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A three-dimensional potential for the interaction between the lithium cation and the 
sulfo group of an aromatic polyamide including both the Lennard--Jones and Coulomb 
contributions was constructed. The Coulomb contribution was calculated using the 
semiempirical quantum-chemical MNDO method. The potentials accounting for the changes 
in the electron densities at the cation and the sulfo group and neglecting these changes (the 
atom--atom approximation) and the corresponding energy profiles of the migration of the 
lithium cation in a perfectly dry membrane were compared. 
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An understanding of the processes of the transport of 
alkali metal cations through ion-exchange membranes 
requires knowledge of the microstructure of cation- 
transport paths and the elementary events occurring in 
cation transfer between the ionic groups. Currently, 
experimental data on the study of the microstructure of 
polyamide membranes t,2 and a theoretical description 
of the membrane transport 3 are available. However, the 
experimental data have not been interpreted quantita- 
tively at the level of elementary events that accomplish 
the transport process. The use of conventional molecular 
dynamics, Monte Carlo, or cluster methods presents 
difficulties because these methods are based on a tom--  
atom approximation including Lennard--Jones and Cou- 
lomb contributions and are incapable of accounting for 
the nonadditivity of interparticle interactions in the Li--  
SO 3 system. 4 

The aim of this work was to obtain the energetic and 
electronic characteristics of  the detachment of the lith- 
ium ion from the ionic sulfo group of a polyamide 
membrane using the semiempirical quantum-chemical 
SCF MO LCAO method in the MNDO approximation. 
The calculated geometries, electron densities, and ener- 
getics of the system make it possible to construct the 
interparticle potential of  the interaction between Li and 
atoms of the polymer, which accounts for the anisotropy 
of the potential energy surface in the surroundings of the 
sulfo group and the nonadditivity of the interactions 
between these atoms. This potential can subsequently be 
used in theoretical calculations. As an example, the 
potential obtained was used for calculation of the energy 
profile of cation migration in the amorphous part of a 
perfectly dry polyamide membrane. The energy profiles 
were compared with those calculated in the a tom--a tom 
approximation. 

A polyamide membrane consists of two copolymers: 
ion-conductive copolymer A (fraction ct = 100--30 %) 

and non-ion-conductive copolymer B (fraction 13 = 0-- 
70 %). Quantum-chemical calculations were performed 
for a fragment of the chain containing the SO 3 group. 
This fragment was chosen because of a relative stability 
of the calculated parameters (geometry, charges, and 
energies) upon increasing the size of the fragment. In 
the calculations, the coordinates of the terminal atoms 
were fixed for maintaining the total length of the co- 
polymer unchanged. 

The following fragments were considered (the atoms 
with fixed coordinates are marked with asterisks): 

H" 1~03_H* H*--NH 2~03_NH -H* 

H * - - @  CONH - @ H *  

3 S03- 
H*~03_ NH4~~- H" 

H*--- NH - - @ N H  - - @ H *  

SOa- 5 
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Table 1. Geometric parameters and charges on atoms for the fragments of the polyamide membrane* 

Fragment Angle/deg Bond length/]~ Charge/a.u. 

C--C--S  C--S--Li  C--S S--Li Qc Qs Qo(I) Qo(2) Qo(3) QLi 

1 122.0 115.0 1.78 3.31 -0.387 1.715 -0.769 -0.721 -0.723 0.642 
2 120.0 114.0 1.79 3.31 -0.372 1.732 -0.773 -0.703 -0.725 0.638 
3 122.5 115.0 1.78 3.31 -0.390 1.718 -0.768 -0.721 -0.721 0.646 
4 118.8 116.0 1.78 3.31 -0.458 1.717 -0.766 -0.735 -0.722 0.640 
5 118.8 116.0 1.78 3.31 -0.457 1.717 -0.764 -0.733 -0.721 0.642 

* The coordinates of lithium atoms are specified with reference to fixed C and S atoms, because the coordinates of oxygen 
atoms vary significantly upon displacing lithium atoms. 

The geometr ic  parameters  and a tomic  charges of  the 
above-men t ioned  fragments are l isted in Table 1. 

The  largest differences are observed in the  first three 
fragments.  For  f ragment  5, the parameters  are vir tual ly 
ident ical  to the  corresponding parameters  of  f ragment  4, 
and therefore,  these parameters  are used in all subse- 
quent  calculat ions.  

The in teract ion potent ia l  for L i - - S O  3 in the  poly-  
amide  membrane  was const ructed similar ly to that  for 
the  perf luor inated  sulfocat ioni te  membrane .  4 The en- 
ergy of  the  de tachment  of  the Li + cat ion from the SO 3- 
group along the selected direct ions ("rays") was cal-  
culated by the M N D O  method  (the A M P A C  program).  
The  posi t ion of  Li was specified by a set of  internal  
coordinates  (R, a ,  q0), where R is the  distance between 
Li and S, ct is the C - - S - - L i  angle, and q~ is the dihedral  
angle between the C - - C - - S  and C - - S - - L i  planes.  By 
analogy with the  salts of  sulfonic acids, the  O - - L i  bond 
actual ly exists in the  given system. In the  calculat ions of  
the  potent ia l  under  study, the  posi t ions of  the atoms of  
the sulfo group were op t imized  at each of  the  fixed 
S - - L i  distances,  and the O - - L i  bond  length was varied 
within the  opt imizat ion.  The pa ramete r  R was varied 
from 2.0 to 5.0 h with steps of  0.3 A. The  angles are 
given in Table 2. 

