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Abstract

Poly(ethylene oxide) (or PEO, (—CH,CH,0—),) and poly(ethylenimine) (PEI, (—CH,CH,NH—),) have been suggested as host polymers
for solid polymer electrolytes in high energy-density batteries. Four repeat-unit models for amorphous PEO and PEI (CH;X(CH,CH,X),CH3,
X = 0 in PEO-4 and NH in PEI-4) were studied by molecular dynamics (MD) simulations at 300 K. Analysis of average chain dimensions
indicates that PEI-4 adopts a more compact structure than PEO-4. The characteristic ratios of 4.9 = 0.1 for PEO-4 and 3.1 * 0.1 for PEI-4 are
consistent with experiment and with theoretical predictions. Dihedral angles along the C—X—C—C atom sequence favor the trans (T)
conformation while the X—C—C—X sequence favors the gauche (G) conformation for both models. The TGT conformation along the
C—X—C—C—X—C sequence is found to have the largest population, 59 * 3% in PEO-4 and 66 * 2% in PEI-4. The TTT conformation
becomes much less populous in PEI-4 (1.6 £ 0.4%) than in PEO-4 (20 = 2%) while the TGG conformation has a larger population in PEI-4
(24 = 2%) than in PEO-4 (6 £ 2%). Radial distribution function analysis reveals that intra-chain H-bonds exist between two adjacent NH
groups of PEI-4 chains. All intra-chain H-bonds are found to be nonlinear and longer than typical H-bonds. These results are consistent with
an ab initio study of a methyl capped monomer of PEI, dimethylethylenediamine. Inter-chain H-bonds are also found in the amorphous state
of PEI-4 and appear to be more like typical linear H-bonds. Only 5.6% PEO-4 and 8.2% PEI-4 chains are found to be in the helical form and
an insignificantly amount of PEI-4 is found in double-stranded helices in amorphous PEI-4. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

The prospect of high energy-density batteries has been
greatly improved by the application of solid polymer elec-
trolytes (SPE) because of the polymeric materials’ mechan-
ical properties. A candidate polymer matrix should have
strong enough interactions with ions to dissolve and dis-
sociate salts into the polymer matrix [1]. NMR evidence
has shown that ion movement takes place mainly in an
amorphous phase in polymers [2], which is generally
present at temperatures above the glass transition tempera-
ture. When a polymer system is above this temperature,
local motion of polymer chains is no longer prohibited
and can become associated with ion movement. Therefore,
SPE and SPE-salt complexes with glass transition tempera-
tures at or below ambient temperatures are desirable.

It has been more than 20 years since poly(ethylene oxide)
(PEO, (—CH,CH,0—),) was first suggested as one possible
polymer matrix [3]. The melting point of crystalline PEO is
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338 K, and due to the regularity of the linear structure of
PEO, its crystallinity can be as high as 85% [4]. X-ray
diffraction studies have revealed that linear PEO adopts a
(7/2) helical structure, indicating seven repeat units and two
turns per crystal period [5]. The glass transition temperature
of amorphous PEO is well below room temperature, at
approximately 213 K [4]. The strong interactions between
the electronegative ether oxygen and salt cations enable
PEO to dissolve a variety of inorganic salts. PEO has there-
fore become a common host polymer matrix in high energy-
density batteries. In fact, PEO and PEO based SPEs have
been subjected to intensive study in recent years.
Structural properties of polymer matrices are one impor-
tant aspect of a full understanding of ionic conductivity
mechanisms in the SPEs. Molecular dynamics (MD) simu-
lations have shown their power to represent real systems and
provide insight into molecular structures [6—9]. An MD
simulation of a model for crystalline PEO including 16
14-repeat unit chains in eight crystallographic cells
(2X2x2) was carried out at 300 K and the equilibrium
structure was compared with the X-ray crystal structure [6].
The good agreement suggested that the force field parameters
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reproduce well the crystalline PEO/PEO interactions. In
subsequent MD work, analogues of PEO, C,Hs-
O(—CH,CH,0—),C,Hs with n = 1-9, 12, 15, 32, 65, 165,
and 332, were simulated at 400 K to represent the pure melts
[7]. The study showed that the dihedral angles along the
C—0O—C—C atom sequence favored the trans over the
gauche conformation, while the gauche conformation domi-
nated the dihedral angles along the O—C—C—O sequence.
Lin et al. used a new procedure to generate PEO models by
simulating the polymerization process of dimethyl ether in
order to represent a multiply-dispersed sample of polymeric
materials [8]. The authors reported structural and dynamical
properties by presenting radial distribution functions and
comparisons of calculated vibrational spectra with experi-
ment. Poly(oxyethylene) (POE, H(—CH,CH,0—),H), has
the same chain structure as PEO. A 12-repeat unit model
of POE was simulated by Smith et al. at 300, 333, 373 and
450 K [9]. The mean square radii of gyration {(S*) and end-
to-end distances (R?) of this model agreed with small-angle
neutron scattering (SANS) results for POE samples and
followed the same temperature dependence. All the work
above indicates that molecular dynamics simulations have
become a fruitful approach to understand macromolecular
structure.

