molecules are: PEO
sulfonic acid, (HO3SCH2CH2CH2O(CH2CH2O)4CH2CH2CH2SO3H), corresponding to  <Mw >
= 348 and the PEO sulfonic acid anion, (-O3SCH2CH2CH2O(CH2CH2O)4CH2CH2CH2SO3

-),
corresponding to <Mw > = 346.  The three cells called cell1, cell2 and cell3 were constructed
by using the Amorphous_cell module made by MSI.42

  The cell1 contains one PEO sulfonic
acid  dianion,  one proton, one hydronium ion, and 220 water molecules.  Its size is 19.49 Å x
19.49 Å x 19.49 Å  corresponding to <V>  =  7404.499 Å3.  The density of the cell1 is  fixed
to 1.00 g /cm3

 and the dielectric constant of the system is 78.35 . The cell2 contains four  PEO
sulfonic acid anions, four protons, four hydronium ions, 74 water molecules and one PEO
molecule with a degree of polymerization = 60. The size of the cell2 is 19.4028 Å x 19.4028
Å x 19.4028 Å   corresponding to <V> = 7304.546 Å3. The density of cell2  was fixed to 1.36
g /cm3

 and the dielectric constant is estimated to be 4.0.  The cell3 consists of four  PEO
sulfonic acid anions,  four protons, four hydronium ions and one PEO molecule with a degree
of polymerization = 60. The cell size of this water-free system is 19.4454 Å x 19.4454 Å x
19.4454 Å   corresponding to <V> = 7352.764 Å3

 .  The density of cell3 is 1.05 g /cm3  and
the dielectric constant is 3.0 .

3.3. NJPCFF forcefield

The forcefield  has a significant effect on the results. When the simulations were started, there
was no forcefield which could treat both polymers and ions.  The PCFF forcefield45,46,47 48,49 is
developed to model polymers, (see figure 1).  It was also found to be suitable for modelling
the  PEO sulfonic acid, (I). However, the PCFF forcefield does not include ions.  Thus the
parameters missing for the anion and cations were calculated  and fitted in cooperation with
Dr. Sun and Dr. Case from MSI. The new parameters were added into the PCFF forcefield to
form a new forcefield called NJPCFF, (II).  The calculated charge distribution of the ions and
atom types used in all calculations are shown in figure 2.  For the sake of comparison the
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charge distribution and atom types of the PEO sulfonic acid and PEO are in figure 3. The
partial charges and potential types of atoms were forced to stay permanently at all stages of
the calculations.The parameters added to the PCFF force field for PEO sulfonic acid anion
were the automatic bond parameters, K2  is 500 and  b0 is 1.49, (the first term in figure 1). The
term corresponding to the bond length agrees with the  values 1.46 Å - 1.44 Å calculated for
different methylsulfonate and phenylsulfonate anions with ab initio methods, (at HF/6-31G*
and  HF/6-31+G* level).50 The O-S-O angle was set to 115°. The PCFF-forcefield does not
include any proton. Thus a particle called  proton was made with the mass of a proton,
1.00797 u, the charge of a proton, + 1.0 qi/e, and by inserting the value 2.5 for ri

*
 and 0.013

for εi in the non bonding term corresponding to the term 13 in figure 1:

�
�

�

�

�
�

�

�

�
�

�
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6 6
1

6

2
and

( ) ( )ε ε εij i j

i j

i j

r r

r r
=

+
2

3 3

6 6
* *

where rij is the distance between particles i and j  and εij  and rij
*
 are constants for each pair of

particle types, (II).  The rather large size gave the proton a possibility to interact constantly
with surrounding molecules by a strong electrostatic interaction and jump from one water
molecule to another. The non bonding potential of the proton is shown in figure 4. The quality
of the NJPCFF forcefield was evaluated by modelling the vibrational spectra of the PEO
sulfonic acid anion by the local mode method, III, see chapter 4.1. The NJPCFF forcefield
was used in all calculations, in which the PEO sulfonic acid anion is included.

The influence of the terms of the force field on each studied property is different.  The terms
having the largest influence for the calculation of each property are listed below.  The
calculation of  the spectra is mostly affected by  the bond stretching term, (term 1 in figure 1).
Also the repulsive part of the Van der Waals term, (term 13 in figure 1), is occasionally
important for the calculation of the spectra, but due to the variations of  the environment its
average effect is probably rather small. The average bond lengths are mostly influenced by the
bond stretching term, (term 1 in figure 1), while the values of the average angles are mostly
influenced by the angle bending term, (term 2 in figure 1). The torsion term, (term 3 in figure
1),  and the terms representing the Coulombic and  Van der Waals interactions, (terms 12 and
13 in figure 1), have the largest influence on the results concerning the conformational study,
dimensional analysis and the coordination study. The dynamical study is mainly affected by
the terms defining the Coulombic and  Van der Waals interactions, but also the torsion term is
occasionally important. The value of the Van der Waals radius of  the proton is very
important in the dynamical study. It is also important for calculations of  all coordinations that
include proton and in conformational analysis, when the coordination between the proton and
the studied molecule exists.
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Figure 1. Analytical form of the Polymer Consistent Force Field,  PCFF force field, which
allows for bond stretching (term 1) and for angle bending (term 2) a quadratic polynomial.
The torsions are described by a three-term Fourier expansion, (term 3). The term 4 defines the
out-of-plane coordinate and terms 5 – 11 define the cross-terms up to third order. The
coulombic interactions are described by the term 12 and Van der Waals interactions by term
13.
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Figure 2. Partial charges are shown next to the atoms for PEO sulfonic acid anion, (on the
top), water molecule, (below on the left), hydronium ion calculated using MP2 method and
for proton, (below on the right). The atom types are shown in parentheses.

Figure 3. Partial charges are shown next to the atoms for PEO sulfonic acid, (top), and for
PEO, (below). The atom types are shown in parentheses.
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Figure 4. Comparison of the Van der Waals
interactions between hydrogen and oxygen in
water. Hydrogen atom bonded to aliphatic carbon
(solid line), hydrogen atom in water (box), proton
(triangle). Distance in Å.

3.4. Performed calculations

The isolated, individual PEO sulfonic acid molecule  and PEO sulfonic acid anion molecule
were first optimised briefly with molecular dynamics, then with molecular mechanics using
the steepest-descents method and finally the conjugate-gradients method until the maximum
derivatives were less than 10-5 kcal/(molÅ), (I, III).  For the calculation of the properties of
isolated  molecules in vacuum a 500 ps long molecular dynamics run with constant
temperature and time step of 1 fs was performed at 300 K. The Andersen method41

 was used
to control the temperature. Four individual PEO sulfonic acid molecules and four individual
PEO sulfonic acid anions with different starting structures were used in calculations to get
better statistics.

Ten cell1s were made with different starting structures, (II, III).  All the ten cells were first
minimized with the steepest-descents method for 10000 steps. Six structures having the
lowest total energy were then minimized with the conjugate-gradients method until the
maximum derivative was less than 15 kcal/(molÅ). For property calculations  a molecular
dynamics run of  860 ps to 1000 ps was performed with the constant-NVT ensemble using a
time step of  1 fs. The Andersen method41 was used to control the  temperature, which  was set
at  298 K.   Two separate calculations were made for one cell1 to chose the method  to
calculate the non-bonding interactions. The first simulation was made using  the Ewald
summation method51,52

 to calculate both Van der Waals and Coulombic non-bonding
interactions. In this run the Ewald accuracy of convergence of the Ewald energy summation
was 0.01 kcal/mol and the value of the update width parameter was 1.0 Å.  The second run
was made using the group based method36

 with cutoff  at 9.75 Å  to calculate both Van der
Waals and Coulombic non-bonding interactions. There was no difference between the results,
(II).  This is  because the interactions between the ions are small due to the small amount of
ions  and the high dielectric constant of water. The interactions of  the ions were also
calculated and they turned out to be very small. Thus the final calculations for cell1 were
made by using the group based method.
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A snapshot from the MD simulation of cell1 is shown in figure 5.

Figure 5. A snapshot from the MD simulation of  cell1. The polymer backbone is marked with
thick lines and symbols.

