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ABSTRACT

The ab initio calculation on the conformation of a single PEO chain and the -
structure of PEO/salt complexes were reported. First; the conformational properties and
. new Rotational Isomeric State (RIS) model have been derived, based upon both semi-
- empirical (PM3) and ab initio (HF-SCF and MP2) electronic structure calculation of the
- three representative segments of PEO (semi-empirical) and 1,2-dimethoxyethane, DME (ab
initio). The RIS model, with all the parameters derived from the conformational geometries
and energies of DME, predicts the chain dimensions, the dipole moments, and their
temperature coefficients for PEO in good agreement with experiments. At a more local
scale, the model reproduces the fraction of bond conformers in close agreement with the
data from electron diffraction and NMR coupling constants. Next, several stable structures:
of the 1:1 complexes of an alkali ion with di-, tri-, tetra-, penta- and hexaglyme
[CH;0(CH,CH0),CHs, n=2-6] were obtained at HF level of theory employing the 3-
21G* basis set. Various different stable complexes were found with coordination numbers
ranging from two to six. The total energies and the binding energies were evaluated by
using density functional theory (DFT) calculations (B3LYP/6-31G*//HF/3-21G*) and
showed the total binding energy to increase with the chain length. The average binding
energy per bond for a specific coordination number for alkali cation shows only minor
changes when extending the oligomer.

INTRODUCTION : _

Polymer solid electrolytes (PSE) based on polyethylene oxide (PEO), (CH;CH20),,
polymers and/or oligomers and an alkali salt are of great interest in the context of
.developing modern and environmentally friendly large secondary baiteries and of
fundamental scientific interest. These types of PSE to a large extent still rely on the ability
of the repeated ethylene oxide unit to coordinate cations. PEO is known to be one of the
most flexible polymers characterized by a smali value of the unperturbed dimension. The
polymer is soluble in various organic solvents as well as in water. It has long been
established that PEQ chains have a large fraction of bonds in gauche conformations. This is
a specific example of the gauche effect in which polar substituents cause the preferred
conformation about a C—C bond to switch from frans to gauche. Several attempts have
been made to describe PEO using rotational isomeric state (RIS) models parameterized on
the basis of molecular mechanics predictions of the conformational energies and geometries
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of small modcl molecules In an effort to account for d1screpanc:1es betwcen ‘RIS model,
electron diffraction and ab initio results of PEO model compound (duncthyl ethane, DME),
we have undertaken a detailed ab intio analysis of the conformational energies of DME, As
we plan to study PEO/Salt: complexes using both experimental (Extended X-Ray
Absorption Spectroscopy, EXAFS) and computational (ab initio calculatlon) approaches,
some preliminary results concerning structures and energetics of PEO/Li" were investigated
based on a first principle calculation. It is expected that the outcome of this work will lead
to a more understanding about the relationship between their atomistic nanostructures and
material properties : :

COMPUTATION: RIS Model:

Geometries and conformational energies of model segments of PEO are determined
at HF-SCF and MP2 level. The basis set used in this study, 6-311G and D95, are split
valence (with three functions for the valence orbitals) and double-x, respectively. The basis
sets can be further augmented by including a set of diffuse sp function [+ and ++] and
polarization function [* and **}. Conformational geometries are determined by fully
optimizing the original molecule geometries. Vibrational frequencies are calculated. to
verify the stationary points. Semi-empirical calculation of 3 model units of PEO is also
performed at the PM3 level to determine the overall shape of the conformational energy
map. Parameters for RIS model are obtained via multiple linear least square regression, RIS
calculation is performed using an in-house Fortran program. PEO/Li" Complexes: Initial
calculations on the starting geometries were made with the semi-empirical PM3 method,
The subsequent final geometry optimizations at HF level used the standard 3-21G¥ basis
set. Vibrational frequency calculations were performed at this level of theoty. to confirm
that the structures obtained were true minima. Because of the size of the systems, the
encrgies were finally evaluated using DFT methods at the B3LYP/6-31G* level of theory
(B3LYP/6-31G*//HF/321G*). The bonding energies are defined as Ebc,«fv{ﬁf_.(Lifeglymc
complex)-[E(glyme (in the complex geometry)) + E(Li")]}. Suitable starting geometries
were selected on the basis of two different stable complexes/structures with the
conformations G a aG'a and aG™a g"G*a, referred to as structure 1 and 2., Next, a
sequence of three ether oXygen atoms is suitably arranged for coordination to a metal ion,
All calculation are performed with the quantum chemistry package GAUSSIAN 98w which
is mstallcd on Pentium 4 CPU 3 2 GHz with 1 GB RAM. L :

RESULTS AND DISCUSSIONS .