Poly(ethylenimine) (PEI, (—CH,CH,NH—),) is an alter-
native to PEO because of their similar structures and ability
to dissolve inorganic salts. In addition, the hydrogen atoms
directly bonded to nitrogen add more complexity to PEI
structures and give different ionic mobilities. The melting
point for a semicrystalline PEI sample is 332 K and the glass
transition temperature is 250 K [1]. The complexity of PEI
structure is expected since the NH groups can behave as
both hydrogen donors and acceptors. X-ray diffraction
studies of linear PEI showed a different crystal structure
than PEO. Chatani et al. revealed that the linear PEI chains
adopt a double-stranded helical structure [10]. Each strand
takes a (5/1) helical form and two strands are connected by
inter-chain hydrogen bonds. In each NH group, the N and H
atoms, as the hydrogen bond acceptor and the donor
respectively, each form one H-bond with NH groups from
another chain. The inter-atomic distance for N...N pairs is
3.16 A. For each single chain, dihedral angles along the
C—N—C—C backbone atom sequence are 160° and those
along the N—C—C—N sequence are 13°. Intra-chain hydro-
gen bonds do not exist in the crystal structure.

Computer simulation is a good way to understand the
structural characteristics of PEO, but to our knowledge
there are no published MD results for models of PEI or
PEIL:salt complexes. In this work, we present our MD
simulations on models of the amorphous phase of PEO
and PEI at 300 K. Chain dimensions, dihedral angle
distributions, and conformational triads population
analyses are compared with each other. Radial distribu-
tion function analyses on the PEI model system are
done to study the presence and the character of hydro-
gen bond structures.

2. Simulation methodology
2.1. Models

Low molecular weight oligomeric analogues of PEO
have been widely used to model PEO and PEO:salt
complexes as addressed in the introduction. Short oligomers
can easily adopt a fully amorphous phase at accessible
temperatures where ion transport takes place, so the struc-
tural analyses can be simplified by studying single-phase
systems. Thus in this work, we use a four repeat-unit oligo-
mer (CH;X(CH,CH,X),CH;, X=0 in PEO-4 and NH in
PEI-4) as the simulation model for the single amorphous
phase of PEO and PEI. For convenience, we shall call the
tetramer models PEO-4 (it is conventionally called tetra-
glyme) and PEI-4. We filled PEO-4 and PEI-4 sample
boxes with 50 chains and then simulated at 300 K, near
room temperature. This is below the melting temperature
but above the glass transition temperature for both PEO and
PEL This was done to obtain the amorphous phase in each.

2.2. Simulation details

The AMBER 5 computer program [11,12] was used for
MD simulations. The initial configurations of PEO-4 and
PEI-4 model molecules were generated by taking Cartesian
coordinates of a PEO chain with the same length as the
model molecules in the known crystal structure. The coor-
dinates of oxygens were also used for nitrogens in PEI-4.
The hydrogen in the NH groups was started along one tetra-
hedral direction with the correct N—H bond length. Periodic
boundary conditions were applied and the SHAKE algo-
rithm was used to constrain bond lengths, while bond angles
and torsional angles remained flexible. The Berendsen
coupling algorithm was used to maintain a constant
temperature of 300 = 30 K in the NPT and NVT ensembles
[13] by scaling the kinetic energy every 10 ps. The particle
mesh Ewald (PME) method [14] was used to calculate long-
range electrostatic interactions with direct-space cutoff
values of 10A for PEO-4 and 12 A for PEI-4 [14].
Nonbonded interactions were truncated beyond these
ranges. In all cases, the equations of motion were integrated
by using the leap-frog version of the Verlet algorithm with a
time step of 1 fs. The sample boxes of PEO-4 and PEI-4
were started at a density of 0.1 g/cm” and then simulated at 1
atmosphere for 1ns in the NPT ensemble. Equilibrium
densities for PEO-4 (1.0 g/cm3) and PEI-4 (0.93 g/cm3)
were calculated by averaging densities over 0.2 ns. Calcu-
lated densities for PEO-4 and PEI-4 are close to experiment
densities of PEO-4 and H,N(CH,CH,NH);CH,CH,NH,,
which are 1.009 and 0.998 g/cm’, respectively [15]. Further
simulations were performed at 300 K in the NVT ensemble
for 1.5 ns to reach equilibrium. To test for equilibration,
total energies were monitored over the last 500 ps of the
1.5 ns run. The total energies fluctuated less than 1.6%
and moving average energies calculated every 10 ps
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increased less than 0.05% over the 500 ps for both systems.
The cosine torsional angle autocorrelation function [16] was
also calculated. For the C—C and C-O bonds in PEO-4, the
relaxation times were 25.8 and 21.4 ps. In PEI-4, the relaxa-
tion times were 16.5 and 24.3 ps for the C—C and C-N
bonds, respectively. After thus determining that our systems
were at equilibrium, 500 ps of atomic trajectory data were
collected for PEO-4 and PEI-4.

