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a b s t r a c t

Polyphosphazenes are considered to be more useful as proton-conducting membranes
than Nafion due to their low methanol permeability, low water swelling ratios, satisfactory
mechanical properties, and conductivities comparable to those of Nafion. In this work,
compounds 1–6, six polyphosphazenes with different side groups, were designed and cal-
culated. Structural parameters, proton affinities and water adsorptions were obtained on
the basis of the optimized geometrical structures. Our calculations were in agreement with
experimental results. It was found that the proton conductivities of the sulfonated
poly[(aryloxy)phosphazenes] (R1@SO3H) are higher than those of the phosphonated ones
(R1@PO3H2), while the phosphonated poly[(aryloxy)phosphazenes] will retain water better
at higher temperature than the sulfonated ones. The electron-withdrawing substituent of
R2 is beneficial to proton conductivities and water adsorptions of both sulfonated and
phosphonated poly[(aryloxy)phosphazenes].

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The proton-conducting membrane (PCM) is a key com-
ponent in PCM-based fuel cells. Nafion, the most com-
monly used PFSA membrane, has some disadvantages
such as high cost, strong dependence of proton conduction
on the water content of the membrane, and a restricted
operating temperature range (below 80 �C). A new class
of polyphosphazenes membranes which has been devel-
oped recently holds promise for overcoming these prob-
lems. It has two side groups and an inorganic backbone
consisting of alternating phosphorus and nitrogen atoms,
which are particularly stable to free-radical skeletal cleav-
age reactions. The side groups can be organic, inorganic or
organometallic. A very broad range of groups can be easily
incorporated into the polyphosphazene chain, which cre-
. All rights reserved.
ates unlimited possibilities for derivatization and fine tun-
ing the properties of the resultant material. Some of the
most thermally and chemically stable polyphosphazenes
bear aryloxy side groups and these, in turn, can be func-
tionalized to introduce acidic units such as sulfonic acids
and phosphonic acids [1–4]. At present, there are rather
many theoretical investigations on proton-conducting
membranes such as Nafion membrane [5], SPEEK and
PSU membranes [6], and other membranes [7,8], but no re-
port on the theoretical investigation of sulfonated and
phosphonated poly[(aryloxy)phosphazenes] membranes.

In this paper, compounds 1–6, six polyphosphazenes
with different side groups, were proposed and designed.
The DFT B3LYP calculation with 6-31G(d) basis set was
used to generate the geometrical structures for these com-
pounds. Proton affinities and binding energies were ob-
tained by using the total energies of these compounds.
The useful information can be provided to design novel
proton-conducting membranes for fuel cell applications.
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Table 1
Optimized geometries of compounds 1–6.

1 2 3 4 5 6

Bond lengths (Å)
N@P 1.536 1.535 1.537 1.541 1.539 1.543
PAO 1.668 1.676 1.666 1.657 1.665 1.654
PAO0 1.643 1.640 1.643 1.630 1.626 1.629

Bond angles (�)
NPO 120.7 120.2 121.4 121.8 121.3 121.7
NPO0 117.6 118.0 117.4 117.7 118.4 117.5
OPO0 102.2 102.0 102.1 97.2 96.9 97.4
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2. Computational methods

It is impossible to calculate descriptors directly for en-
tire molecule because all the polymers possess high molec-
ular weights, but molecular descriptors calculated directly
from polymeric repeating unit structure can be used on the
study of polymers. Katritzky et al. [9,10] have chosen mod-
els consisting of repeating units end-capped by hydrogen,
as small, yet representative structures, to calculate the
descriptors. Therefore we focus on the following model
(see Fig. 1) to calculate molecular quantum chemical
descriptors. Geometry optimizations for all structures
were carried out using Becke–Lee–Young–Parr composite
exchange correlation functional (B3LYP) and 6-31G(d) ba-
sis set. Since the importance of including the basis set
superposition error (BSSE) corrections in calculated bind-
ing energies has been well documented in literature, the
full counterpoise (CP) procedure of Boys and Bernadi [11]
was applied to eliminate BSSE. All the calculations were
performed on Gaussian03W computational package [12].

3. Results and discussion

3.1. Geometries

The calculated bond distances and bond angles of com-
pounds 1–6 are listed in Table 1. For compound 1, the dis-
tances of N@P, PAO and PAO0 are 1.536, 1.668 and 1.643 Å,
and the angles of NPO, NPO0 and OPO0 are 120.7�, 117.6�
and 102.1�, respectively. The PO3H2 group of R1 makes
the NAP distance lengthened to be 1.541 Å, and the dis-
tances of PAO, PAO0 and the angle of OPO0 reduced to be
1.657, 1.630 Å and 97.2�, respectively. However, whether
R2 is electron-withdrawing or electron-donating substitu-
ent, all of the bond lengths and bond angles have only
slight changes. It is clearly indicated that the distances of
N@P, PAO and PAO0 and the angle of OPO0 are more influ-
enced by R1 substituent than by R2 substituent. It should be
noted that the experimental data are not available in the
literature, thus we cannot make a comparison of our calcu-
lated results with experimental results.
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Fig. 1. Computational models of compounds 1–6 (1: R1@SO3H, R2@H; 2:
R1@SO3H, R2@CN; 3: R1@SO3H, R2@OCH3; 4: R1@PO3H2, R2@H; 5:
R1@PO3H2, R2@CN; 6: R1@PO3H2, R2@OCH3).
3.2. Acidities

