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This project was a molecular dynamics study of the relevant issues associated
with the structure and transport of lithium in polymer electrolytes such as polyethy-
lene oxide(PEO) . In close collaboration with quantum chemist Larry Curtiss and
neutron scatterers David Lee Price and Marie-Louise Saboungi at Argonne, we used
molecular dynamics to study the local structure and dynamics and ion transport
in the polymer. The studies elucidated the mechanism of Li transport in PEO,
revealing that the rate limiting step is extremely sensitive to the magnitude of the
torsion forces in the backbone of the polymer. Because the torsion forces are dif-
ficult to manipulate chemically, this makes it easier to understand why improving
the conductivity of PEO based electrolytes has proven to be very difficult. We
studied the transport properties of cations in ionic liquids as possible additives to
polymer membranes for batteries and fuel cells and found preliminary indications
that the transport is enhanced near phase separation in acid-ionic liquid mixtures.

This project addressed a long standing problem of inadequate lithium con-
ductivity in polyethylene oxide based membranes for lithium-polymer batteries by
studying the mechanism of lithium transport in amorphous polyethylene oxide. We
developed a molecular dynamics model for the amorphous polymer 1,2and verified its
validity by comparison with elastic neutron scattering experiments done at Argonne
3. Because the molecular dynamics model uses the united atom model, we adopted a
representation of the hydrogen positions (actually deuterium in the experiment) to
make the comparison. We placed hydrogen scatterers in the appropriate tetrahedral
positions around the united atom carbon positions. We used two statistical distri-
butions of the hydrogen positions. In the first, described in reference 3 , we used
a spherically symmetric distribution around classical positions. Later2, we derived
an appropriate , nonspherically symmetric distribution from quantum mechanical
first principles. Other computational innovations in these simulations included pro-
duction of the simulation sample by digital ’polymerization’. In studies of barriers
to lithium transport in the model of polyethylene oxide, we published a report4 of
relaxed barrier distributions, consistent with both first principles calculations and
experiment.

Using recently developed potentials for perchlorate interaction with polyethy-
lene oxide we carried out a study of lithium perchlorate ion pairing in amorphous
polyethylene oxide5 The results showed that there are two minima in the poten-
tial of mean force between the lithium and perchlorate ions. One of these, at a
lithium-chlorine separation of a little more than 3 Å corresponds approximately to
the predicted distance of a stable lithium perchlorate dimer in vacuum. However,
the calculated potential of mean force indicates a very significant component of
entropic binding in the pair at this separation in the amorphous polymer. Such an
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effect has been observed in polymer electrolytes 6 and Marc Ratner and colleagues
7 suggested qualitatively that the effect was an entropic one. The second minimum
in the potential of mean force for the lithium-perchlorate ion pair in amorphous
polyethylene oxide occurs just above 6 Åand is associated with a fully six-fold oxy-
gen coordinated lithium ion bound to the perchlorate. There is little or no entropic
component to the binding free energy of this second pair state.

In the later years of the project we used the molecular dynamics model for
lithium salts in amorphous polyethylene oxide to study the mechanism of lithium
transport. We accumulated a large amount of data on lithium transport events in
our using an adaptation of the ’parallel replica method’, due to Voter 8−11 . In
these studies we established that Li transport occurs in the amorphous polymer
by occasional transfer of lithium ions from one solvating oxygen cage to another
as the polymer rearranges its configurations on a time scale set by its ’crank-shaft’
dynamics which are controlled by the torsion forces in the PEO backbone. When
the polymer configuration is favorable, the lithium transfer occurs very rapidly (on
picosecond scales) so the rate limiting dynamical step is the polymer rearrangement
which is much slower (nanoseconds). This qualitative insight is in agreement with
results by the Curtiss group on smaller clusters, with earlier, qualitative models
by M. Ratner and coworkersi12 and with independent simulation by Borodin and
Smith13and others. However, this insight has unfortunately not led to design of
improved polymer electrolytes, mainly because it is difficult to find polymers which
effectively reduce the torsion forces in the polymer backbone.

In the last year of the project, we studied transport of cations, particularly
protons, in ionic liquids, because ionic liquid additives have been proposed as a
solution to transport problems in membranes of both batteries14 and fuel cells15.
Extending a previous collaboration with 3M, we showed that mixtures of 1-ethyl-3-
methylimidazolium (EMI)- bis(triflouromethylsulfonyl) imide (TFSI) and the acid
H-TFSI appear to exhibit maximum proton conductivity when the mixture has
a concentration near the concentration at which the acid and ionic liquid phase
separate15. We have also done some preliminary work on lithium cations in ionic
liquids, with more direct application to the battery problem in mind.