Ten different cell2 and cell3 starting structures were made. All cells were first minimized  by
molecular mechanics methods, (steepest descents and conjugate gradients), until the
maximum derivative  0.1 kcal/(molÅ) was reached.  The  constant-NVT ensemble and time
step of 1 fs was used for all runs. Three cells from the cell2 starting structures and four cells
from the cell3 starting structures having the lowest total energy were selected for  800 ps –
1000 ps long dynamic runs to study the dynamical properties of these cells. In these runs the
non bonding interactions were calculated by the Ewald summation method. Because only few
conformational changes were detected during these long runs,  to get better statistical
averages 200 ps long dynamics runs were made for each of the ten cell2 using the Ewald
summation method and using the cell multipole method CMM53,54, 55   

 to compare these
methods and to study the structure of the polymers in cell2.  200 ps long runs were also made
for ten cell3s by using the CMM method to study the structure of the polymers in cell3. In all
calculations  the Ewald accuracy of convergence of the Ewald energy summation was 0.01
kcal/mol and the value of the update width parameter was 1.0 Å.  In all CMM calculations the
update width parameter was 1.0 Å and the accuracy parameter was set to Fine to use 4th order
in the Taylor series expansion and explicit interactions for more neighboring cells.36

 In all
calculations the Van der Waals and Coulombic non bonding interactions were modelled with
the same cutoff methodology. In all these NVT  simulations the temperature, which was
controlled by the Andersen method, was 298 K and  the time step was 1 fs. For the
calculation of  the final properties  the 100 first ps were omitted from each trajectory in all
cases. Snapshots from the MD simulation of cell2 and  cell3 are shown in figures 6 and 7.
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Figure 6. A snapshot from the MD simulation of  cell2. The polymer backbone is marked with
thick lines and symbols.

Figure 7. A snapshot from the MD simulation of  cell3. The polymer backbone is marked with
thick lines and symbols.
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4. MAIN RESULTS AND DISCUSSION

4.1. Spectral analysis

The spectral analysis was made  to test the forcefields,  to compare the CMM and Ewald
summation method and to study the local structures in the materials. The accuracy of the local
mode method is 50 cm-1  -  100 cm-1.  The spectral analysis is  a  good test for the local
properties inside the chain, like new bond lenghts, which were added to the NJPCFF
forcefield. The spectral analysis is also important, because it is one of the few measured
properties, which could have been also modelled for the PEO sulfonic acid containing
materials.

The simulated vibrational frequencies for the isolated PEO sulfonic acid, for the PEO sulfonic
acid anion and for the cell1 are collected in table1, (I. III)) and for the cell2 and for the cell3
in table2, (V, VI). The tables 1 and 2 also contain the literature values for the
stretches.11,56,57,58,59,60,61

   From  tables 1 and 2 it can be concluded that the observed
frequencies of the PEO vibrations are largely unaffected by the introduction of sulfonic acid
groups in all cases.

As shown in table1, the calculated S=O stretches for PEO sulfonic acid using the PCFF
forcefield gave  results  (1320 cm-1 )    closer to  the literature values, ( 1340 cm-1

 – 1350 cm-1)
than the values simulated using the CVFF forcefield, (920 cm-1).  Other calculated
frequencies for  PEO sulfonic acid calculated using the PCFF or the CVFF forcefield  do not
differ remarkably, but also for the  S-O and C-S stretches the PCFF forcefield gave values,
which were  closer to the litterature values than the values obtained using the CVFF
forcefield, (I).  The PCFF force field has been more sytematically developed than the CVFF
forcefield. Thus it is concluded that the PCFF forcefield is more suitable for the calculations
of the sulfonic acid group than the CVFF forcefield. The PCFF forcefield was further
modified to construct the NJPCFF forcefield.

The NJPCFF forcefield was tested by calculating the vibrational spectra of the PEO sulfonic
acid anion in vacuum and in water, (III).  As show in Table 1  the simulated frequencies
corresponding to the sulfonic acid group in the anions gave results (1020 cm-1

 for the isolated
anion and 1100 cm-1 for the anion in water), which were very close to both the measured
frequencies (1040 cm-1

 and 1190 cm-1) and  the frequencies found in the literature for the
sulfonic acid anion (1070 cm-1 to 1140 cm-1). These values differ clearly from the simulated
values for the PEO sulfonic acid molecule, (see table 1).  The simulated vibrational
absorptions for C-O , C-C, C-S, and C-H for PEO sulfonic acid anion in  water and  in
vacuum gave nearly the same values as the corresponding experimental vibrational
absorptions assigned to PEO sulfonic acid, PEO, or sulfonic acid compounds in general
within the accuracy of the local mode method. The simulated frequencies for O-H in the
hydronium ion in cell1, cell2 and  cell3 (3500 cm-1 – 3520 cm-1 ) were close to  the literature
values         (< 3500  cm-1).  This means that the new parameters used gave the correct
frequencies within the accuracy of the local mode method.
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Table 1. The vibrational absorptions modelled for the PEO sulfonic acid, (acid), in vacuum and for
PEO sulfonic acid anion, (anion), in vacuum and for cell1 and measured, (exp.),  for PEO sulfonic
acid, (PEOS), (I, III).11,56 - 61

 For simulated values a is the harmonic frequency and  b is the
anharmonic frequency, (0→1). The resolution of the experimental spectra is 1 cm-1.

Frequency (cm-1)
Simulated Exp. Assignments
Acid
CVFF

Acid
PCFF

Anion
NJPCFF

 Cell1
NJPCFF

PEOS

a
b

3730
3740

3710**

3400-3600**

O-H, water
not hydrogen
bonded
hydrogen
bonded

a
b

3500
3500

<3500 (very
broad)

O-H
in H3O

+

a
b

3670
3670

3630
3510

3440 3400-3600** O-H in
polymers and
water

1600-
2800
1650

1650-
2800
1680

H3 O
+

a
b

2950
2950

2940
2840

2930
2930

2850
2850

2925
2870

2925*

2890*

2850 -3000**

C-H

a
b

1380
1380

1250
1250

1250
1340

1270
1270

1350 800-
1300**

C-C

a
b

1190
1190

1230
1230

1230
1220

1250
1240

1110 1110*

1120*

1070-1150**

C-O

a
b

920
920

1320
1310

1150-
1170****

1340-
1350****

S=O

a
b

880
880

910
910

 890-910**** S-O

a
b

1100
1100

 610
1040
1190

 600-700***

1010-1080***

1150-1260***

SO3
-H3O

+

a
b

1020
1020

1100
1100

1070-1140
1200-1220

S-O-

a
b

1060
1060

1090
1090

1090
1080

1090
1090

1070-1100** C-S

Values are for PEO ** General frequencies, *** Frequencies for hydrated PEOS, **** Frequencies
for dry, nonhydrated PEOS
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Table 2. The vibrational absorptions modelled for the cell2 and cell3 from the trajectory calculated
with the  Ewald summation method, (Ewald), or CMM, (V, VI).  For simulated values a is the
harmonic frequency and  b is the anharmonic frequency, (0→1). The NJPCFF force field is used in
all simulations.  The resolution of the experimental spectra11,56 - 61

  is 1 cm-1.
Frequency (cm-1)

Simulated Exp. Assignments

Cell3
Ewald

Cell3
CMM

Cell2
 Ewald

Cell2
CMM

PEOS

a
b

3670
3470

3630
3440

3440

3710**

3400-3600**

O-H, water
not hydrogen
bonded
hydrogen
bonded

a
b

3510
3510

3510
3510

3510
3510

3520
3520

<3500 (very
broad)

O-H
in H3O

+

a
b

3550
3440

3550
3450

3550
3450

3500
3400

3440 3400-3600** O-H
polymers

1600-
2800
1650

1650-2800
1680

H3 O
+

a
b

2940
2840

2940
2840

2980
2880

2980
2880

2925
2870

2925*

2890*

2850-3000**

C-H

a
b

1260
1260

1260
1250

1270
1270

1270
1270

1350 800-1300** C-C

a
b

1240
1230

1240
1230

1250
1240

1250
1240

1110 1110*

1120*

1070-1150**

C-O

a

b

1150-
1170****

1340-
1350****

S=O

 890-910**** S-O
a
b

1100
1100

1100
1100

1100
1100

1100
1100

 610
1040
1190

 600-700***

1010-1080***

1150-1260***

SO3
-H3O

+

a
b

1100
1100

1100
1100

1100
1100

1100
1100

1070-1140
1200-1220

S-O-

a
b

1080
1080

1090
1080

1090
1090

1080
1080

1070-1100** C-S

* Values are for PEO ** General frequencies, *** Frequencies for hydrated PEOS, ****
Frequencies for dry, nonhydrated PEOS
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From table 2 it can be concluded that there is no remarkable difference between the
vibrational frequencies calculated for cell2 and for cell3 using the CMM or the  Ewald
summation method. The results agree also with the results obtained for cell1 using the group
based method.

There was a detection of a broad band  at 1650 cm-1
 in  the experimental measurement, which

is due to the hydronium ion, (I). Also the experimental vibrational frequencies show the
values corresponding  hydronium sulfonate (SO-

3H3O
+
 ) groups, (I).  However, from the

simulated spectra it cannot be concluded whether the sulfonic acid group is coordinated in the
water containing systems or not, see tables 1 and 2. This is due to the low accuary of the local
mode method.