The calculated proton affinities of conjugate bases of
compounds 1–6 are listed in Tables 2 and 3. As shown in
Table 2, the order of their proton affinities is as follows:
3� (14.25) > 1� (14.09) > 2� (13.77). According to the pro-
ton theory of acids and bases, RO� + H+ ? ROH, the bigger
the proton affinity is, the stronger the basicity of the com-
pound is and, as a result, the stronger the acidity of its con-
jugate acid is. So the order of their acidities is as follows:
3 < 1 < 2. From Table 3, the order of their acidities is as fol-
lows: 6 < 4 < 5. It was found that the electron-withdrawing
substituent of R2 increases the acidities of sulfonated and
phosphonated poly[(aryloxy)phosphazenes], while the
electron-donating substituent of R2 decreases the acidities
of them. For proton-conducting materials, high acidity
causes high proton conductivity. From this point of view,
the electron-withdrawing substituent of R2 is beneficial
to the proton conductivities of both sulfonated and phos-
phonated poly[(aryloxy)phosphazenes] membranes. We
also observed that, the acidities of sulfonated poly[(aryl-
oxy)phosphazenes] (R1@SO3H) are stronger than phospho-
nated ones (R1@PO3H2), indicating that the proton
conductivities of the sulfonated poly[(aryloxy)phosphaz-
enes] are higher than those of the phosphonated ones.
These findings were in agreement with experimental re-
sults [3].

3.3. Water adsorptions

Minimum energy conformations were determined for
each of compounds 1–6 with a single ‘probe’ water mole-
cule to assess the relative binding of water to compounds
1–6 under nearly dry conditions. The minimum energy
structures for compounds 1–6 each with a single water
molecule are shown in Figs. 2 and 3. The corresponding
energies are reported in Table 4. Double hydrogen bonds
are formed between the water molecule and each of com-
pounds 1–6. As shown in Fig. 2a, the OAO distances in the
hydrogen bonds are 2.802 and 2.663 Å. The electron-with-
drawing substituent of R2 makes the former lengthened to
be 2.808 Å, and the latter shortened to be 2.641 Å (Fig. 2b).
In contrast, the electron-donating substituent of R2 makes
the former shortened to be 2.758 Å, and the latter length-
ened to be 2.666 Å (Fig. 2c). As shown in Fig. 3a, the
PO3H2 group of R1 makes the former shortened to be
2.744 Å, and the latter lengthened to be 2.675 Å. Similar re-
sults were found in Fig. 3b and c. The BSSE corrected bind-



Table 2
Proton affinities of conjugate bases of compounds 1–3.

1 1a 2 2a 3 3a

E (a.u.) �1674.1614 �1673.6435 �1766.3927 �1765.8866 �1788.6817 �1788.1579
PA (eV) – 14.09 – 13.77 – 14.25

PA = E(RO�) � E(ROH).
a Conjugate bases of compounds 1–3.

Table 3
Proton affinities of conjugate bases of compounds 4–6.

4 4a 5 5a 6 6a

E (a.u.) �1618.0670 �1617.5286 �1710.3039 �1709.7767 �1732.5900 �1732.0443
PA (eV) – 14.67 – 14.35 – 14.85

PA = E(RO�) � E(ROH).
a Conjugate bases of compounds 4–6.

Fig. 2. B3LYP/6-31G(d) minimum energy conformations for (a) compound 1; (b) compound 2; (c) compound 3 each with a single water molecule.
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ing energy is �51.5 and �53.9 kJ/mol for compounds 1 and
4, respectively. Clearly, the water binds tighter to the phos-
phonated poly[(aryloxy)phosphazenes] than to the sulfo-
nated ones, and does suggest that the phosphonated
poly[(aryloxy)phosphazenes] will retain water better at
higher temperature than the sulfonated ones. From Table
4, the BSSE corrected binding energy decreases to
�52.3 kJ/mol for compound 2, but increases to �50.2 kJ/
mol for compound 3, compared with that for compound
1. Similarly, the BSSE corrected binding energy decreases
to �57.5 kJ/mol for compound 5, but increases to
�53.6 kJ/mol for compound 6, compared with that for
compound 4. Obviously, the electron-withdrawing substi-
tuent of R2 is beneficial to the water adsorptions of both
sulfonated and phosphonated poly[(aryloxy)phosphaz-
enes]. These findings are needed to be proven by further
experimental studies.
4. Conclusions

In this paper, compounds 1–6 were investigated at the
B3LYP/6-31G(d) level of theory. Our results show that the
substituents of R1 and R2 have different effect on molecular
geometries, proton conductivities and water adsorptions of
poly[(aryloxy)phosphazenes]. The distances of N@P, PAO
and PAO0 and the angle of OPO0 are more influenced by R1

substituent than by R2 substituent. The proton conductivi-
ties of the sulfonated poly[(aryloxy)phosphazenes] are
higher than those of the phosphonated ones, while the
phosphonated poly[(aryloxy)phosphazenes] will retain
water better at higher temperature than the sulfonated
ones. It was also found that the electron-withdrawing
substituent of R2 is beneficial to proton conductivities and
water adsorptions of both sulfonated and phosphonated
poly [(aryloxy)phosphazenes].



Fig. 3. B3LYP/6-31G(d) minimum energy conformations for (a) compound 4; (b) compound 5; (c) compound 6 each with a single water molecule.

Table 4
Calculated binding energies of compounds 1–6 each with a single water
molecule.

DEa (kJ/mol) DEZPE
b (kJ/mol) DEBSSE

c (kJ/mol)

1 + H2O �68.8 �56.5 �51.5
2 + H2O �69.4 �57.8 �52.3
3 + H2O �67.3 �55.2 �50.2
4 + H2O �72.5 �60.2 �53.9
5 + H2O �75.4 �62.3 �57.5
6 + H2O �72.2 �59.9 �53.6

a Energy difference based on total electronic energy.
b Energy difference based on total electronic energy corrected for zero

point energy (ZPE).
c Binding energy based on CP corrected energy.
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