References
1.B. Lin, J. W. Halley and P. T. Boinske, Journal of Chemical Physics 105, 1668
(1996)

2.Yuhua Duan, J. W. Halley, B. Nielsen, Paul C. Redfern, and Larry A. Curtiss)
Journal of Chemical Physics 115, 3957 (2001)

3.J. Johnson, M-L. Saboungi, D. L. Price, S. Ansell, T. P. Russell, J. W. Halley
and B. Nielsen, Journal of Chemical Physics (in press)

4. Materials Research Society Proceedings 496, ”Materials for Electrochemical
Energy Storage and Conversion II Batteries, Capacitors and Fuel Cells” D.S. Ginley,
D.H. Doughty, T. Takamura, Z. Zhang, B. Scrosati, eds.(1998) p.101

5. J. W. Halley, Y. Duan, L. A. Curtiss and A. G. Baboul, J. Chem. Phys. 111,
3302 (1999)

6.H. S. Lee, X. Q. Yang, J. McBreen, L. S. Choi
and Y. Okamoto, J. Electrochem. Soc., 143, 3825(1996)

2



7.M. A. Ratner and A. Nitzan, Faraday Discuss. Chem. Soc. 88, 19 (1988)

8.A. F. Voter ,Phys. Rev. B57, R13985 (1998)

9.J. W. Halley and Y. Duan,in ”Interfaces, Phenomena, and Nanostructures in
Lithium Batteries Workshop”, Electrochemistry Society , A. Landgrebe, R. J. Klin-
gler, editors (2001) p. 317

10.J. W. Halley and Y. Duan, Journal of Power Sources 110, 383 (2002)

11.Yuhua Duan, J. W. Halley,Larry Curtiss, Paul Redfern, J. Chem. Phys. 122,
054702 (2005)

12.N. Boden, S. A. Leng, and I. M. Ward, Solid State Ionics, 45 , 261 (1991)

13.O. Borodin and G. D. Smith, ”Molecular dynamics simulations of poly(ethylene)
oxide LiI melts. 2. Dynamic properties”, Macromolecules 33, 2273-2283, (2000)

14.J. H. Shin, W. A. Henderson and S. Passerini, J. Electrochem. Soc. 152, A978
(2005)

15. Lingling Jia, Dat Nguyen, J. W. Halley, Phat Pham, William Lamanna and
Steven HamrockJourn. of the Electrochemical Society 156(1) B136-B151 (2009).

Personnel:

Bin Lin, postdoctoral associate, 1993-1996

Yuhua Duan, postdoctoral associate, 1997-2003

Paul Boinske, graduate student 1993-1995

Min Zhuang, postdoctoral associate 1998-2001

Lingling Jia, postdoctoral associate 2005-2006

Papers:

“A Molecular Dynamics Model of Dimethyl Ether” B. Lin and J. W. Halley, J.
Physical Chemistry 99,16474 (1995)

“ A Molecular Dynamics Model of the Amorphous Regions of Polyethylene
Oxide” (with B. Lin and P. T. Boinske) J. Chem. Phys. 105, 1668 (1996)

“Lithium Ion Transport in a Model of Amorphous Polyethylene Oxide” (with
P. T. Boinske, L. Curtiss, B. Lin and A. Sujiatano) Computer Aided Materials
Design 3, 385 (1996)

”Simulation Studies of Polymer Electrolytes for Battery Applications” (with
B. Nielsen) Materials Research Society Proceedings 496, ”Materials for Elec-
trochemical Energy Storage and Conversion II Batteries, Capacitors and Fuel
Cells” D.S. Ginley, D.H. Doughty, T. Takamura, Z. Zhang, B. Scrosati, eds.(1998)
p.101

3



“Atomic Structure of Solid and Liquid Polyethylene Oxide”, J. Johnson, M-L.
Saboungi, D. L. Price, S. Ansell, T. P. Russell, J. W. Halley and B. Nielsen,
Journal of Chemical Physics 109, 7005 (1998)

”Lithium perchlorate ion pairing in a model of amorphous polyethylene oxide”
with Y. Duan, L. A. Curtiss and A. G. Baboul, J. Chem. Phys. 111, 3302
(1999).

”Simulation of battery components and interfaces on the atomic scale: examples
of what we can learn”, J. W. Halley and Y. Duan, Journ, of Power Sources 89,
139 (2000)

” Mechanisms of Lithium Conductance in PEO from Molecular Simulation”
(with Y. Duan) in ” Interfaces, Phenomena, and Nanostructures in Lithium
Batteries Workshop , A. Landgrebe, R. J. Klingler eds. ECS proceedings volume
2000-36 (2000) p. 317

”Simulation of polyethylene oxide: Improved structure using better models ”
(with Yuhua Duan, B. Nielsen, Paul C. Redfern, and Larry A. Curtiss) Journal
of Chemical Physics 115, 3957 (2001)

”Role of atomic level simulation in development of batteries” (with Y. Duan),
Journal of Power Sources 110, 383 (2002)

”Mechanisms of Lithium Transport in Amorphous Polytethylene Oxide” Yuhua
Duan, J. W. Halley,Larry Curtiss, Paul Redfern, J. Chem. Phys. 122, 054702
(2005)

” Proton Transport in HTFSI-EMI-TFSI Mixtures: Experiment and Theory”
Lingling Jia, Dat Nguyen, J. W. Halley, Phat Pham, William Lamanna and
Steven Hamrock, Journ. of the Electrochemical Society 156(1) B136-B151
(2009)

Presentations:

Advanced NonAqueous Battery Research and Technology and Development
Workshop, Hunt Valley, Maryland, October 15-17, 1997

Materials Research Society in Boston, MA December 1-5 (1997) Symposium on
Battery Technology.

Electrochemical Society, Twin Cities section, March 30, 1998

DOE Battery Workshop, July 13-15 1999, Maryland

Workshop on Structure, dynamics and charge transport in polymeric materials
,June 19-22, 2000 Argonne National Laboratory

Workshop on Interfaces, Phenomena and Nanostructures in Lithium Batteries
December 11-13, 2000

4



Workshop on Engineering Models for Advanced Batteries held in Crystal City,
Virginia August 14-16, 2001

Materials Research Society Meeting, Boston, December 2004

5