4.2. Comparison of the CMM and the Ewald summation method

Modelling of polyelectrolytes is very time-consuming. This is due to two reasons. First  the
long-range interactions between ions has to be taken into account. Secondly  the conduction is
a long time process. Traditionally the  Ewald summation method,51

 which is very time-
consuming, is used to calculate the non bonding interactions in systems containing ions.62

Recently a new remarkably faster method called the cell multipole method, (CMM) has been
developed to simulate Van der Waals and Coulombic interactions. 53,54,55

Results of the spectral analysis, pair correlation functions and dihedral angle distributions
calculated using the CMM and the Ewald summation method for cell2 were compared, (V).
Because only few conformational changes were found during the 1000 ps long runs, ten
different starting structures of  the cell2 were constructed and simulated for 200 ps to get
better statistics of the average structure of the polymers. The final total energies of the system
calculated using the CMM or Ewald summation method were similar, (the deviation was less
than 50 kcal/mol). This also applied for the average of the total energy, (deviations were less
than 20 kcal/mol, the values of the total energies are about 200 kcal/mol). No trend was seen
in these values and  the deviations and values of  total energies were of the same order of
magnitude as the values between different runs simulated with the same simulation method.

The spectral analysis was made by calculating the vibrational frequencies by the local mode
method for the following stretches:  C-C, C-S, C-H, C-O, S-O-, O-H in the PEO and PEO
sulfonic acid anion and O-H in water and O-H in the hydronium ion. All the values calculated
using the Ewald summation method corresponded to the values calculated using the CMM
within the accuracy of the local mode method, ( about 100 cm-1).  The values of the spectral
analyses are seen in detail in chapter 4.1.

The dihedral angle distribution study was made by calculating the OSCC, SCCC, CCCO,
CCOC and OCCO dihedral angles from trajectories obtained by using both the Ewald
summation method and the CMM. For OCCO and CCOC dihedral angles the calculations
were made separately for the PEO and for the PEO sulfonic acid. In a simulation the results of
the conformational analysis mostly depend on the parameters in the terms for torsion,
coulombic interactions and Van der Waals interactions, (terms 3, 12 and 13 in figure 1) and is
also highly dependent of the accuracy of calculation of the non-bonding interactions.
However, no remarkable differences were found between the results obtained using the Ewald
summation method and CMM. The results of the dihedral angle distribution are discussed in
detail in chapter 4.3.2.2.
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By using the Ewald summation method and the CMM the intermolecular pair correlation
functions concerning the ether oxygen atoms were calculated between the following particles:
between the oxygen atom in the hydronium ion and the ether oxygen in the PEO sulfonic acid
anion, between the oxygen atom in the hydronium ion and the ether oxygen in the PEO,
between the proton and the ether oxygen in the PEO sulfonic acid anion,  between the proton
and the ether oxygen in the PEO,  between the oxygen atom in water and the ether oxygen in
the PEO sulfonic acid anion and  also between the oxygen atom in water and the ether oxygen
in PEO. Similarly the intermolecular pair correlation functions concerning the sulphur atoms
were calculated by using the CMM and the Ewald summation method between the following
particles: between the oxygen atom in the hydronium ion and the sulphur atom in the sulfonic
acid end group of the PEO sulfonic acid anion,  between the proton and the sulphur atom in
the sulfonic acid end group and also  between the oxygen atom in water and the sulphur atom
in the sulfonic acid end group. Finally intermolecular pair correlation functions between the
following particles were calculated using both the methods: between the oxygen atom in the
hydronium ion and the oxygen atom  in water, between the proton and the oxygen atom in
water and between the oxygen atoms in water. The intramolecular pair correlation functions
were calculated using the Ewald summation method and the CMM between the following
particles: the carbon atom in the PEO chain and the ether oxygen atom in the PEO, between
the carbon atoms in the PEO chain, between the oxygen atoms in the PEO chain,  between the
carbon atom in the chain of the PEO sulfonic acid anion and the ether oxygen atom in the
PEO sulfonic acid anion, between the carbon atoms in the chain of the PEO sulfonic acid
anion and  between the oxygen atoms in the chain of the PEO sulfonic acid anion. No
remarkable differences were found between the values obtained using the Ewald summation
method or CMM. The other results of the pair correlation study are discussed in detail in
chapters 4.3.2.3. and 4.4.

Because the results obtained by using the CMM or the Ewald summation method were close
to each other, the structure of the PEO sulfonic acid anion and coordination study in cell3 was
made by using only the CMM. The dynamic studies of the cell2 and cell3 were made by the
Ewald summation method, because they were made before the CMM was tested.
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4.3. Simulated geometries and structure of the PEO sulfonic acid anion

The local structure of the PEO sulfonic acid anion is studied by calculating the average bond
lengths and the average angles and by performing the conformational analysis. The
dimensional analysis is made to define the global structure of the PEO sulfonic acid anion,
e.g. its shape. The structure of the PEO sulfonic acid anion is compared to its experimental
structure, which is studied by IR, Raman and NMR spectroscopy,  differential scanning
calorimetry, (DSC), and by optical microscopy.11

4.3.1 Average bond lengths and angles

The simulated bond lengths, (see table 3),  are as assumed in agreement with the bond
parameters, defined by the forcefield,63

 (II), when the accuracy of the modelled average bond
lengths, (0.03 Å or less), is taken into account.  The calculated average values for C-O, (1.43
±  0.03) Å,  C-C, (1.53 – 1.54)Å  ±  0.03 Å, and C-H, (1.10 – 1.11)Å  ±  0.03 Å, are similar to
the values reported in the literature in the simulations of  PEO.22,64,65,66

 Also the modelled
bond length for the S-O, (1.49 ± 0.03) Å, is in agreement with the values 1.46 Å – 1.44 Å
calculated for different methylsulfonate and phenylsulfonate anions with ab initio methods
(II).  The simulated bond length for C-S, (1.78 – 1.79)Å ±  0.03 Å, is in accordance with the
data found in the literature for similar compounds. 67

  Thus it can be concluded that all the
simulated bond lengths in all studied  molecules correspond to the literature values within the
accuracy of the simulation. The values of the simulated bond lengths are later used when the
characteristic ratios of PEO sulfonic acid anions are calculated  in different cells.

The simulated angle distributions are shown in table 4. There was no significant difference
between the corresponding angles for the PEO, the PEO sulfonic acid and the PEO sulfonic
acid anion, because the used potential types were the same. The average values of the
corresponding angles are also similar in all different systems studied. The errors of the
average values of the angles are about 5° or less.  The average value of the CCO angle, 110° -
111°, is in agreement with the values used for this angle in other simulations for PEO,
107.7°8,  110.0°7, 111°17. Also the average values of the COC angle, 114° - 115°, agree with
the values used for the COC bond in previous simulations of PEO, 109.45°8, 112.0° 

7,
111.5°17.  All the average values of these angles agree also with the experimental values
obtained by  X-ray diffraction methods.7 In the  PEO sulfonic acid anion the average values of
the CCC angle is 114° - 115°, of the  SCC angle is 112° - 115° and of  the CSO angle is 103°
- 114°.  The value of the SCC angle calculated by MOPAC/AM1 was 112.7 ° and it was
114.2° calculated by Turbomol. These values are similar to the simulated average value. 68
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Table 3. The average bond lengths, r(x..y), where x and y are the potential types of the atoms in the
bond in  PEO sulfonic acid anion, (Anion),  PEO sulfonic acid, (Acid), for hydronium ion, for water
or for PEO. Potential types are shown in parenthesis in figures 2 and 3.
r(x..y) /
Å

Anion in
vacuum

Cell1                Cell2

CMM              Ewald

Cell3 Acid in
vacuum

r(c2..oc)
in Anion
r(c2..oc)
in PEO

1.43 ±
0.03

1.43 ±
0.03

1.43 ±
 0.03
1.43 ±
0.03

1.43  ±
0.03
1.43 ±
0.03

1.43 ±
0.03
1.43 ±
0.03

1.43 ±
0.03

r(c2..c2)
in Anion
r(c2..c2)
in PEO

1.55 ±
0.03

1.53 ±
0.03

1.54 ±
0.03
1.53 ±
0.03

1.54 ±
0.03
1.53 ±
0.03

1.54 ±
0.03
1.54 ±
0.03

1.54 ±
0.03

r(c2..sf) 1.79 ±
0.03

1.78 ±
0.03

1.77 ±
0.03

1.78 ±
0.03

1.78 ±
0.03

1.78 ±
0.03

r(sf..o-) 1.49 ±
0.03

1.49 ±
0.02

1.49 ±
0.02

1.49 ±
0.02

1.49 ±
0.02

r(sf..o=) 1.43 ±
0.02

r(c2..oh) 1.43 ±
0.03

1.43 ±
0.03

1.43 ±
0.03

r(sf..oh) 1.62 ±
0.03

r(oh..ho) 0.97 ±
0.02

0.97 ±
0.02

0.97 ±
0.02

0.97 ±
0.03

r(c2..hc)
in Anion
r(c2..hc)
in PEO

1.11 ±
0.03

1.11 ±
0.03

1.10 ±
0.03
1.11 ±
0.03

1.10 ±
0.03
1.11 ±
0.03

1.11 ±
0.03
1.11 ±
0.03

1.11 ±
0.03

r(hw.o*) 0.97 ±
0.02

0.97 ±
0.03

0.97 ±
0.02

r(h+.o*) 0.96 ±
0.03

0.93 ±
0.03

0.96 ±
0.03

0.96 ±
0.03
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Table  4. The average angles a(xyz) in °, where xyz are the potential types of the atoms
defining the angle in  PEO sulfonic acid anion, (Anion),  PEO sulfonic acid, (Acid),
hydronium ion, water or in PEO. Potential types are shown in parenthesis in figures 2 and 3.
a(x.y.z) /° Anion