2.3. Force field parameters

The AMBER force field model uses a potential energy
function composed of five different terms: harmonic bond
length stretching, harmonic bond angle bending, sinusoidal
dihedral angle twisting, a 6—12 Lennard—Jones interaction,
and an electrostatic interaction [17]. A dielectric constant of
unity is used in the electrostatic interaction term for both
systems. The force field parameters used for PEO-4 are
taken from the AMBER force field for ethers reported in
the literature [17]. The force field parameters for the nitro-
gen atoms in PEI-4 were taken from a solvation free energy
calculation on small aliphatic amines [18]. One missing
parameter, the C—C—N bond angle bending force constant,
is taken from a similar bond type in the database. The
dihedral angle torsional parameter for the N—C—C—N
atom sequence is obtained by fitting an energy profile
from a density functional calculation of for dimethylethy-
lenediamine (DMEDA) into the dihedral angle torsion func-
tional form [19]. All parameters used in this study are given
in Appendix A.

3. Results and discussion

The chain dimensions, dihedral angle distributions, and
conformational triad populations were calculated and
compared for PEO-4 and PEI-4 at 300 K based on their
atomic trajectories. Radial distribution functions were
used to probe hydrogen bonding structures for the PEI-4
system.

3.1. Chain dimensions

The overall polymer chain dimensions can be described
by the mean square radius of gyration, (S), and the mean
square backbone end-to-end distance, (R?). The mean
square radius of gyration, a weight averaged expression of
polymer chain size, is a useful parameter in polymer studies
because it can be measured directly by scattering methods.
The characteristic ratio, defined as C, = (R>)/nl*, where n is
the number of backbone bonds and /* is the mean-square
bond length, is theoretically predicted as 1 for a freely
jointed polymer chain model of any length and is used to
compare chain dimensions of polymer samples with differ-
ent chain lengths [20]. A real polymer chain has a C, value
greater than 1 and it reaches a limit as n approaches co. For
poly(oxyethylene) (POE, an analogue of PEO), the limiting

Table 1
MD results of mean-square radii of gyration, (Sz), and end-to-end distances,
(R%, and characteristic ratio, C,, for PEO-4 and PEI-4 at 300 K

300 K (5% (R% C,
PEO-4 21303 143+ 4 49+0.1
PEI-4 177 +0.2 95 +3 3.1%0.

value of C, is approximately 5.2 [21]. Calculation results are
listed in Table 1 for PEO-4 and PEI-4 at 300 K.

The characteristic ratio calculated in our work for PEO-4
is4.9 = 0.1. A small-angle neutron scattering (SANS) study
on a nearly monodisperse POE sample gave the character-
istic ratio as 5.7-5.5 in the temperature ranging of 347—
459 K [9]. Another SANS result for a POE sample with a
polydispersity of 1.5 at 353 K gave a value of 6.9 [22]. A
characteristic ratio value for PEO with the molecular weight
M, from 6% 10* to 1.1 X 10" in aqueous solution was
reported to be 5.2 = 0.1 at 298 K [23]. Our result for the
monodisperse short chain sample is therefore in good agree-
ment with the PEO C, value, while it is smaller than the
value for the monodispersed and polydispersed POE.

Smaller values of (%) and (R?) for PEI-4 than for PEO-4
indicate a more compact spatial shape for PEI-4. The more
compact shape in PEI-4 implies that there are relatively
stronger intra-molecular attractions or inter-molecular
repulsions within the PEI-4 sample. Experimental data for
the characteristic ratio are lacking, so our MD result for PEI-
4 cannot be compared to any experiment. A theoretical
calculation of linear poly(ethylenimine), in which each
dihedral angle was allowed to sample a small number of
discrete torsional states according to the rotational isomeric
state (RIS) theory, gave a value of 5.10—6.56 for the char-
acteristic ratio at 300 K [24]. Our result of 3.6 = 0.1 for
PEI-4 is smaller than this theoretical prediction for the
long chain PEI polymer.

3.2. Dihedral angle distribution

For the backbone atoms of PEO-4 and PEI-4 chains, there
are two different types of dihedral angles defined by
C—X—C—C and X—C—C—X atom sequences, where
X =0 in PEO-4 and NH in PEI-4. In order to examine
the conformations of PEO-4 and PEI-4 chains, the time-
averaged population density distribution of these dihedral
angles (6) were calculated at 300 K and the results are
plotted in Fig. 1.

