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Molecular Modeling of the Pendant Chain in NafionB 

Stephen J. Paddison and Thomas A. Zawodzinski Jr. 

Materials Science and Technology Division' 
Los Alamos National Laboratory, Los Alamos, New Mexico 87545 USA 

Abstract 

Ion transport through perfluorosulfonic acid ionomers such as NafionB is controlled by both the 

microstructure of the polymer and the charge and water distribution in the hydrated polymer. We present 

here the results of theoretical calculations on the side chain of NafionB, establishing microscopic 

information for the modeling of water and proton transport in the membrane. Optimized geometries for the 

trifluoromethane sulfonic acid fragment (CF,SO,H), the di-trifluoromethane ether fragment (CF,OCF,), and 

the side chain (CF,-OCF,CF(CF,)OCF,CF,SO,H) were determined by means of both ab initio Hartree 

Fock theory with second order Mgller-Plesset electron correlation corrections, and density functional theory 

with Becke's three parameter hybrid method. Several rotational potential energy surfaces were calculated to 

assess chain flexibility and proton accessibility. A probe water molecule was added to each of the fragments 

to characterize hydrophilic sites. These calculations confirmed that the sulfonic acid group is hydrophilic 

and the ethers are hydrophobic. Molecular dynamics simulations were then performed on the side chain to 

check the conditions required to stretch the pendant chain. Thermal averages of several structural parameters 

assessing the flexibility and stretch of the chain were computed from selected conformations produced in the 

simulation and these results indicate that although the sulfonate group is free to rotate, the chain stretches 

little. The construction of a potential energy surface for rotation about the second ether group suggests that 

the side chain exists in a folded or curled up conformation. A physical continuum dielectric solvent model 

was used to obtain free energies of electrostatic interaction of the fragments and the full chain with the 

solvent. 



Introduction 

Nafiono, a DuPont registered t r a d e d  perfluorinated polymer, belongs to a class of polymers 

mfemxl to as ion-containing polymers or ionomers. Although extensive work has been undertaken to 

characterize ionomers, the state and structure of ion aggregation, and the resulting modifications occurring 

upon hydration, are not quantitatively understood even though the importance of such understanding is 

realized [l]. The early work of Ye0 and Eisenberg [2] based on both small angle x-ray scattering d 

thermo-rheological studies, suggested that the ions in Nafiono were clustered, containing some 

fluorocarbon material. This suggestion of ion clustering was further supported by Gierke et al. [3-51 with 

wide- and small- angle diffraction studies on hydrolyzed Nafion@. This work culminated in a microstructure 

model where the morphology of the system was asserted to be an inverted micelle with the SO3- groups 

forming hydrated clusters embedded in the fluorocarbon phase with diameters of from 40 to 50 A. Falk [q 

concluded from an infrared study of water (H20, bo, and HDO) in NafionQ3 that the hydrated ion clusters 

were either much smaller than estimated by Gierke et al. [3-51 or were highly non-spherical in shape with 

fi-equent local intrusions of the fluorocarbon phase. He concluded from his infixed data that hydrogen 

bonding of water in fully hydrated Nafiono was considerably weaker than in liquid water with a substantial 

proportion of water molecules exposed to the fluorocarbon environment. Very recently, Litt [7], through 

reexamination of the data of Gierke et al. [3-51 has proposed a lamellar morphology for Nafionm that upon 

hydrolysis creates polar sulfonic acid domains of large surface area parallel to one other, and connected by tie 

molecules. A similar micelle structure was experimentally observed by Rebrov et al. [8] for N&ion@ 

solubilized in DMF. 