The  potent ia l  constructed is th ree -d imens iona l ;  it is 
represented by a table containing the binding energies of  
Li with SO3, the charges of  all a toms of  the  fragment,  
and the d i sp lacement  coordinates  of  the  atoms of  the  
SO 3 group relative to the nearest  C a tom of  the  benzene  
ring. The cubic spline in terpola t ion according to the 

algori thm from Ref. 5 was used for the calcula t ion of  
in termedia te  values, 

Figure 1 presents the results of  calculat ions  of  (a) the  
charge on the l i th ium cat ion Q and (b) the  binding 
energies AE for the  13 specified rays. No te  that  for a 
po lyamide  membrane ,  Q and AE show a s t ronger  de-  
pendence  on the number  of  the  ray N (a h igher  spread) 
than  for a perf luorinated sulfocationite membrane ,  which 
is due to the  effect of  a nearby benzene  ring. 

The anisotropy of  the  potent ia l  energy surface in the  
surrounding of  the sulfo group is convenient ly  i l lustrated 
in Fig. 2, which presents the angular  dependences  of  
the  potent ia l  for L i - - S O  3. The in te rmedia te  values of  
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Table 2. Dihedral angles between the C--C--S  and C--S--Li  
planes -100 

IO 

N* c~ ~ N* tx [~ 

1 9O -9O 8 120 9O 
2 120 -90  9 150 90 
3 150 -90  10 90 180 
4 90 0 II  120 180 
5 120 0 12 150 180 
6 150 0 13 180 --  
7 90 90 

* N is the ray number. 

-150 

Fig. 1. Results of MNDO calculations for the fragment of the 
aromatic polyamide: (a) charge on the lithium cation; (b) 
binding energy. The numbers at the curves are the ray num- 
bers. 
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Fig. 2. Sections of the potential energy surfaces in the sur- 
roundings of the SO 3 group: (a) equipotential lines in the polar 
coordinates (AE = -80  kcal/mol); (b) dependences of the 
energy AEon the dihedral angle cp (Rs_Li = 4.1 /~); c~: (1) 90 ~ 
(2) 120 ~ , and (3) 150 ~ . 

energy for different  angles a and q0 were obta ined using 
the in te rpo la t ion  procedure .  Figure 2a shows equi-  
potent ia l  l ines in po la r  coordinates .  The distance R is 
p lo t ted  on the  radius,  and the angle q~ is used as the  
polar  angle. The  three  closed curves correspond to d i f -  
ferent  a angles. Deviat ions  from circles indicate  that  the 
potent ia l  is asymmetr ic .  The max imum deviat ion occurs 
at a = 69 ~ Figure  2b gives the  dependence  of  the  
potent ia l  on the  d ihedra l  angle q0 for three a angles. The 
largest dis tor t ions appear  in curve 1 corresponding to the  
smallest  a angle,  and the  smallest  distort ions appear  in 
curve 3 corresponding to  the  largest a angle. 

The po ten t ia l  for Li - -SO3 was used in the  calcula-  
t ion of  the  profile of  migra t ion  of  the Li + ca t ion in a 
pore  o f  a po lyamide  membrane .  The pore was mode led  
by a set of  per iod ica l ly  repeated images of  the  unit  cell 
conta in ing copolymers  A and B. The copolymers  were 
const ructed  by addi t ion  of  the  lacking a toms with typical  

bond  lengths, angles, and charges corresponding to an 
infini tely distant  cation. The constraint  of  electr ic neu-  
tral i ty was imposed  on the charges. 

The base unit  o f  the  polyamide  membrane  is given in 
Fig. 3a. Figure 3b presents  the potent ia l  profile of  the 
migrat ion of  the  l i th ium cat ion along the polymer .  The 
path  of  the  d isp lacement  of  the  cat ion was chosen so 
that  it passes as close as possible to the op t imu m posi-  
t ion,  but  does not  intersect  the Lenna rd - - Jones  spheres 
of  the a toms in the  chain.  To account  for the  rigid 
a tomic  spheres,  the potent ia l  was supp lemented  by the 
Lennard - - Jones  t e rm from Ref. 4. 

The in terac t ion  potent ia l  between the l i th ium cat ion 
and the sulfo group was considered within two approxi-  
mations:  a t o m - - a t o m  (curve 2) with fixed charges (infi- 
ni tely distant  l i th ium) and with varying charges (curve 
1). At  large distances,  the  two potent ials  are the  same 
and correspond to the  convent ional  a t o m - - a t o m  ap-  
proximation.  As expected,  the  in teract ion between Li 
and the SO 3 group makes the largest contr ibut ion.  The 
two potent ials  differ only in the vicinity of  the sulfo 
group. When  charge redistr ibut ion in this region is taken 
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Fig. 3. Potential energy of the migration of the lithium cation 
in a polyamide membrane (1) involving the electrostatic con- 
tribution obtained by quantum-chemical calculations and (2) 
within the conventional atom--atom approximation. 
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into account, the potential minimum becomes deeper 
by 25 %. 

Thus, on the basis of the MNDO quantum-chemical 
calculations, the three-dimensional potential of the inter- 
action between the Li + cation and the atoms of the 
polyamide membrane, which accounts for the nonaddi- 
tivity of interparticle interactions, was constructed. This 
potential was used for the calculation of the profile of 
migration of Li along the channel of the membrane. It 
was demonstrated that charge redistribution should be 
taken into account in the systems containing charged 
particles. 
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