Fig. 1(a) compares the population density distribution of
dihedral angles along the C—X—C—C sequence in PEO-4
and PEI-4. By our definition, the conformations are eclipsed
when 6 =0° and are labeled trans (denoted T) if
120° < 0 < 240°, gauche plus (G") if 0° < 6 < 120°, and
gauche minus (G) if 240° < § < 360°. Not surprisingly,
these two dihedral angle types give a similar distribution
because of the similarity of oxygen and NH groups. Both
cases show that a trans conformation is predominant, while



7812 H. Dong et al. / Polymer 42 (2001) 7809-7817

s (a) 3.5
2 ----PEL-4
&0 3
g 2.5 A
)
g 2
£
2
2 1.5
=
5
£ 19
H
2 0.5 A
=]

0 7

0 300 360
Angle, degree
(b) 2.5

@
£ ----PEL-4
& 2 A —PEO-4
Z A A
S it i
5 L5 P ‘
Z '
o
a 1
=
2
= =
= 0.5
2
£

0

0 60 120 180 240 300 360

Angle, degree

Fig. 1. (a) Average population density distribution of dihedral angles along
the C—X—C—C backbone atom sequence for PEO-4 and PEI-4 at 300 K.
(b) Average population density distribution of dihedral angles along the
X—C—C—X backbone atom sequence for PEO-4 and PEI-4 at 300 K for
both figures. X = O in PEO-4 and NH in PEI-4.

gauche conformations (G* and G~) give much smaller
peaks near 80° and 280°, respectively. Neither G nor G~
is favored. Moreover, PEO-4 shows a larger population of T
(90%) while G* and G~ (10% total) are less populated
compared to PEI-4 (T 84%, G 16%).

Fig. 1(b) is the population density distribution of dihedral
angles along the X—C—C—X atom sequence for PEO-4 and
PEI-4. The G and G~ conformations are much more
favored than T. This distribution is attributed to ‘the gauche
effect’. It is well accepted that when atoms at the two
ends of a dihedral angle are very electronegative, the
dihedral angle favors a gauche (G* or G7) over the
trans conformation despite the Coulombic repulsion
between the two atoms [25]. The gauche effect has
been found in high molecular-weight PEO and in lighter
oligomeric crystals, melts, and solutions. By compari-
son, PEI-4 shows a more significant ‘gauche effect’ than
PEO-4. In PEI-4, the dihedral angles are almost exclu-
sively in the G and G~ conformations (97% of the
total compared to 78% in PEO-4), whereas the T
(3%) conformation has a much lower population in
PEI-4 than in PEO-4 (22%). The most favored dihedral
angles of PEI-4 shift to 60 and 300°, toward the eclipsed
conformation, compared to 75 and 285° in PEO-4. These
significant differences suggest that there may be a force
between the two NH groups other than the usual ‘gauche

effect’ that pulls them closer. Hydrogen bonding is one
likely possibility that will be described later.

3.3. Conformational triads population analysis

Conformational triads are a combination of three con-
secutive dihedral angles along the C—X—C—C—X—C
atom sequence. The population analysis of triads is one
way to examine local structures of polymers. In expressing
the geometry of triads, G’ indicates a change in sign of the
gauche conformation. For example, TGG' corresponds
either to the TG'G™ or TG G conformation. The result
of the conformational triads analysis at 300K is shown in
Fig. 2. In PEO-4, the TGT conformation has the largest
population (59 = 3%), with smaller, but still significant
percentages of TTT (20 + 2%) and TGG' (10 *+ 1%) triads.
The result qualitatively agrees with an MD simulation on
monoglyme and diglyme in aqueous solutions at 318 K [26],
for monoglyme:water and diglyme:water mole fractions of
0.004-0.180 and 0.004-0.130, respectively. This study
reported 60—70% TGT populations. In PEI-4, the TGT
conformation is even more favorable (66 + 2%) than in
PEO-4. Among all conformations, the largest differences
in populations between PEO-4 and PEI-4 are TGG
(24 £1% in PEI-4 and 6 =2% in PEO-4) and TTT
(1.6 = 0.4% in PEI-4 and 20 = 2% in PEO-4). The different
TGT and TTT populations are understandable, since the
dihedral angle distribution analysis shows that the central
dihedral angle of triads along the N—C—C—N sequence
favors the gauche over the trans conformation much more
in PEI-4 compared to PEO-4.

3.4. Radial distribution function analysis for PEI-4

Radial distribution function (RDF) calculations provide
insights into the PEO-4 and PEI-4 structures by reporting
the relative density of atom pairs separated by a distance r:

1%
g = W<Z > 8(r— r,j)>
i A
where i and j refer to the ith and jth molecules and the angle
80
60 - | PEO-4

50 A

20 1
10—%
0_

TTT TTG TGT TGG TGG' GGG others

Population, %
-
—}

Fig. 2. Population analysis of conformational triads along the
C—X—C—C—X—C backbone atom sequence for PEO-4 and PEI-4 at
300 K. X=0 in PEO-4 and NH in PEI-4. The standard deviations are
shown as error bars.
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brackets imply averaging over different configurations [27].
These functions give a way to infer interactions between
atoms. Smith et al. reported the pair radial distribution func-
tions for POE models [9]. Our calculation gives similar
results, so they are not addressed here. The PEI system,
with its NH group instead of the ether oxygen in PEO, has
more interesting structural characteristics. As discussed in
the introduction, the NH group is key to forming hydrogen
bonding interactions.