Nafion@ is a phase separated material with a crystalline region consisting of a hydrophobic Teflon 

backbone and a hydrophilic ionic domain made up of randomly attached long pendant chains terminating 

with sulfonic acid groups. The terminal acid functionality is analogous to that of trifluoromethane sulfonic 

acid (triflic acid). O k  interest in perfluorinated ionomers stems from their use in polymer electrolyte fuel 

cells [9]. As the Nafion@ membrane functions as both a separator and an electrolyte in the fuel cell, the 

overall performance of the fuel cell is strongly influenced by the conductivity of the membrane, which itself 

is a function of the state of hydration of the membrane [lo-131. The water content of the membrane is 



largely determined by the interplay of three processes: (a) water absorption by the membrane; (b) transport 

of water through the hydrated membrane by means of the protonic curzent (electroosmoti drag); and (c) 

water diffusion effected by means of water activity gradients. Extensive experimental measurement of 

electroosmotic drag for various sulfonated mznbranes and over a wide range of water contend[14-16], has 

/ I 

suggested that wall effects dominate proton transport and that the structural element controlling proton 

transport is the tethered sulfonic acid group with bound water. 'Ihere is, however, no molecular level 

understanding of electroosmosis, a process common to a wide range of ionic transport phenomena in 

solution. Successful modeling of electroosmosis requires knowledge of both the c6arge and w m  

distribution in the hydrated membrane, areas which are addressed in this paper. 

The pendant chain in Nafiona is a perfhorinated double ether chain krminating with a sulfonic acid 

group with the following structure: -CFOCF2CF(CF3)OCF$F2S03H. In the presence of water, the S03H 

group is easily dissociated to form solvated SO3- and H+. To study charge distribution around the 

hydrophilic sites in Nafiona, we report molecular structures and energies of the full side chain along with 

the trifluoromethane sulfonic acid fragment (CF3S03H), and the perfluorinated dimethy)&er fragment 

(CF,OCF,). The position of a single water molecule relative to ea31 of these molecules was computed to 

assess potential hydrogen bonding sites. Molecular dynamics simulations were also performed on the 

pendant side chain and a set of thermally averaged parameters determined. 

As electrostatic interactions of the tenninal portion of the side chain with the aqu&us environment 

are expected to be important in the solution chemistry of Nafiona, a continuum dielectric solvation model 
/ 

was coupled with the computed electronic energies to assess the effects of the solvent on the charge and 

water distribution in the membrane. 

Computational Methods 

Ekctronic Structure CalculutionS 
/ 

Standard ab initio self-consistent-field (SCF) molecular orbital calculations were performed using the 

GAUSSIAN 94 [17] systems of programs using Hartree-Fock theory with correlated second-order Moller- 

Plesset (h4P2) perturbation theory and Density Functional theory with Becke's 3 parameter functional 

(B3LYP) [18], both with the 631G** split valence basis set [19]. Fully optimized geometries using 



gradient methods [20], were computed for the isolated triflic acid (c&s03H), the ether (CF,OcF,), triflic 

acid with a single ‘p” water molecule (CF3S03H+H20), the di-trifluoromethane ether with a water 

molecule ( ~ 3 o C F & o ) ,  and the entire side chain (CF30CF2CF(CF3)OCF~CF2S031i). A potential 

/ 

energy surface was constructed for rotation about the second ether portion of the side chain with 

optimization of all other degrees of freedom at the HF/ST03-G* level. Electrostatic potential derived atom 

centered partial charges were obtained according to the CHelpG scheme [21]. 

Malecdar Dynamics Simulations 

A molecular’dynamics (MD) simulation was performed on the side chain using the MM2 routine 

supplied in the CS Chem3D software package [22]. The simulation was performed with a target 

temperature of 300 K, a step interval of 2.0 fs and a heatinglcooling rate of 1 kcal/atom/ps. The simulation 

was allowed to run for 20 ns beginning from the minimum energy structure, and a set of 20 structures was 

complied by selecting a conformation after each nanosecond. Single point energy calculations weae 

performed on each conformation at the B3LYP/6-31G** level. The length of the chain along with four 

dihedral angles were measured for each conformation and from this set of structural parameters thermal 

averages were computed. 