in
vacuum

cell1        cell2

CMM        Ewald

cell3 Acid
in
vacuum

a(c2.c2.oc) 110 ± 4 110 ± 4 111 ± 5 111 ± 5 111 ± 4 110 ± 5
a(c2.oc.c2) 115 ± 5 114 ± 5 115 ± 5 115 ± 5 115 ± 5 116 ± 5
a(c2.c2.c2) 115 ± 4 114 ± 4 114 ± 4 115 ± 4 115 ± 4 115 ± 4
a(o-.sf.c2) 103 ± 4 104 ± 4 104 ± 4 103 ± 4 104 ± 4
a(oh.sf.c2) 108 ± 4
a(o=.sf .c2) 109 ± 4
a(sf.c2.c2) 115 ± 3 113 ±3 114 ± 3 114 ± 3 114 ± 3 112 ± 3
a(ho.oh.c2) 106 ± 4 106 ± 4 106 ± 4
a(ho.oh.sf) 107 ± 4
a(hc.c2.c2) 109 ± 4 109 ± 4 109 ± 4 109 ± 4 109 ± 4 109 ± 4
a(hc.c2.oc) 110 ± 4 110 ± 4 110 ± 4 109 ± 4 110 ± 4 109 ± 5
a(hc.c2.hc) 107 ± 4 107 ± 4 107 ± 5 107 ± 4 107 ± 4 106 ± 4
a(hw.o*.hw) 104 ± 5 102 ± 5 103 ± 5
a(h+.o*.h+) 104 ± 5 103 ± 5 104 ± 4 104 ± 5

4.3.2. Conformational analysis

The conformational analysis was made for the PEO sulfonic acid anion by calculating the
energy contour maps for the  -C3- and -C2-linkages, see figure 8, (III), the dihedral angle
distributions for all dihedral angles, (VI),  and by calculating the intramolecular pair
correlation function between carbon atoms and ether oxygen atoms in the chain, (VI). The
energy contour maps are calculated by molecular mechanics in vacuum at 0 K, while the two
last mentioned calculations where made at 298 K in different environments.

4.3.2.1. Energy contour maps

The energy contour maps define the potential energy surface as a function of two rotational
angles located on the right side and left side of the linkage atom, respectively. 43

 During the
calculation the torsional angles were rotated at 10°  intervals and the rest of the molecule was
minimized using the BFGS method until the energy derivates were less than 0.005
kcal/(molÅ).  The energy surface was scanned from –180° to 180° and  0° was defined as
trans.

The -C3- linkage of the PEO sulfonic acid anion in vacuum has nine minima with nearly the
same energies, (see table 5), and with barriers 2 kcal/mol to 4 kcal/mol, (see figure 9).  If  the
barrier is less than  about 0.6 kcal/mol,  the rotation is practically free at room temperature
and if it is more than (20 – 30) kcal/mol, the rotation is frozen, prevented at room
temperature. Thus, in this case the rotation is somewhat restricted at room temperature. The
energy contour map for -C3- linkage is symmetric. The local minima are at (ϕ, ψ)  = (0°, 0°),
(0°, ± 120°), (±110°, 0°), (-120°, -130°), (120°, 130°) and (110°, -110°).  The global
minimum is at (ϕ, ψ)  = (-120°, 110°). Because  the differences between the energies of the
minima are very low, less than 0.5 kcal/mol, all the minima are equally favourable. The
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energy map for -C3- linkage of the PEO sulfonic acid calculated using the PCFF forcefield is
very similar to the energy map of the anion: there are nine minima with energy differences
less than 0.6 kcal/mol and with barriers about 2 kcal/mol  to 3 kcal/mol at nearly the same
dihedral angles, (I).

The -C2- linkage of PEO sulfonic acid anion has seven minima with  barriers about 1
kcal/mol to 3 kcal/mol, (see figure 10), (III). The local minima are at (α,β) = (±110°, -10°),
(10°, 120°), (110°, 100°), (-110°, -100°) and (0°, -110°). The global minimum is at (α,β) =
(0°, 0°). The energy differences between the minima are low, less than 2.5 kcal/mol (see table
5). Thus the rotation is somewhat restricted at room temperature. The energy map of PEO
sulfonic acid calculated in the PCFF forcefield has two more minima, (at -100°, 110° and at
90°, -120°), than the energy map of PEO sulfonic acid anion, (I).  Otherwise the maps are
very similar.

Figure 8  Linkages -C3-, (ϕ, ψ), and -C2- , (α,β), in the backbone of the PEO sulfonic acid
anion.

             

Figure 9. Energy map for the –C3-linkage Figure 10. Energy map for the -C2-linkage
in an isolated PEO sulfonic acid anion in in an isolated PEO sulfonic acid anion in
vacuum. All minima are marked with an vacuum. All minima are marked with an
asterisk and the energy differences asterisk and the energy differences
between the graph lines are 1 kcal/mol. between the graph lines are 1 kcal/mol.
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Table 5. The torsional angles and relative energies in kcal/mol at the energy minima for the -
C3- linkage, (ϕ, ψ), and E(C3) and for the -C2- linkage, (α,β) and E(C2), (III). The linkages
of the PEO sulfonic acid anion are defined in figure 4.
ϕ(°) ψ(°) E(C3) α(°) β(°) E(C2)
     0      0 0.15      0      0 0.00
     0  120 0.15      0 -110 1.75
     0 -120 0.15    10  120 1.41
-110      0 0.17 -110   -10 0.31
-120 -130 0.01 -110 -100 2.23
-120  110 0.00  110   -10 1.73
 110      0 0.43  110  100 0.26
 120  130 0.26
 110 -110 0.35

4.3.2.2. Average  dihedral angle distributions

The structure of the PEO sulfonic acid anion was studied by calculating the OSCC, SCCC,
CCCO, CCOC and OCCO dihedral angle distributions of isolated PEO sulfonic acid anions
and of anions in different cells, (VI). All the average dihedral  angle distributions showed
three main peaks: the g-, (gauche minus) near -120°, the t, (trans), near 0° and the g +, (gauche
plus) near +120°.  All the results given as  % of trans conformation  are in table 6, where  the
trans  state is defined as -60° to 60°, (VI).  The average OSCC dihedral angle distributions of
PEO sulfonic acid anion gives  the equal probabilities for  the trans, gauche plus and gauche
minus states in all systems studied. This applies also for the average of  the OSCC dihedral
angle distribution of  the PEO sulfonic acid in vacuum. The trans conformation is dominating
for the average of the SCCC dihedral angle distribution  of the PEO sulfonic acid anion  in all
studied systems and  of  PEO sulfonic acid in vacuum. In the average of the CCCO dihedral
angle distribution  calculated for the PEO sulfonic acid anion in the cells  the gauche minus,
gauche plus and trans  conformations all have almost the same probability. The statistical
error is rather large for the results concerning the SCCC and CCCO  dihedral angle
distributions. This is due to the small number of these angles especially in cell1 and in the
studies concerning the separate molecules.  In addition the SCCC and the CCCO dihedral
angles can not  rotate as freely as the end of the PEO sulfonic acid chain, which gives better
statistics for the OSCC dihedral angle, (V).

The averages of the OCCO dihedral angle  distributions were calculated  for both  the  PEO
and the PEO sulfonic acid anion. The probability of the trans conformation in the PEO
sulfonic acid anion was 34 % in cell3 and in cell2 32 %  calculated with the CMM and 39 %
calculated with the Ewald summation method.  This is very close to the probabilities of the
trans conformation of the OCCO dihedral angle distribution in the PEO sulfonic acid in
vacuum, which is 35 %.  The probability of the trans conformation of the PEO in cell2, (36%
calculated using the Ewald summation method and  40 % calculated using CMM) and in
cell3, (43 %),  are rather similar to the values of  PEO sulfonic acid anion in cell2 and cell3.
In cell1 the probability of the trans conformation is about 16 % indicating the so called
gauche effect, i.e. that the torsions around OCCO dihedral angles tend to favour the gauche
states. This effect is well-known for the PEO in water.8  The polymer matrix moderates the



24

gauche effect in cell2 and cell3. This agrees with the results obtained for the PEO: The
gauche effect is suggested to be due to the intermolecular 1...5 C-H...O hydrogen bond
interactions in the backbone of  the polymer7

 and the effect depends on the dielectric constant
of the environment and on the temperature.69

 The all-trans conformation has the lowest
energy for the OCCO dihedral angle in PEO in vacuum, (ε = 1 ), and at 0 K, while the gauche
state has the lower energy at higher temperatures and in water, ( ε = 78.35).  The  dielectric
constant of the environment in the cell2 is about 4 and in the cell3 about 3.17

  However, the
probability to find the OCCO dihedral angles in the trans state is still small in the polymer
containing systems, cell2 and cell3, compared to its the probability for the PEO sulfonic acid
anion in vacuum, which is 88 %. This is due to the repulsive force between the negative
charges in the sulfonic acid end group, which is moderated by the environment in the cells,
but not at all in the vacuum.