We have chosen to focus on three possible ways to form a
hydrogen bond between the two NH groups, depending on
their relative positions. Adjacent NH groups are separated
by one ethyl group, non-adjacent groups are separated by at
least two ethyl groups but are in the same molecule, and
intermolecular NH groups are from different molecules. All
those component RDFs and the total RDF between nitrogen
and hydrogen atoms (N...H) and between two hydrogen
atoms (H...H) are plotted in Figs. 3 and 4. The hydrogen
atoms are only those within NH groups and, in the adjacent
RDF calculation, the hydrogen and nitrogen pair that forms
a covalent bond is omitted.

The intermolecular RDFs are plotted in Figs. 3 and 4 to
examine intermolecular hydrogen bonding. The non-
adjacent N...H and H...H RDFs only show very small
and indistinct structure in Figs. 3 and 4. This result indicates
that minimal non-adjacent hydrogen bonding occurs. In
Fig. 3, the first peak of the intermolecular N...H RDF occurs
at 2.3 A. The intermolecular N...N RDF (not shown) gives
3.3 A as the most probable distance, as compared to the
twice van der Waals distance of 3.75 A for nitrogen
atoms. Since the covalent bond length of N-H is 1.01 A
and the N...H distance is 2.3 A, the intermolecular hydro-
gen bonding is linear. Thus, H-bonds with the classical 180°
N-H...N angle, N...H distances near 2.3 A, and N...N
distances less than the sum of van der Waals radii are
formed between different PEI-4 chains. The populations
of a single PEI-4 chain connected with other chains by

3
— total gN—~H
—— adj. gN~H
-+ - -inter. gN~-H
2 A — - -non-adj. gN~H
/;\
w
1 -
0 T

Fig. 3. The total radial distribution functions (RDFs) of N...H pairs and its
components for PEI-4 at 300 K. The adjacent (NH groups are separated by
one ethyl groups), non-adjacent (NH groups are separated by at least two
ethyl groups but are in the same molecule), and intermolecular (NH groups
are from different molecules) RDF are represented as dashed, dash dotted,
and dotted lines, respectively. Only hydrogen atoms in NH groups are
considered.

3
— total gH-H
—— adj. gH~H
-- - - inter. gH-H
2 A — - -non-adj. gH~H
—~
=2
T
1 -
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0 1

Fig. 4. The total radial distribution functions of H...H pairs and its compo-
nents for PEI-4 at 300 K. The adjacent, non-adjacent, and intermolecular
RDF are represented as dashed, dash dotted, and dotted lines, respectively.
Only hydrogen atoms in NH groups are considered. The adjacent RDF
clearly shows two peaks at 2.2 and 2.8 A implying two distinguishable
structures. These structures are shown in Fig. 5 labeled (A), double H-
bonding for the first peak, and (B), single H-bonding structure for the
second peak. The first minimum between the first and second peak, at
2.55 A is set as the cutoff to distinguish the two structures.

hydrogen bonding were calculated. The most common
case (39.0%) is that of a single PEI-4 chain that hydrogen
bonds to only one other chain. Single chains which hydro-
gen bond to two or three chains also have large populations
(38.1 and 13.8%). The population for chains having no
hydrogen bonds with others is only 7.0%. But this intermo-
lecular N...H RDF does not account for the majority of the
total RDF. It implies that intermolecular H-bonding is not
the most favorable structure.

We now analyze the extent of H-bonding between NH
groups separated by only one ethyl group. In Fig. 3 the
adjacent N...H RDF shows a strong peak at 2.6 A, with a
distinct shoulder near 3.3 A. This peak implies an attraction
between the nitrogen and hydrogen, but the distance is not
short enough to represent a classical hydrogen bond, whose
N...H distance is approximately 2.0 A [28]. The peak posi-
tion in the adjacent N...H RDF is slightly longer than 2.3 A,
the most probable length of an intermolecular H-bond.
Because the adjacent NH pairs have to overcome the
restraint of bond angles, the N...H distances between adja-
cent NH pairs cannot get as close as those between different
molecules. For convenience, we shall not distinguish this
hydrogen-bond-like interaction between adjacent NH
groups from classical hydrogen bonding. It can explain
the dihedral angle distribution of PEI-4, as it stabilizes
the gauche conformations for dihedral angles along
N—C—C—N. It also causes the shift of these dihedral angles
toward the eclipsed geometry, relative to PEO-4, because
the two NH groups can get closer to each other. The
presence of the shoulder (3.3 A) is an interesting feature
and its origin is described later.