Continuum Dielectric Modeling 

Continuum dielectric modeling for studying aqueous solution chemistry problems has become a 

standard theoretical tool in recent years [23-251. Our model [26-281 identifies a solute molecule in a 

solution environment, defines a realistic solute molecular volume based on the geometry of the molecule, 
/ 

positions partial charges describing the solute electric charge distribution in that molecular volume, a d  

assumes that the solvent exterior to the molecular volume may be idealized as a dielectric continuum. ’Ihe 

numerical task is then the solution of the Poisson equation for which a defined local dielectric constant 

jumps from one (1.0) in the inside the molecular volume to the experimental value for the solution in the 

region exterior to the solute molecular volume. The numericd methods used here were boundary integral 

techniques outlined in References 26 and 27. The molecular volume is modeled as the union of spherical 

volumes ~ e ~ t e r e d  on solute atoms. The radii adopted for those spheres depend on atomic type and m 



essentially empirical. Here we used the values determined by Stefanovich and Truong [29]. The value 77.4 

was used for the solvent dielectric constant. 

Results and Discussion 

The optimized geometries of both triflic acid and the triflate anion were reported in a brief 

communication previously [29]. The MP2/6-31G** minimum energy conformatio~ of trific acid with a 

probe water molecule is presented in Figure 1 and indicates a typical hydrogen bonding interaction of the 

water molecule with the sulfonic acid group. A similar optimization was performed for the perfluorinated 

ether with a single water molecule and the minimum energy structure is displayed in Figure 2. We note 

that the trifluoromethane groups are staggered relative to one another in the minimum energy c o n f o d o n  

with water, but are eclipsed in the minimum energy structure of the ether with out the probe water 

molecule. Of particular significance is the fact that the distance separating the oxygen atoms in Figure 2 is 

3.1 1 A and thus, the ether should be considered hydrophobic. This indicates that water will be preferentially 

located at the terminal part of the side chain. Water located elsewhere will not form classic H-bonds with 

the polymer material. This result seems to contrast with the suggestions of Falk [6] that some water in 

fully hydrated Nafiono is associated with the fluorocarbon portion of the chain. 

Having obtained structural information about the fragments we then poceeded to secure an 

understanding of the features of the full pendant chain. With the debate as to whether the water in NafionB 

exists in clusters [3-51 or in lamellar channels [7,8], the structure of the side chain is important. lhe! 

optimized geometry of the entire 22 atom side chain attached to a trifluoromethyl grmp (CF,- 

OCF2CF(CF,)OCF2CF,S0,H) was first determined with Hartree-Fock theory and a small basis set (STO- 

3G*) and then refined with Density Functional Theory with the larger 6-31G** basis set. The minimum 

energy structure at the B3LYFV6-3 1G** level is presented in Figure 3. ’Ihe overall structure of the chain is 

rather curled up relative to the point of attachment to the backbone (C(1)). This is quite surprising in view 

of the predictions of Gierke’s [5] model of a cluster of diameter of between 30 and 50 A with 70 sulfonate 

sites and loo0 water molecules in the fully hydrated Nafiono. The folded geometry of the side chain would 

seem to preclude the possibility of 70 side chains in a cluster of only 50 A. The minimum energy structure 

is also distinctly different from the stretched structure for the side chain suggested in Litt’s lamellar model 



[7]. Therefore, we canied out a molecular dynamics (MD) simulation of the side chain, for the purpose of 

determining whether stretched conformations were tbermodyna$caUy probable. 

'Ihe temperature and corresponding potential for each sampled structure generated in the MD 

simulation is cdected in Table 1. In addition, the relative energies and chemical potentials with respect to 

the minimum energy structure ( t d  ns) are reported in Table 1. As indicated earlier, five structural 

parameters, chosen to assess the flexibility and stretching of the pendant chain, were measured on each 

selected conformation. These included: (1) the distance between the carbon located on the backbone (C(1) in 

Figure 3) and the protcn; (2) the dihedral bond measuring rotation about the SC(19) bond; (3) the dihedd 

bond measuring rotation about the sulfur hydroxyl bond (s--o(25)); (4) the dihedral bond measuring 

rotation about the 0(15)-C(19j bond; and (5) the dihedral bond measuring rotation about the C(9)-C(6) 

bond. These structural parameters are plotted relative to their occurrence in the simulation in Figures 4 and 