Table 6. Mean values of the percentage of  trans states in the dihedral angle distribution of
the PEO sulfonic acid anion, (anion), the PEO sulfonic acid, (acid), or of PEO, (VI).
% of trans states in
dihedral angle, a

cell a cell2b cell3 c Anion in
vacuum

Acid in
vacuum

a(OCCO) in anion 16 32
39

34 88

a(OCCO) in PEO 40
36

43

a(OCCO) in acid 35
a(CCOC) in anion 85 54

57
69 82

a(CCOC) in PEO 66
66

79

a(CCOC) in acid 65
a(OSCC) in anion 33 33

33
33 33

a(OSCC) in acid 33
a(SCCC) in anion 95 71

55
77 55

a(SCCC)  in acid 61
a(CCCO) in anion 31 34

24
28 53

a(CCCO) in acid 12
a Calculated using the group-based summation method.
b  The first value is obtained using the CMM and second using the Ewald summation method.
c
 Calculated using the CMM method.

For the CCOC dihedral angle the probability of trans conformation is dominating in all
systems studied. The trans state is suggested  to be due to the repulsion between the CH2

groups in the backbone separated by more than four bonds, while the electrostatic interaction
between CH2 and ether oxygens causes the gauche states.7  The probability of the trans form
in the average of the CCOC dihedral angle distribution for the PEO sulfonic acid anion is
slightly greater in cell3, ( 69 %), than in cell2, ( 54 % calculated using the CMM and 57 %
when the Ewald summation method is utilized for the calculation).  In cell2 and  in cell3 a
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little more gauche states are found for the CCOC dihedral angle distribution of  PEO sulfonic
acid anion than of the PEO, (the percentage of trans states is 66 % in cell2 and 79 % in cell3).
These values are close to the probability of the trans conformation of the PEO sulfonic acid in
vacuum, (65 %).  However,  more trans conformations are detected in cell1, (85 %),  and for
the isolated PEO sulfonic acid anion in vacuum, (82%).

Thus the structure of the internal part, (the PEO chain),  in the PEO sulfonic acid anion in
cell2 and in cell3  corresponded to the  structure of the PEO chain in the undissociated PEO
sulfonic acid in vacuum. When a lot of water was present, (cell1), the structure was changed.
In vacuum the structure of the chain contained  more trans conformations, due to the larger
distance between the negatively charged end groups of the anion.

4.3.2.3. Intramolecular pair correlation study

Information on the structure of the polymers in the cells was gained also by calculating the
intramolecular pair correlation function between the ether oxygen atoms and the carbon atoms
in the PEO and PEO sulfonic acid anion, (III, V, VI). The obtained results agree with the
results of the conformational analysis told above.

In the intramolecular pair correlation function between  the ether oxygen atoms in the PEO
sulfonic acid anion  two main peaks are seen. The first and highest peak  at 3.00 Å is due to
the gauche states of the OCCO dihedral angle and the second and smaller peak at 3.70 Å is
due to the trans conformation of the OCCO dihedral angle. In cell1 the peak at 3.70 Å is
especially small,  due to the small amount of the trans state in cell1 compared to its amount in
cell2 and cell3.The intramolecular pair correlation function between the ether oxygen  atoms
in the PEO is similar to the results concerning the PEO sulfonic acid anion.

 In all cells the intramolecular pair correlation function between the carbon atoms in the PEO
sulfonic acid anion  has one very high peak at 1.55 Å corresponding to the average bond
length between the carbon atoms in the anion, which is about 1.54 Å. Also two smaller peaks
are seen at 2.45 Å and 2.75 Å. The value at 2.45 Å corresponds to the distance 2.3 Å between
two carbon atoms, which are both bonded to the same ether oxygen and also to the carbons in
the gauche conformation of the CCOC dihedral angle. The value 2.75 Å corresponds to the
carbons in the trans conformation of the CCOC dihedral angle. Also the intramolecular pair
correlation function between the carbon atoms in the PEO was studied. Three peaks at  1.55
Å, 2.45 Å and  at 3.75 Å, respectively, were found with a similar pattern as in the case of the
PEO sulfonic acid anion.

In the intramolecular pair correlation function between the carbon atoms and ether oxygen
atoms in the PEO sulfonic acid anion  the strongest peak is at 1.45 Å corresponding to the
average bond length  between the carbon and the ether  oxygen atoms, which is  1.43 Å in all
cells.  The peak at 2.45 Å corresponds to the distance between the carbon atoms and the ether
oxygen atoms, which are separated by a carbon in the PEO chain. Similar peaks were detected
in the intramolecular pair correlation function between the carbon atoms and ether oxygen
atoms in the PEO.
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4.3.3.  Dimensional analysis

The average values of the radii of  gyration and the end-to-end distances are collected in table
7, (III, VI). The average of  the end-to-end distance for the PEO sulfonic acid anion is  (22  ±
2) Å in vacuum, (12  ±  3) Å in cell1, (11  ±  3) Å in cell2, when Ewald summation is used for
the calculations, (11  ± 2) Å in cell2, when the CMM is used for calculations and  (12 ± 4) Å
in cell3. The end-to-end distance for the neutral PEO sulfonic acid in vacuum is (9.0 Å ± 4)
Å. The average root mean squared radius of the gyration for PEO sulfonic acid anion is ( 8.4
±  0.4) Å in vacuum, (5.6 ± 0.7) Å in cell1, ( 5.22  ±  0.08) Å in cell2, when Ewald summation
is used for the calculations, (5.38 ± 0.08) Å in cell2, when the CMM is used for the
calculations and  (5.78 ± 0.18) Å in cell3. The radius of gyration for the  PEO sulfonic acid in
vacuum is (4.8 ±  0.8) Å. Due to the rather poor statistics for such a large scale property as
end-to-end distance only the tendency for its change in different systems is discussed.

Table 7. The radius of gyration g(r) and the end-to-end distance (S) for PEO sulfonic acid
anion (anion) and for PEO sulfonic acid, (acid). CMM means calculations made by using the
Cell Multipole Method and Ewald means calculations made by using the Ewald summation
method, (III, VI).
System Anion

g(r)/Å
Acid
g(r)/Å

Anion
S/Å

Acid
S/Å

Cell3, CMM 5.78  ±  0.18 12 ± 4
Cell2, CMM 5.38  ±  0.08 11  ±  2
Cell2, Ewald 5.22  ±  0.08 11  ±  3
Cell1 5.6  ±  0.7 12  ±  3
Anion in vacuum 8.4  ±  0.4 22  ±  2
Acid in vacuum 4.8  ± 0.8 9.0  ±  4

Four important factors to explain the average values of the end-to-end distance and radius of
gyration are mainly discussed: The  repulsive interaction between the negative charges at the
end groups of the PEO sulfonic acid anion,  the dielectric constant of the system, the
coordinations between the cations and the PEO sulfonic acid anion and the gauche effect,
which depends e.g.  on the temperature. The contribution of the repulsive factor caused by the
charged end groups is most significant for the PEO sulfonic acid anion in vacuum, because
vacuum has a low dielectric constant, (ε = 1.0), and the coordination between the cations and
the anions is not possible.  Thus the largest end-to-end distance and radius of gyration is
found for the PEO sulfonic acid anion in vacuum.  In the cell1 the dielectric constant  is very
large, (ε = 78.35), which decreases the influence of the repulsive force between the negative
end groups, but the coordination between the cations and the anion is rather small, (see table
8). In cell2 and cell3 the dielectric constant is small, (ε = 4.0 and 3.0, respectively), compared
to cell1, but coordination between cations and anions is strong, (see table 8). The
coordinations between the sulfonic acid anion group and the cations show many variations,
(V, see also chapter  4.4.4.). Cases having the opposite effect  are found: the same cation is
coordinated to both sulfonic acid end groups of the same PEO sulfonic acid anion, (see figure
11a), or many cations are coordinated to the chain and to the other end of the PEO sulfonic
acid anion but no cation is coordinated to both ends of the same anion, (see figure 11b). The
structure of the anion in the former case is more coiled than in the latter case, (see figure 11).
The former case seems to be more uncommon than the latter, but its effect to decrease the
end-to-end distance and radius of gyration  is large: The deviation of the end-to-end distances
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and radii of gyration of the single chains between the former and the latter case in the same
cell is larger than the deviations between the values in the different cells. In the case  where
the same cation is coordinated to both ends of the anion, the cation is not found to be
coordinated to the ether oxygens of the same chain. Thus the cation is not  inside, but outside
the anion. In the cell1 the OCCO dihedral angle distribution is much more in the gauche
conformation than in cell2 and cell3, (see chapter 4.1.2.). However, the CCOC dihedral angle
distribution is more in trans conformation in cell1 than in cell2 and in cell3. Thus the rather
similar average values for the end-to-end distance and the radius of gyration for PEO sulfonic
acid anion are possible in the cells. The radius of gyration and the end-to-end distance of  the
PEO sulfonic acid in vacuum is only slightly smaller that these values for the anions in the
cells. This indicates the strong influence of the dielectric constant and the coordinations to the
values of the end-to-end distance and radius of gyration. Of course also other effects caused
by the calculations, e.g. the packing effect or the method chosen to model the non bonding
interactions can be present. However, in cell2 there was no difference between the values
obtained using the CMM  or the Ewald summation method, (V).