Fig. 4 shows H...H RDFs for PEI-4. As in Fig. 3, the total
RDF has the same shape as the RDF for hydrogens in
adjacent NH groups in the distance range below 4 A.
There are two peaks that occur at 2.2 and 2.8 A, separated
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Fig. 5. Diagrams of two distinguishable H-bonding structures in
(NH)—C—C—(NH) units in PEI-4. (A) Double H-bond and (B) single
H-bond.

by a shallow minimum at 2.55 A. This means there are two
distinguishable (NH)—C—C—(NH) structures. Since 97%
of the dihedral angles along this atom sequence are in a
gauche conformation, there are two distinguishable gauche
conformations. (They are not G™ and G~ because G* and
G~ are statistically indistinguishable.) A number of local
structures have been examined for adjacent H...H distances
of 2.2 and 2.8 A to identify typical structures. Two dis-
tinguishable gauche structures were found. One is a double
hydrogen bonding structure in which both N—H bonds are
oriented toward the adjacent nitrogens (see Fig. 5(A)). The
structure is symmetrical and the distance between the two
hydrogen atoms is near 2.2 A, so this corresponds to the first
peak in the adjacent H...H RDF. Conformational
constraints prevent the two N-H bonds from pointing
directly at the adjacent nitrogen to form a 180° N-H...N
angle. In the other structure, one of the hydrogen atoms
points toward the adjacent nitrogen and one points away
from the adjacent nitrogen (Fig. 5(B)). The distance
between the two hydrogen atoms on adjacent nitrogen
atoms is 2.8 A, which gives the second peak in the adjacent
H...HRDF. Once again, the N-H...N angle of this structure
cannot be 180°. A third gauche structure without H-bonds is
also possible with both H atoms pointing away from the
adjacent N atoms. In this case, the H...H distance would
be longer than that in either the singly or the doubly hydrogen
bonded structures. The absence of any peaks in the adjacent
H...H RDF at longer distances than 2.8 A suggests that the
TGT conformation without H-bonding is unfavorable.
Referring back to the shoulder of the adjacent N...H RDF
at 33 A in Fig. 3, the double hydrogen bonding structure,
structure (A), cannot cause this feature since its N...H
distance is too short. The single hydrogen bonding structure,
structure (B), could cause this shoulder because there is one
non-H-bonded N...H pair in this structure and this explana-
tion is verified by Fig. 6. Fig. 6 shows the contributions from
the structures in Fig. 5(A) and (B) to the adjacent N...H

2
— — double H-bonding
- - - -single H-bonding
— adj. gN-H
-
=
o0 11
0 T 1 T T T
0 1 2 3 4 5 6

Fig. 6. The contributions from the double H-bonding and the single
H-bonding structure to the adjacent N...H RDF.

RDF. The cutoff value for distinguishing the two structures
is set at 2.6 A the minimum between the first and second
peak in the adjacent H...H RDF. If the H...H distance is less
than 2.6 A, the structure is considered to adopt structure (A),
and the N...H RDF is calculated to give its contribution to
the total adjacent N...H RDF. The same procedure is
repeated for structure (B) where the H...H distance is
greater than 2.6 A. In Fig. 6, the different shapes of the
two structural contributions to the RDF are clearly shown.
The single peak in the contribution from structure (A)
implies that the two hydrogen bonds are formed approxi-
mately within the same distance, 2.6 A. Thus, the structure
is symmetrical. The split contribution from structure (B)
shows its asymmetrical character in the relative positions
of N and H. The first peak at 2.6 A is the length of the
H-bond and the second peak at 3.3 A is the distance between
the non-H-bonded N...H pair. Thus, based on analyses of
the adjacent N...H and H...H RDFs, we conclude that there
are two distinguishable H-bonding structures responsible
for the predominance of the gauche conformation of the
(NH)—C—C—(NH) angle, the double and the single hydro-
gen bonding structures. An integration of the adjacent H...H
RDF gives relative populations of the two structures as 37%
double H-bond and 63% single H-bond structures.
Hydrogen-bonding angle distributions for the structures (A)
and (B) are calculated and plotted in Fig. 7. Each structure
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Fig. 7. The H-bond angle distribution for the double H-bonding and the
single H-bonding structures.
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simply gives one peak, at 99° for structure (A) and 104° for
(B). The values indicate that the adjacent H-bond is far from
linear, probably because of conformational constraints of
the chain.

The mean lifetime of the adjacent H-bonding was also
calculated to ensure that our results are statistically mean-
ingful. In Fig. 6, the first minimum of the adjacent N...H
RDF occurs at 3.0 A and any N...H pairs within this
distance will be considered to form H-bonds. The
H-bonds will be considered to break when the N...H
distances become larger than 3.0 A. The calculation gives
a time much shorter that the 500 ps length of the trajectory,
11.4 ps, as the mean H-bond lifetime.