5. The C(1)-H bond distance in the minimum energy structure was 6.048 A and from examination of 

/ 

Figure 4 it is clear that only minimal stretching of the chain occurred during the simulation. With the large 

fluctuations in both dhedral angles assessing bond rotations at the sulfonic acid portion of the chain, it is 

clear that this portion of the molecule is quite flexible. This, however, is not the case with the dihedral 

angles in proximity tc the second ether (0( 15)). Figure 5 clearly shows that the variation of these dihedral 

angles was relatively small. This portion of the molecule is stiff. This conclusion is also substantiated 

/ 

fiom the results cf the computed thermal averages of these structural parameters. 
/ 

Thermal averages of the five structural parameters in the side chain are reported in Table 2. ?he 

thermal average of each parameter was computed in the following three different ways: (1) a simple 

arithmetic average of the parameters generated during the MD simulation; and thus based on the Boltzmann 

distribution of the MD potential energies 0; (2) the ensemble average of the generated parameters weighted 

by the sum of the MD potential energy and the computed relative total electronic energy (column five of 

Table 1); and (3) a similar ensemble average but weighted with the addition of the computed ex&s 

chemical potential (column six of Table 1). Examination of Table 2 leads one to similar conclusions as 

deduced from Figures 4 and 5. The length of the side chain as measured by the C(1)-H distance changed 

very little during the simulation and the thermal averages of this parametex are all essentially equal in 

/ 



magnitude and unchanged from that observed in the minimum energy structure (6.048 A). The thmd 

averages of the dihedral angles assessing rotation about the sulfur-carbon ad sulfur-hydroxyl bonds vary 

widely and are quite distinct from the corresponding dihedral angles observed in the minimum energy 

structure; 72.7" and -152.2'. respectively. ' Ih is is in contrast to the dihedral angles associated with rotation 

of the molecule in proximity to the second ether of the chain where them is good agreement amongst the 

thermal averages and with the minimum energy structure of Figure 3; -115.6' and -60.2'. Thus we 

conclude that the pendant chain, while exhibiting substantial flexibility at the terminus, is quite rigid 

around the second ether portion of chain. Furthermore, it maybe asserted that this rigidity in the middle of 

the chain is largely responsible for the curled up structure. 

It was for the purposes of assessing energy costs in stretching the pendant chain that we constructed 

a potential energy surface for rotation about the O(lS)-C(9) bond (the dihedral angle C(l6)0(15)- 

C(9)C( 11)). The relative energy of the chain at lo' increments is reported in Table 3. The corresponding 

conformational potential energy surface is given in Figure 6. This potential energy surface shows that 

during the entire MD simulation the molecule remained in a fairly flat well, centered around -110'. The 

structure of the side chain when the dihedral angle is zero has a substantially lengthened geometry with a 

C( 1)-H bond distance of nearly 9 A but requires an increase in energy of nearly 6 kWmol. Figure 6 also 

reveals the interesting feature of a second, albeit smaller well at 50". Although the C(1e-H bond distance 

of this conformation is nearly 8 A, the chain exhibits the same curled up features of the minimum energy 

structure. This energy barrier to the stretching of the molecule may be substantially flattened through 

solvation but further dielectric continuum modeling is required to verify this possibility. 

Conclusions 

, 
/ 

Our theoretical studies on the ether and triflic acid components of the Nafiona pendant chain indicate 

the ether portion of the side chain is hydrophobic and stiff and the SO3- group is strongly hydrophilic a d  

more flexible. With increasing hydration of the ionomer, the water molecules may be expected to associate 

chiefly with the terminus of the chain. The electronic structure calculations on the side chain resulted in a 

folded or curled up structure for the chain. Further solvation modeling of the chain is required to evaluate 

the energy penalties in the unfolding of the chain in an aqueous environment. If this barrier to the 



stretching of the side chain is mhwd through solvation by 3 or 4 kcaVmol than the stretched or unfolded 

geometry of the chain is a viable structure in the hydrated state of the membrane. 1 
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Figure Captions 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

W 6 - 3 1 G * *  optimized geometry of the triflic acid + water pair. 

W 6 - 3 1 G * *  optimized geometry of the di-trifluoromethane ether + water pair. 

B3LYP/6-31G** optimized geometry of the full pendant chain. 

The length of the side chain during the MD simulation. 