Figure 11. The structure of the PEO sulfonic acid dianion in a water-free system  a) when
both the sulfonic acid end groups of the dianion are coordinated to the same cation and b)
when the PEO sulfonic acid anion is coordinated to many cations and its end groups are not
coordinated to the same cation. The end-to-end distance of the PEO sulfonic acid dianion is 8
Å  in case a) and 12 Å in case  b) and the radius of gyration is 5.08 Å in case a) and 6.35 Å in
case b). The protons are marked with a cross and the hydronium ions with three lines.

The characteristic ratio calculated from the end-to-end distancies for the PEO sulfonic acid
anion was 9.4 in vacuum, 3.1 in cell1, 2.5 in cell2 and 3.1 in cell3. The characteristic ratios
were calculated using the average bond lengths given in table 3. The characteristic ratio of the
PEO is reported to be 3.9 in pure water,70

 which is in agreement with the results obtained for
PEO sulfonic acid anion in cell1. From the simulations it can be concluded, that the PEO
sulfonic acid anion was in an extended form in vacuum and in a coiled shape in all cells. The
PEO sulfonic acid was in coiled shape in vacuum.
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4.4.  Coordination study, (II, IV, VI)

The average coordination between the particles in the cells was studied by calculating the
intermolecular pair correlation functions and coordination numbers between the particles.
Especially the coordination of the cations were studied to get information of the mechanism
of  conductivity. Attention was also focused on the coordination between water molecules and
the PEO sulfonic acid anion to study the location of the water. Finally the coordinations
between the cations and water  were calculated. All  the coordination numbers and
corresponding literature values7,11,27,61,71

 are listed in table 8. However, it has to be
remembered that  the coordination numbers are concentration dependent. Instantaneuous
coordinations are discussed shortly and examples are given.

Table 8. Collected data of coordination study between particles X and  Y in cell1, in cell2 and
in   cell3. The simulated placements and coordination numbers at the first coordination shell
n(1) and coordination numbers from literature, (lit.),  are shown in the table, (II, 1V).
X...Y Simulated Lit.

System
studied

First coordination
shell at /Å

n(1) n(1)

proton...ether oxygen cell1
cell2
cell3

-
-
2.5

-
-
2.0

-
-
2-5a

oxygen in  hydronium ion....
ether oxygen in polymer

cell1
cell2
cell3

3.5
3.3
3.3

0.3
0.6
2.4

-
-
2-5a

ether oxygen...oxygen in water cell1
cell2

3.5
3.2

1.0
1.2

1b

1-4b

proton...sulphur in PEO
sulfonic acid anion

cell1
cell2
cell3

3.5
3.5
3.5

0.1
1.7
2.0

yesc

yesc

oxygen in  hydronium ion....
sulphur in PEO sulfonic acid
anion

cell1
cell2
cell3

4.2
3.5
4.0

0.3
1.3
2.4

yesc

yesc

sulphur in PEO sulfonic acid
anion... oxygen in water

cell1
cell2

4.0
3.8

19
7.0

22d

12d

proton... oxygen in water cell1
cell2

2.3
2.3

7.0
2.6

oxygen in  hydronium ion....
oxygen in water

cell1
cell2

3.1
3.1

10
5.5

11e

oxygen in water... oxygen in
water

cell1
cell2

3.1
3.1

12
3.6

a 
 Simulated for Na+

 in crystal PEO.7
b  Measured for PEO in water.71

c
 Coordination is found in experimental work, but the coordination number is not reported.11

d
 Measured for Nafion.61

e
 Simulated for the hyrdonium ion in pure water, when the second coordination shell is ending

at 3.5 Å.27
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4.4.1.  Average coordination between the cations and the sulphur in the sulfonic acid anion
end group of the PEO sulfonic acid anion, (II, IV)

The first coordination shell in the pair correlation function between the proton and the sulfur
atom in the PEO sulfonic acid anion is found at 3.5 Å. The strongest coordination is found in
cell3.  The coordination decreases as the number of the water molecules in the system
increases. The coordination number is 2.0 for cell3, 1.7 for cell2 and 0.1 for cell1, (see table
8).  Thus in cell1 the coordination between the proton and sulfur atom in the sulfonic acid
anion end group is weak and most of the time the proton is moving freely, while in cell3 the
motion of the cation is coordinated to the motion of the anion.  The pair correlation function
between the oxygen atom in the hydronium and the sulfur atom in the anion shows a peak at
about 3.5 Å – 4.2 Å. Also this coordination decreases as the amount of water in the system
increases.  The coordination number is 2.4. for cell3, 1.3 for cell2 and 0.3 for cell1, (see table
8). In cell2 and cell3 no uncoordinated sulfonic acid anion end groups were found, while in
cell1 some uncoordinated end groups were seen, (see chapter 4.4.4.). In the experimental
Raman spectroscopic studies  of  the PEO sulfonic acid and PEO containing material only few
or no uncoordinated  SO3

-
 end groups were found.11 

 This is in accordance with the simulated
results.

4.4.2.  Average coordination between the cations and ether oxygen in the PEO sulfonic acid
anion and in PEO, (II, IV)

The coordination between the proton and the ether oxygen in the PEO sulfonic acid and in the
PEO increases in the first coordination shell as the amount of water degreases: There is no
coordination in cell1,  in  the cell2 the coordination number at 2.5 Å is 0.7,  (however, the
value of g(r) is still less than 1) and in cell3 there is a clear maximum peak with the
coordination number  2, (see table 8).  Also the coordination numbers between the oxygen
atom in the hydronium ion and the ether oxygen in the PEO and in the PEO sulfonic acid
anion increases as the amount of the water decreases: the coordination number is 0.3 in cell1,
0.6 in cell2 and 2.4 in cell3. The increase in cell3 was mainly due to the increase in the
coordination between the cation and the ether oxygen in the PEO, (see chapter 4.4.4.).  In
experimental Raman spectroscopic measurements for systems containing PEO and PEO
sulfonic acid no coordination between the cation and the ether oxygen was found.11

  However,
in several investigations the coordination between metal cations and the ether oxygen of the
PEO in non aqueous systems has been detected.72,
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4.4.3. Other average coordination, (II, IV)

The pair correlation function between the sulphur atom in the PEO sulfonic acid anion and the
oxygen in water has a broad peak in the first coordination shell in cell1 at 4.0 Å with a
coordination number 19 and in cell2 at 3.8 Å with a coordination number 7.0, (see table 8).  It
has experimentally detected, that the first coordination shell around the sulfonic acid group in
Nafion boiled for 1 h in water contains about 22 water molecules, which agrees well with the
simulated value in cell1.61

 In Nafion containing 20.2 % water experimentally 8.5 water
molecules are found around the sulfonic acid group, which is in agreement with the simulated
value in cell2.61

 The coordination number should be more than 10 water molecules per
sulfonic acid group to gain a significant proton conductivity.16 The cell1 was found to be
conducting, while cell2 and cell3 are not conducting, (see chapter 4.5.2.).
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In the pair correlation function between the ether oxygen of the backbone of  the polymers
and the oxygen atom in water coordinations were found with coordination number 1.0 in
cell1, (II), and 1.2 in cell2, (IV). In the earlier papers the experimental value is reported to be
2-4,74,

 
75

 but in the latest papers it is usually reported to be one. 71,76,77   This corresponds very
well to the simulated values.

The coordination between cations and oxygen in the water was studied in cell1 and cell2. The
pair correlation between the proton and the oxygen in the water showed a sharp peak at 2.3 Å
with a coordination number 7.0  in cell1 and 2.6 in cell2. The pair correlation between the
oxygen in the hydronium ion and the oxygen atom in the water has a broad peak about at 3.1
Å with coordination number 10 in cell1 and 5.5 in cell2.  The first coordination shell in the
coordination between oxygens in the water is about at 3.1Å with the coordination number 12
in cell1 and 3.6 in cell2. The distance between the oxygen atoms in the first coordination shell
in pure water is experimentally found to be 2.9 Å, (with an error of 6 %). 78

  The simulated
distance between the hydrogen atoms and  the oxygen atoms in separate water molecules is
2.5 Å, while the experimental value is 1.85 Å.79

 Thus the distance of the water molecules is a
little shorter in reality than in the simulation.