The MD results demonstrating hydrogen bonding struc-
tures between adjacent NH groups is consistent with
an ab initio study of dimethylethylenediamine (CH;-
NH—CH,—CH,-NH—CH;, DMEDA) [19]. This work
implies that the TGT structure is the most stable and also
gives the single H-bonding structure as the lowest energy
structure and the double H-bonding structure as the second
lowest energy from among eight different structures calcu-
lated. This agrees qualitatively with our populations of the
two structures (63% for single and 37% for double). The ab
initio double H-bonding structure gives N...H distances of
2.59 10%, H...H distances of 2.20 10%, and the N—H...N angles
of 95.0° close to our MD results of 2.6 A, 2.2 A and 99°,
respectively. The ab initio single H-bonding structure gives
N...H distances of 2.45 and 3.31 A H...H distances of
2.85 A, and N-H...N angles of 107.4°. Once again, our
MD results of 2.6, 3.3, 2.8 10%, and 104° agree closely with
values from ab initio quantum chemistry.

3.5. Helical structure analysis of PEO-4 and PEI-4 chains

The dihedral angle distribution and the conformational
triads population analysis of PEO-4 and PEI-4 provide
information regarding their local structures. Recall that
PEO and PEI crystal structure both show long-range confor-
mational order: PEO chains adopt a (7/2) single helical [5],
while PEI chains adopt a (5/1) double-stranded helical struc-
ture [10]. Inter-chain H-bonding stabilizes the tightly
formed double helix of crystalline PEI. In the amorphous
state, it is not known how much of the helical structure may
be retained. Since crystalline PEO executes two helical
turns for every seven repeat units, four monomeric units
plus end-capping methyl and methoxy groups are sufficient
for PEO-4 to form one helical turn. Likewise crystalline PEI
executes one helical turn every five monomer units but
adopts a double helical structure. Since our calculations
imply that PEI-4 is more compact than PEO-4, four mono-
meric units plus the end-caps should be sufficient to form
locally helical structures for PEI-4. Our results show,
however, that only small parts of PEO-4 (5.6%) and PEI-4
(8.2%) adopt helical structures, with left- and right-handed
helices being equally populated. For PEI-4, calculations

indicate that the single H-bonding is favored over the double
H-bonding structure within helices.

The intermolecular H-bonding analysis can indicate the
extent of double-stranded helical structure in PEI-4. For our
four repeat unit PEI model, a double helix extending the
entire length of one chain requires eight H-bonds exclu-
sively with one other chain. Our result implies that only
2.0% of the total PEI-4 chains adopt this structure. So
very little double stranded helical structure exists in the
amorphous state of PEI-4.

4. Conclusions

Molecular dynamics simulations of four repeat unit
models of poly(ethylene oxide) (PEO) and poly(ethyleni-
mine) (PEI), denoted PEO-4 and PEI-4, were performed at
300 K. The chain dimensions, dihedral angle distributions,
and conformational triad populations were calculated and
compared with available experiments to show the similari-
ties and differences between equilibrium amorphous struc-
tures of PEO-4 and PEI-4.

The chain dimension calculations gave values of the
mean-square radius of gyration, (S%), and mean-square
end-to-end distance, (R2>, both measures of spatial extent
of a polymer, for the two systems. The (S?) value of
17.7 = 0.2 and (R?) value of 95 *+ 3 for PEI-4 are smaller
than the corresponding values for PEO-4, 21.3 = 0.3 and
143 * 4, and indicate a more compact form for amorphous
PEI-4 at 300 K. The characteristic ratio is 4.9 = 0.1 for
PEO-4 and 3.1 £0.1 for PEI-4 and are comparable to
results from small-angle neutron scattering experiments
[9,22], other MD simulations [9], and theoretical predictions
[24] for similar systems related to PEO-4.

The dihedral angle distribution analysis reveals that PEO-
4 and PEI-4 have similar distributions for the two types of
dihedral angles, C—X—C—C and X—C—C—X (X=0 in
PEO-4 and NH in PEI-4). The C—X—C—C dihedral angles
favor a trans conformation (T) while the gauche conforma-
tion (G* and G7) is predominant for the X—C—C—X dihe-
dral angles. For the C—X—C—C dihedral angles, PEO-4 has
90% T conformations and 10% G* and G~ compared to
84% T and 16% G and G~ conformations for PEI-4. For
the X—C—C—X dihedral angles, PEI-4 almost exclusively
favors G* or G~ conformations (97% population). By
comparison, 78% of the X—C—C—X dihedral angles in
PEO-4 adopt G* and G~ conformations. The most probable
angles for G or G~ conformations are also different. In
PEO-4, they are 75 and 285° while in PEI-4 they shift to
60 and 300°. The large populations of G* or G~ and the shift
of the most probable dihedral angles toward a more eclipsed
conformation suggest a stronger attraction between the adja-
cent NH groups in PEI-4.