Plots of the change in four dihedral angles during the MD simulation. 

Potential energy surface for rotation about the O( 15>-c(9) bond. 



Table 1 

Potential energies, total and relative electronic energies, and excess chemical potentials computed from MD simulation of the full pendant chain. 

Time Temperature MD PotentiaEnergy (v) Relative Energya Relative Apb Total Relative Energy (TRE) 

(m) 
1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

-\ 

'1 .. 

0 
305.12f27.21 

293.01f26.85 

305.07f3 1.63 

298.98f32.15 

297.25f27.44 

302.52527.90 

304.13f30.05 

290.14f27.89 

295.93f30.08 

296.44f26.7 1 

297.08k34.8 1 

294.3W6.34 

306.23f3 1.33 

298.9 lf28.94 

300.07f35.63 

298.4240.12 

313.7e37.08 

301.04f30.98 

300.78229.44 

-. 

(lccathnol) 

122.65W.525 

124.05W.575 

125.08M.029 

122.743f3.100 

122.955f2.541 

122.828f2.649 

123.581f2.931 

122.961f2.729 

123.323S.870 

123.555f2.548 

124.273f3.358 

124.442k2.555 

122.63233.042 

122.562f2.531 

123.353f3.444 

123.196f3.699 

122.229f3.593 

121.417f2.839 

123.472f2.784 

(lccaVmo1) 

58.628 

46.984 

54.399 

69535 

52.441 

62.7 13 

38.690 

41.071 

55.2095 

5Y .766 

3 I .978 
53.292 

53.124 

58.958 

48.950 

52.633 

61.028 

47.551 

48.417 

\ 

(kcaYmo1) 

- 1.78 
-0.42 

-2.41 

- f.475 
-0.27 

0.33 

0.44 

-0.96 

-1.41 

-2.03 

0.13 

-0.17 

-0.45 

-0.42 

0.56 

-0.55 

-1.40 

-0.07 

0.12 

(kcaVmo1) 

56.84 

46.56 

5 1.99 

62.06 ' 

52.17 

63.04 

39.13 

40.11 

53.80 

55.74 

42.11 

53.12 

52.67 

58.54 

49.5 1 

52.08 

59.63 

47.48 

48.54 



20 303.70-13 1.73 123.66w2.975 49.692 -1.85 47.84 

aBased on a total electronic energy of the minimum energy conformation at the B3LYP/6-31G** level of -2301.3717758 Hartrees. 
"Based on a computed excess chemical potential for the minimum energy conformation of -0.424 eV. 



Table 2 
Thermal Averages computed for several structural parameters of the Side Chain i 

/ 

U 

6.143 

-29.0 

-62.6 

-1 13.2 

-58.4 

Parametef F==l U+TRE U+TRE+Ay 
6.171 6.121 

-123.1 -171.7 

-54.3 -34.0 

-1 10.8 -1 10.9 

-55.5 -52.5 

'See Figure 3 for numbering of atoms. 
"see text for explanation of the distinction in computation of these quantities. 

,/ 

/ 



Table 3 
Potential Energy Surface for the Side Chain: rotation about the C(16>-0(15)’ bond. 

Anle,deg Relative Energyb 
(kcaVmo1) 

180 0.17 
170 0.59 
160 1.67 
150 3.09 
141) 4.44 
130 5.94 
120 6.02 
110 5.70 
100 5.12 
90 4.53 
80 4.11 
70 4.08 
60 4.00 
50 3.71 
40 4.04 
30 4.71 
20 5.28 
10 5.65 
0 5.74 

-10 4.81 
-20 3.94 
-30 2.93 
-40 1.88 
-50 1.03 
-60 0.66 
-70 0.45 
-80 0.05 
-90 0.03 
- 100 0.05 
-1 10 ’ 0.11 
-120 0.15 
-130 0.07 
- 140 0.09 
-150 0.29 
-160 0.22 
-170 0.17 

-84.9627 0 
‘See Figure 3 for numbering of atoms. 
bBased on a total electronic energy of the minimum energy structure at the HFIST03-G* level of 
-2262.0473738 Hartree~. 
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