Conformational Characteristics of PEO: The geometries and ene;rglcs of the low-
cnergy conformers of DME employing quantum chemistry methods (HF, MP2 and DFT) at
various basis 'sets were obtained. The energy of gauche conformation of the O—C—C—0
-bond-relative to the fzans conformation depends strongly not only on the basis set size but
-also on electron correlation effects. The effect of basis set and electron correlation on thc
energy of the #gr conformer of DME relative to-the ft# conformer were mvestlgated as
followed. First, molecular geometry of the tg¢ and ¢ confomers of DME were optlrnlzed at
- the MP2 level using D95** basis set. Then, these optimized geometry was used in single-
pomt energy calculation at both SCF and MP?2 levels for various basis sets. These data are
~given in Table 1. Electron correlation effects were founds to be quite important. The MP2
energy differences are all at least 0.5 kcal/mol lower than SCF values for the same basis set.
“The electron correlation effects increase as the size of basis set increases. Geometries and
‘conformational energies of nine rotamers of DME were optimized at the HF/6-311+G* and
D95** level. Calculated dihedral angles of the skeleton bonds and conformational energies
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~ of the nine rotamers are also summarized in Table 2. Next, we develop a simple three state
second-order RIS model for PEQ and have establishes all parameter values based upon the
ab initio conformational energies of model compound. The RIS model for poly(A-A-B)
chains, in which all bonds are subject to a symmetric 3-fold torsion potential with the
nearest neighbor interdependence, is given by the following three statistical weight matrices
for three successive bonds of type A-A, A-B, and B-A.

1 oy T
Uy, ={1 [ a'MmMjl

(1 om Tpp
Uu=|l om Opty U=
1 o0y Oy

1 0@y O

1 o, G
b o, O

1 o0, o4

In the matrices, the rows and columns define the states of bonds i - 1 and i,
respectively. The three accessible rotational isomeric states for each bond are ¢, g*, and g,
used in this order in the matrices. The gaa and oap are the statistical weights for the A-A

and A-B type first-order interactions, and waa and wap represent the second-order
interactions. They are calculated as Boltzmann- factors using the energies calculated from-
an ab initio QM calculation. The short-range interactions determine. the local chain -
conformation for an unperturbed chain; Our RIS model of PEQ includes low-energy g*g":
C-0-C-C-O conformations and the energy of the O-C-C-O gauche conformation is
considered to be slightly higher than that of the frans conformation. Some sets of the ab -
initio and representative RIS conformational energies are summarized in Table 3. All
statistical weight parameters were calculated from these results. Next, standard matrix
multiplication methods were utilized to determine mean-square chain dimensions and
dipole moments from statistical weights and matrices estimated from conformational
average of ab initio optimized conformational energies of DME. Calculated and
experimental values of polymer properties are also given in Table 4. The local bond

property i.e. NMR vicinal coupling constant was also found in close agreement with
experiment,

Structures and Energetics of PEO/Alkali Salt Complexes: Several stable structures of
the 1:1 complexes of a lithium ion with tetra-, penta- and hexaglyme
[CH30(CH,CH,O),,CH;, #n=4-6] have been obtained with ab initio calculations at the
Hartree—Fock fevel of theory employing the 3-21G* basis set. Twenty-three different stable
complexes were found with coordination numbers of lithium ranging from four to six. The
total energies and the binding energies were evaluated by using density functional theory
(DFT) calculations (B3LYP/6-31G*//HF/3-21G*) and showed the total binding energy to
increase with the glyme length. The average binding energy for the different glymes
reaches a maximum of 620 kImol™' for the hexaglyme complexes, with an absolute
maximum of 631 kJ mol™ obtairied for a hexacoordinated Li’—hexaglyme complex. The.
average binding energy per bond for a specific coordination number for lithium shows only
minor changes when extending the ofigomer (<5 kJ mol™ bond ™). The large number of
complexes obtained with clearly different geometry within a small energy range — six
different complexes within ‘15 kJ mol™ for lithium—tetraglyme — clearly reflects the
flexibility of the oligomer chains. To compare all the Li*-oxygen distance qualitatively for
all complexes obtained, a histogram is shown in Figure 1(b) from which an estimate give us
a peak at 2,03 A, This value will be later compared with the RDF obtained the EXAFS
experimental results, The large number of complexes obtained with clearly different
geometry within a small energy range clearly reflects the flexibility of the oligomer chains.
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CONCLUSION:

On the basis of high-level quantum chemistry calculatmns (HF-SCF, MP2 DFT),
.we have shown that the conformer populations of PEO determined from ab initio electronic
structure calculations of the low-energy conformation of model compounds using a large
basis set and including electron correlation effects agree with those estimated from
experimental electron diffraction data and reproduce NMR coupling constants,
characteristic ratio and dipole moment reasonably well. The structures and energetics of
PEO/Li" complexes showed the total binding energy to increase with the chain length.
Dlst;{butlon of Li-O distance are found in the range of 1.9 to 2.4 A with the hlghest peak at
2.0
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Table 1 The difference in Energy between the #f and tgt Conformer of DME

Basis set . AHF AMP2 AB3LYP
6-31G* 1.40 0.60 0.52
6-314G* 1.40 0.41 0.64
6-311+G* 1.26 0.28 0.71
6-311++G* 1.24 0.23 0.54
Dog** 1.30 NA NA
D95+H2dfp) 0.96 NA NA

ible 2 DME Geometries and Energies (calculates at HF/6-311+G* and D95**)

Conformation A A
{degeneracy) Dy O, D, 6-311+G* D95**
' HF MP2 HF MP2
TIT ' 179.94 | -179.92 | -179.99 7 0.00 0.00 0.00 0.00
TGT ~17478 | -174.75 | 7342 1.26 0.29 1.30 0.83
TG i -178.21 89.72 179.52 § 2.08 1.67 3.85 1.40
GTG 90.12 90,08 | 178.19 | 4.30 3.48 3.52 3.01
GTG? 88.95 -8896 | 178.00 | 4.09 | 3.37 3.10 2.69
TGG -178.34 7996 | 6595 3.34 1,96 1.65 1.90
TGG -177.86 | -91.13 71.46 1.78 0.28 3,96 0.44
GGG 63.83 63.84 48.22 426 1.68 3.85 1.69
GGG’ 85.24 -82.45 72,68 1.26 2.10 3.52 1.77

Table 3 RIS model of PEO from gb initio calculation of DME model compound

5 ‘ 2 MP2 S RIS
(W | Conformer Repr’eslglstraﬁon 6-31;?&'(;* D95 Elﬁi‘gf EnergﬂJ
B it 0 000 000 000  0.00
tpa‘ tgt Eo 029 075 020 023
e tig Ep 167 124 140 175
N S tgg Ea+Ep 1.96 1.77 1.20 1.98
h@ 128’ Eo+ Er+Ew 028 024 038 0.30
tig gig 2Ep 348 290  2.80 3.50
A gtg’ 2Bp 337 261 2.80 3.50
1 e Eo+ 2Ep+En 210 168 178 2.05
Lt g'eg Fo+2Ep+2Bw 348 233 095 0.37
porameter st 3 Hs = geg Eg+2Ep 168 169 2.60 3.73

200, Er = 1400 and Ew = -825 cal/mol, "Parameter sei 4 Ea = 230, Ep = 1750 and E = -1680 cal/mol.
Disagreement for g’g’g and ggg conformational energy is due to third order interaction effect (not included in
the present work)
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Table 4 Characteristic ratio and d'iiilble moment ratio for PEQ
<r>g/nt* <o /nrm’ [d In<r>o*dT] [d In<p>oHdT]
(273 K) Q73 K) 0%k . (10°Kh
Observed* 52 0.53 0.23 T 2.6
PM3 2.08 0.54 0.17 e 0.27
AD initio
 Parameter scts 3 52 0.24 026 1.98
Parameter sets 4 3.75 0.15 0.95 3.34
- Obgerved: D. R. Beech and C, Booth, J. Polym. S¢i,, Part 4-2, 1969, 7, 575.
Calculate: A, Abe Polym. J., 1982, 14, 427,
Table 5 Bond conformations and NMR vicinal coupling constants of PEO
298 K
Case £ 8° “hm Pmm Jen :
Hz) (Hz) (Hz) ! 3JHH -
PM3 0.19 0.63 6.17 4.51 441 ——
Ab initio | HOI
Parametersets 3 0.22 0.81 6.03 472 3.03 CH3#OT(|:“;C|:‘; O—CH;
Parameter sets 4 027 0.74 579 507 3.6l 3 3 1}-{
Electron 021 064 - - N JCH J CH
diffractiona ’ :
RISa 021 079 - - -
385 4.69 4.09
Expilab T T 581 478 423

W 1T 24 28 w3 30

i
*= ~ Angstrem; i

F1gure I (a) Total: bondmg energy asa functmn of cham 1ength {b) histograms of Li*-
oxygef'distance. -
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