4.4.4. Instantaneuous coordination of cations

The aim of the study of the instantaneuous coordination is to detect which kind of
coordination occurs. This study concerns some individual cases and it does not, due to lack of
statistics, necessarily include all possible different variations of coordination. However, it
offers an interresting detailed view on the instantaneuous local environment of the proton and
the hydronium ion in the cells studied, (see also chapter 4.3.3.). This study contains the
calculation of the pair correlation functions and coordination numbers between each cation
and each oxygen atom in each PEO sulfonic acid anion or PEO in ten frames of cell1 and in 2
frames of cell2 and cell3.  Also the pair correlation function between each cation and the
water molecules were calculated to see the individual coordination number between each
cation and water molecule.

Examples of the instantaneuous coordination in five frames in cell1 and in one frame in cell2
and in cell3 are seen in table 9. The following results consider the first coordination shell,
which ends at 3.5 Å for calculations concerning the proton and at 4.5 Å in calculations
concerning the hydronium ion,  in all the frames studied. The coordinations of the cations
were varying very much. The total coordination numbers for protons were from 4 to 7 in all
cells and for the hydronium ions from 6 to 9 in cell2 and cell3 and  from 10 to 13 in cell1.  No
coordination between the cations was seen in the first coordination shell.

In cell1 both the cations in all frames studied were coordinated to water and in some frames
coordinated to the sulfonic acid end group of the  PEO sulfonic acid anion. The hydronium
ion was also coordinated to the ether oxygen of the anion and sometimes but not always
coordinated to the sulfonic acid end group of this anion.  The most interesting detection was
that the PEO sulfonic acid anion in cell1 in some frames was totally uncoordinated to  both
cations in the first coordination shell.
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Table 9.  Examples of the individual coordinations between the cation, (p =  the proton and h
= the hydronium ion) and the oxygen anions, (XYZ, where X is the number of the PEO
sulfonic acid  anion, Y is a letter, (G or I), indicating in which end of PEO sulfonic acid anion
the oxygen anion is and Z is the number of the oxygen anion in the end group) and between
the cation and ether oxygen in the PEO sulfonic acid anion, (Xoc, where X is the number of
the PEO sulfonic acid anion). Also the coordination numbers between the cation and ether
oxygen in the PEO and between the cation and the water are included. The number before the
cation sign indicates the numer of the cell and after the letter is the number of the cation,  (e.g.
2p1 is proton number 1 in cell2).  The data concerning cell1 is collected from 5 frames to get
better statistics.
Cation Fram

e
Oxygen anion in the
sulfonic acid anion end
group*

Ether oxygen
of the anions
x coordination
number *

Coordination
number with
ether
oxygens
in PEO*

Coordination
number with
water*

1p 800 - - 7
1h 800 I2 oc x 2 9
1p 750 - - 7
1h 750 I2 - 9
1p 700 I2, I3 - 5
1h 700 - - 12
1p 600 - - 6
1h 600 - - 13
1p 500 I4 - 5
1h 500 - oc x 1 9
2p1 970 89G4, 89I2, 89I3 - - 3
2p7 970 90I2, 90I4, 89I4 5oc x 1 - 1
2p8 970 90G3, 5I2, 5I3 - 1 2
2p9 970 89G3 89oc x 1 1 4
2h4 970 88I2, 88I4 88oc x 2 2 4
2h85 970 88G2, 88G4, 5I3, 5I4 88oc x 1 1 2
2h86 970 88G3, 5G3, 5G4 - 2 6
2h87 970 90G4, 5G4 - - 7
3p1 800 16G2, 16G3, 16G4 - 3
3p6 800 15I2, 15I3, 4G3, 4G4 - 2
3p7 800 15G4, 15I3, 15I4, 14I3,

14I4
- 1

3p8 800 4I2, 4I3, 4I4, 15G2 - 1
3h3 800 15I3, 14I2, 14I4 - 4
3h11 800 4G4, 14G2 (4oc) x 4 2
3h12 800 14G2, 14G3, 4G2, 4G3,

16I3, 16I4
(14oc) x 2 -

3h13 800 14G3, 14G4, 16G2,
16G4, 16I2, 16I4

- 2

* The first coordination shell ends at 3.5 Å in coordination concerning the proton and at 4.5 Å
for the coordination concerning the hydronium ion.

In cell2 and in cell3 all the cations were coordinated to the oxygen anions in the sulfonic acid
anion end group. Both in the cell2 and in the cell3  the cation was usually coordinated only to
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two of the oxygen anions in the same sulfonic anion end group and at the same time the cation
was coordinated to one or two oxygen anions in the end group of a different anion, (see also
table 9). However, in cell3 coordinations to all three oxygen anions of  the same sulfonic acid
end group were also detected. Coordination between the cation, (the proton or the hydronium
ion), and the oxygen anions of  both end groups of the same anion were found in all cells,  but
not often, (see also fig. 7a).  In cell2 and cell3  the coordination between cation and oxygen
anions in the sulfonic acid of three different anions were seldom found. Some coordinations
where two cations were detected to be coordinated at the same time to the same oxygen
anions in the sulfonic acid anion end group were also found. In cell2 about five and in cell3
about one oxygen ions were not coordinated to any cation in the first coordination shell. Some
oxygen anion were coordinated to two or three different cations in the first coordination shell.
The coordination between the cation and the end groups had a significant influence on the
shape of  the molecule, (see chapter 4.3.3.).

In cell1 and cell2 all cations were coordinated to water molecules and the coordination
numbers between cations and oxygen atoms of the water molecule varied from 2 to 13 in cell1
and  from 1 to 7 in cell2, (see also table 9). When the cation was coordinated to a lot of water,
(coordination number more than 5), coordination to the oxygen anions of only one end of the
same anion were found.

In cell2 the coordination between  the cation and the ether oxygen in the anion was weak,  and
when it occured, it was usually between an ether oxygen of an anion, in which the sulfonic
acid end group was also coordinated to the same cation. However, when the cation was
coordinated to both end groups of the same PEO sulfonic acid anion, it was not coordinated to
the ether oxygens of this anion. Thus the cation was not inside the coiled anion. In cell2 the
cations were rarely coordinated to ether oxygens of two different anions. The coordinations
between cations and  the ether oxygens in the PEO were occasional in cell2. In cell3 all the
cations except one of the hydronium ions were coordinated to the ether oxygens of the PEO,
(coordination numbers varied from one to four). The coordination between the hydronium
ions and the ether oxygen in the anions was not as strong as the coordination between cations
and ether oxygens in PEO, (see also table 9). However, coordination numbers up to 4 were
found between the hydronium ions and ether oxygens in the same anions in cell3.  In cell3 no
coordination was found between protons and the ether oxygens of any anion. Thus, the
increase of the average coordination number between the cation and the ether oxygen in cell3
compared to cell2, (see chapter 4.3.2.), was due to the increase of the coordination between
the cation and the ether oxygen in the PEO, (especially for the proton, but also for the
hydronium ion).
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4.5. THE DYNAMICAL STUDY

The dynamical study was made to investigate the diffusion of the particles in different cells.
For cell1 it was  also possible to calculate the ionconductivity. The molecular dynamics, MD,
is used for this study, because it is the best known simulation method to study the diffusion in
polymer-based systems.7,8

 However,  it has many limitations, e.g. simulations are made on the
nanosecond time-scale for the nanometre-sized samples with a small number of ions. Also the
starting structure and accuracy of the forcefield used to create especially ions, and other
approximations embodied in MD simulations can affect the diffusion of a particle in the
system. Despite all these complications the simulated results are in accordance with the
experimental results.

4.5.1. Diffusion coefficients, (II, IV)

In cell1 the Einstein diffusion was reached for the small ions and water in all the cases, (the
slopes of the curves log(MSD) as a function of log(t) varied from 0.96 -1.03). The calculated
diffusion coefficients  of the proton, the water,  the hydronium ion and the PEO sulfonic acid
anion  in cell1 are shown in table 10. The simulated average diffusion coefficient from the
1000 ps total simulation time for the proton is (12 ± 2) x 10 

-9
 m2/s which is of the same order

of magnitude as the value found in the literature, 9.31 x 10 
-9

 m2/s.80
  The simulated value of

the diffusion coefficient from the 1000 ps long run for the hydronium ion is  (1.9 ± 0.4) x 10-9

m2/s and for water (2.13 ± 0.04) x 10-9
 m2/s. The simulated value for water is close to the

experimental value for the diffusion coefficient of pure water, 2.26 x 10-9
 m2/s.80

  The
diffusion coefficient of the hydronium ion is very close to the value of water, which can be
explained by the similar sizes of the molecules and low concentration of ions in the system.
The effective diffusion coefficient of the oxygen atoms in the PEO sulfonic acid anion is
much lower than the diffusion coefficients of the small particles. This is due to the larger size
of the polymer anion compared to the other penetrants, (II).