A triad population analysis implies that the TGT con-
formation is the most stable local structure for PEO-4 and
PEI-4 because of its large population (59 * 3% in PEO-4
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and 66 = 2% in PEI-4). PEO-4 shows a secondary prefer-
ence for TTT conformations (20 £ 2%) and PEI-4 has
secondary preference for TGG conformations (24 = 1%).
The TTT conformer is negligibly populated (1.6 = 0.4%)
in PEI-4. It is easy to understand the decrease of the TTT
population in PEI-4 because only 3% of N—C—C—N
dihedral angles adopt the T conformation.

The presence of NH groups in PEI-4 brings more
complexities to its structure. One of the most important
features is the possibility of hydrogen bond formation,
since the NH groups can behave as both hydrogen bond
donors and acceptors. Total radial distribution functions
(RDFs) and their component adjacent, non-adjacent, and
intermolecular RDFs were calculated for N...H, H...H,
and N...N pairs of PEI-4. Two distinguishable hydrogen
bonding structures between adjacent NH groups have been
found. One is the double H-bonding structure in which each
member of an NH pair acts as an H-bond donor and acceptor
to the other adjacent NH of the pair (Fig. 5(A)). Another is
the single H-bonding structure in which only one NH group
forms an H-bond with an adjacent N (Fig. 5(B)). In both
cases the H-bonds are long (N...H distances are 2.6 A for
both), and non-linear (N-H...N angles are 99° for the
double H-bond and 104° for the single). The single H-bond-
ing structure is more prevalent (63%) than the double (37%)
and is apparently the most stable local structure for the
(NH)—C—C—(NH) unit.

Intermolecular hydrogen bonding was examined by
analyzing the intermolecular N...H RDF for PEI-4. Its
small contribution to the total N...H RDF suggests that
intermolecular H-bonding is not as common as H-bonding
between adjacent NH groups in the same chain, but the
shorter N...H distance implies that this interaction is stron-
ger than the adjacent H-bonding. The RDF results also show
that the intermolecular H-bonding structure is nearly linear.

Only a small percentage of PEO-4 and PEI-4 adopt a
helical structure (5.6% for PEO-4 and 8.2% for PEI-4).
This means that PEO-4 and PEI-4 chains are much less
ordered than in the polymer crystalline phases, where
PEO is helical and PEI adopts a double helical structure.
A population analysis of PEI-4 chains displaying inter-
molecular H-bonds was done to test the existence of
double-stranded helices. The result indicates that this struc-
ture exists to an insignificant degree in the amorphous state
of PEI-4 at 300 K.
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Appendix A

The potential energy function used to describe simulation
models is:

Ega= Y K(r—rg) + > Ko(0— 0,)

bonds angles

V,
+ Z 7”[1 + cos(ng — )]

dihedrals
‘*‘ZI:AU B B,-j:|+261i60
12 6
LR Rj i R

All parameters for PEO-4 and PEI-4 are listed in Tables
Al and A2. Note that A;; = €*(R%)'? and B; = 2€*(R%)® in
the van der Waals parameter section.

Table Al
Force field parameters for PEO-4 [13]

Bond parameters

Bond K, (kcal/molA?) Teg (A)

CT-CT 310.0 1.526
CT-HC 340.0 1.090
CT-0S 320.0 1.410

Angle parameters

Angle K, (keal/mol rad?) 0cq (deg)
CT-CT-HC 50.0 109.50
CT-CT-0S 50.0 109.50
CT-0OS-CT 60.0 109.50
HC-CT-HC 35.0 109.50

Torsional parameters

Torsion No. of paths Vi/2 (kcal/mol) 1y (deg) n

X-CT-CT-X 9 1.40 0.0 3.0

X-CT-0S-X 3 1.15 0.0 3.0

CT-CT-OS-CT 1 0.383 00 -3.0

CT-CT-OS-CT 1 0.1 180.0 2.0

OS-CT-CT-0S 1 0.144 00 -3.0

OS-CT-CT-0S 1 1.00 0.0 2.0
van der Waals parameters

Atom type R* (A) €* (kcal/mol)

CT 1.9080 0.1094

HC 1.4870 0.0157

(N 1.6837 0.1700
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Table A2
Force field parameters for PEI-4

Bond parameters

Bond K, Teq A
(kcal/molA?)

CT-NT [14] 367.0 1.471

NT-HN [13] 434.0 1.010

Angle parameters

Angle Ky 0q (deg)
(kcal/mol rad?)
CT-CT-NT [13] 80.0 111.20
CT-NT-HN [14] 35.0 109.50
CT-NT-CT [14] 60.0 109.50
HC-CT-NT [14] 35.0 109.50

Torsional parameters

Torsion No. of paths V2 v (deg) n
(kcal/mol)

X-CT-NT-X [14] 6 1.0 0.0 3.0

NT-CT-CT-NT [15] 1 0.6 0.0 -3.0

NT-CT-CT-NT 1 0.4 0.0 -2.0

NT-CT-CT-NT 1 0.6 180.0 1.0

van der Waals parameters

Atom type R* (A) e*

(kcal/mol)
NT [T14] 1.875 0.1700
HN [N14] 1.689 0.0157
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