A special program to optimize the range where the Einstein diffusion is reached was
constructed to optimize the simulation time for the hydronium ion in cell1. With this program
constant results within 1.6 x 10-9

 m2/s - 2.2 x 10-9 m2/s  could be obtained for the hydronium
ion from the longest runs with the duration of  900 ps, 800 ps, 700 ps, 600 ps, 500 ps, 400 ps,
300 ps  to runs as short as 200 ps, see table 10. From all the calculations it was seen, that there
was more variation among the diffusion coefficients calculated with this novel method from
different starting configurations than among the values calculated from shorter runs for the
same cell. However, the order of magnitude of the diffusion coefficient is the same in all
considered cases. The simulation time of  400 ps is probably sufficient for calculations of
diffusion coefficients of systems with a large amount of water.



34

Table  10. The average values  for the calculated diffusion coefficients of hydronium ion,
(H3O

+),  with different simulation times, proton,(H+), water, (H2O) and the oxygen anion in
the PEO sulfonic acid anion, (O-), (II).80

Penetrant Total
simulation
time/ps

Diffusion
coefficient
(10-9

 m2/s)

Literature values
in pure water
(10-9

 m2/s)
H+ 1000 12 9.31
H3O

+ 1000 1.9 9.31
H2O 1000 2.13 2.26
O- 1000 0.6
H3O

+ 200 - 900 1.6 -2.3

In cell 2 and in cell3 the slope of the curves log(MSD) as a function of log(t) were close to 0.2
for all particles and thus no  Einstein diffusion was found, (IV). Both the proton and the
hydronium ion moved with same velocity as the PEO and the PEO sulfonic acid anion. Figure
12 illustrates the dramatic difference between the movement of the cations in cell1 and in
cell2.  The anomalous diffusion of the small particles in cell2 and cell3 is due to the polymers
in the system, which prevent the small particles from performing a random walk. It is well
accepted that cation transport in high molecular weight polyelectrolytes above the glass-
transition temperature, (like in this case), is closely associated with the dynamical relaxation
modes of the polymer chain.81

 In the simulation of cell2 and cell3 the small amount of water,
(less than 10 water molecules per sulfonic acid groups),  quenched both the hopping and the
classical diffusion mechanisms in the systems. It is also experimentally found, that dry or low
water containing membranes are not conductive. However, it has to be remembered that, the
simulated results concerning the diffusion can also be affected  by the short simulation time or
other approximations of the used simulation method.

Figure 12. Trajectory, (900 ps), of the proton, (gray  on the left), and of the hydronium ion,
(black on the right),  a) in cell1 and b) in cell2.
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4.5.2. Conductivity

Because the Einstein diffusion for the cations was reached only in cell1, the conductivity
could be calculated only for cell1. Figure 13  shows an example of the different contributions
to the conductivity of the system: the MSD for one of the cells as a function of time for the
proton, for the hydronium ion,  for the oxygen anion in the sulfonic acid anion group and the
correlation of displacements between the proton and the hydronium ion, between the proton
and the oxygen anion, between the hydronium ion and the oxygen anion and between the
oxygen anions, and the total correlation function of ions displacements. In cell1 the MSD as a
function of time for the proton is the dominating contribution to the total correlation function
of ion displacements. The second largest contribution is given by the MSD as a function of
time for the hydronium ion. All other contributions are small compared to the above
mentioned contributions and the correlations of displacements between ions for different ions
nearly compensate each other.

Figure 13. The MSD for one of the cell1s  as a function of time for the proton, (a), the
hydronium ion, (d), the oxygen atom in the sulfonic acid anion group, (f) and the correlations
of displacements between the proton and the hydronium ion, (h), between the proton and the
anion, (g), between the hydronium ion and the anion, (c), and between the anions, (e), and the
total correlation function of ions displacements, (b), where all other curves are included. The
conductivity value σ calculated from curve b is (9.56 ± 0.90) S/m,  from curve a for the
proton  σ  is (8.00 ± 0.20)  S/m , from curve d for the hydronium ion σ  is (1.30 ± 0.30) S/m λ
and from curve f for the anion σ  is (0.5 ± 0.08) S/m.

The average values of the ion conductivity σ  for all the cell1s calculated from the total
correlation function of ion displacements is (12 ±  2) S/m. The average values of the
conductivity σ calculated from the MSD as a function of time for the proton is (10 ±  2) S/m
corresponding to λ  = (440 ± 80) Scm2/mol. Similarly for hydronium σ  is (1.6  ± 0.3) S/m
corresponding to λ  =  (3.7 ± 0.9) Scm2/mol. The λ value for H+

 in the literature is about 349
Scm2/mol at infinite dilution,82

 which is nearly 100 times larger than the value calculated
based on the hydronium ion diffusion.  The simulated diffusion of the hydronium ion
describes only the classical diffusion process of the cation, but not the hopping mechanism.
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Thus the conductivity of the cation could not be estimated successfully, if the hopping
mechanism was omitted. The value calculated for the proton is of correct order of magnitude
compared to the literature value for H+. The proton proceeds a little faster in our model than
in reality,  this is probably because no time was needed to  create or break bonds with water
molecules.

5. CONCLUSIONS

Atomistic molecular modelling is used to study three amorphous cells containing different
amounts of  PEO sulfonic acid anion, proton, hydronium ion, water and PEO molecules.  In
addition an isolated PEO sulfonic acid anion in vacuum is studied.  A NJPCFF forcefield is
constructed from the PCFF forcefield to be able to study the ions and polymers at the same
time. The simulated spectral analysis shows that the PCFF forcefield is more suitable for the
calculations of the sulfonic acid group than the CVFF forcefield. An effective particle called
proton is defined to the NJPCFF forcefield with the mass and charge of a real proton and with
the Van der Waals radius derived based on condensed phase properties of molecules
containing highly polarized hydrogens. This rather large size gave to the proton the possibility
to model the hopping mechanism in a general way. From  the spectral analysis made using the
NJPCFF forcefield it can be concluded that the new parameters added to the PCFF forcefield
for the anions gave correct vibrational frequencies in the limits of the accuracy of the local
mode method.

The geometries and structure of the PEO sulfonic acid anion were studied.  The average bond
lengths and angles were in accordance with the literature values. The amount of the water in
the cells had no remarkable effect on the  OSCC, SCCC and CCCO dihedral angle
distributions. Low energy barriers were found for the rotation around the backbone bonds,
which agrees with literature values. The shape of the PEO chain in the PEO sulfonic acid
anion was found to depend on the dielectric constant of the environment, on the charges of the
end groups, on the gauche effect tendency of the OCCO dihedral angle and on the
coordinations between the cations and the anion.  In cell1 the gauche effect in the OCCO
dihedral angle distribution was significant, while the contribution of the repulsion between the
charged end groups was small due to the high dielectric constant of the water. The
coordination effect was rather weak in cell1. The distribution of the CCOC dihedral angle
showed a more pronounced preference for the  trans state in cell1 than in other cells. In cell2
and cell3 the coordination between the cation and an oxygen anion in PEO sulfonic acid anion
had a strong contribution to the shape of the anion.  In cell2 and cell3 the dielectric constant
was low, the OCCO gauche effect was smaller than in cell1 and the contribution of the
charged end groups existed.  The average shapes of  the anions were similar in all cells, while
in vacuum the trans state was dominating.  This is due to the low dielectric constant of the
vacuum, which  leads to a strong contribution of  electrostatic repulsion between the end
groups of the anion. The PEO sulfonic acid was in extended shape in vacuum, while it was
randomly coiled in cells.

According to the coordination study  the coordination between the cations and the anion
increased as the amount of the water decreased. The coordination between the cations and
water was very strong. The calculated average coordination numbers were mainly in
accordance with the literature values. A short instantaneuous coordination study showed
many variations of  coordination of the cations indicating the possibility of many different
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mechanims of the ion conductivity. The weak coordination between the cations and anions
was needed to proceed conductivity.  Coordination between the cations was not found.

In cell1 the calculated diffusion coefficients for water and for the proton agreed with the
experimental values. The diffusion coefficient of the hydronium ion was calculated to study
the classical diffusion of the hydronium ion. The diffusion coefficient of the proton was about
6 times greater than the diffusion coefficient of the hydronium ion. A new procedure was
developed to be able to calculate the diffusion coefficient of the cation faster. The
conductivity calculated in cell1 for the proton corresponded to the literature value. In cell2
and in cell3 no Einstein diffusion was found, and thus these cells were not conductive. This is
probably due to the small amount of water in cell2 and cell3. The dry membranes or the ones
with low water content were also found not to be conductive experimentally.

As a final summary it can be concluded, that the new forcefield used and the method to
include the proton to the system gave reasonable results. This is a new approach to model the
proton conductivity. A good both statistical and momentary picture of the large variations of
local environment of the ions is achieved and information of the dynamical behaviour of the
cations is obtained. However, the influence of the short simulation time-scale in terms of
relaxation of the polymers and other approximations used in the simulations has to be further
studied before the final conclusions can be made especially concerning the estimation of the
conductivity of the PEO containing membranes.
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