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Hartree-Fock ab initio and density functional theory calculations suggest that intra- and intermolecular proton
transfer between neutral and protonated triazole tautomers play a vital role in the observed dramatic proton
conduction in triazole-based polymer electrolyte membranes.

It has recently been reported that(PH)-1,2,3-triazole can SCHEME 1
effectively promote proton conduction in a polymer electrolyte
membrane (PEM).In a way similar to HO, H:PQ, or H—
imidazole used in PEMs,H(2H)-1,2,3-triazole may conduct

proton through either the vehicle mechanism or Grotthuss l _
mechanisn?.The latter is especially important to the design of M S f 7 N N _/_/\7/\7
PEMs with triazole groups attached to the backbones. Because —/ v \—/ h =
of the demonstrated ability oH(2H)-1,2,3-triazole to promote Proton conduction in imidazole through Grotthuss mechanism
proton transport, triazole-containing PEMs hold great promise
for a new generation of PEM fuel cells that could operate at /\:\ I //_\\ @ - /\_/\
high temperatures (above 10Q) with low relative humidity. e ' 7 "

The GrOtthUSS-type prOton motion along an imidazole mo- 1H-1,2,3-triazole ~ 2H-1,2,3-triazole 1,3-diH-1,2,3-triazolium 1,2-diH-1,2,3-triazolium
lecular chaif*is sketched in Scheme 1. Clearly, once a proton A B a b

is transferred from one imidazole ring to an adjacent one,
reorientation (or flipping) of the imidazole moiety becomes triazole/triazolium dimers, aimed at finding the most probable
necessaryor subsequent intermolecular proton transfer to take combinations, transition states of intermolecular proton-transfer
place in the same direction. It is this reorientation step that was process in these dimers, and possible proton-transfer mecha-
reported as the rate-limiting step for long-range proton conduc- nisms responsible for proton conduction in triazole-based
tion along the molecular chain; it might be the major impediment systems. The effect of interactions involving trimers and more
to high proton conductivity in imidazole-based materials as complex systems will be reported later.
well.> In contrast, triazole-based systems might open the
possibility for different mechanisms, as suggested by the
existence of several proton-carrying isomers. Neutral triazole
has two tautomersH-1,2,3-triazole A) and H-1,2,3-triazole
(B), and so does protonated triazole, 1,BHdi,2,3-triazolium
(a) and 1,2-dH-1,2,3-triazolium ) cations.

To date, both experimental and theoretical stfdiesf

The calculations were carried out with the Gaussian-03
programi® The initial geometries were from the triazole crystal
structures determined by X-ray diffractiéh All geometries
were fully optimized at the HF/6-31G(d) and B3LYP/6-
311+G(d) levels of theory. Harmonic vibrational frequency
calculations were then performed at the B3LYP/6-8GK(d)
1H(2H)-1,2,3-triazole have been limited primarily to the ex- level to confirm the optimized structures as minima and evaluate

ploration of the tautomerism between the neutral isomeasd ~ 2€70-Point energy (ZPE) corrections.
B. Little is known about the tautomerism of the 1,24diand First, we reproduced the results of previous calculatioms
1,3-dH-1,2,3-triazolium cationsa and b or the interactions  the various tautomersA( B, a, andb). For neutral triazole in
among these four specig$o gain an understanding of the long-  the gas phas& is more stable thaA by 18.6 kJ/mol. Because
range proton conduction mechanism, it is necessary to determineA (« = 4.64 D) has a significantly larger dipole moment than
how the triazolium cations interact with the neutral triazole B (¢« = 0.21 D), howeverA becomes increasingly more stable
molecules and how the short-range proton transfer proceeds inwith the medium polarity. As a protonated cation, tautomer
complexes involving more than one triazole unit. In this paper, is more stable thab by 49.1 kJ/mol. TheA = Bora<= b
we report our results on quantum-mechanical calculations of tautomerisms may greatly assist in the inter- and intramolecular
proton transfer in the system. As has been reported e&flier,
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Figure 1. Possible structures of triazole/triazolium dimer complex.

To study the intermolecular proton transfer, initial structures E“efgy (kJ/mol)
of neutral/protonated triazole complexes were built by combin-
ing one of the two neutral tautomer& or B) with one of the s
two cations & or b) through a single N-H- - -N hydrogen bond =————— B-b-vj,
and varying the dihedral angle between the two molecular — Abpl b
planes. To select stable geometries, we performed geometry
optimizations at the HF/6-31G(d) level, which led to 13 possible 25.1 kJ/mol
configurations of the complexes; further geometry optimizations
and frequency calculations at the B3LYP/6-31G(d) level —_—Abp2 y
produced the complex structures shown in Figure 1, with the — Bapl Abp3
corresponding energy values summarized in Table 1 (Supporting

Information). We also considered coplanar complexes with two B
hydrogen bonds between the neutral and protonated triazole A ATy Wi

molecules as the initial structures. After geometry optimization, - 25.0 kJ/mol
however, all these structures reduced to those presented in Figure N

1. A-a-p2

We find that stable complexes are formed via hydrogen-bond
formation between ar-NH group on the protonated triazole
as the proton donor and a nitrogen atom on the neutral triazole
as the proton acceptor. The distance between two nitrogen atoms
in the hydrogen bond is in the range 2:6875 A. The thirteen  triazole through the ionic hydrogen bond in the complex, the
structures can be distributed into four groups:-a, A—b, B—a, resulting complex still belongs to the same class. Because the
B—b. In groupsB—a and B—b, some complexes have two complexes in the same class have very small energy differences
optical isomers, in which the two planes of the triazole molecules (0—20 kJ/mol) and the proton-transfer reaction barriers are quite
are perpendicular to each other; tautofBdras more flexibility small, we conclude that the intermolecular proton tranfer
to form stable complexes with protonated cations because ofreactions are feasible for all complexes.

Figure 2. Comparative energy diagram of triazole/triazolium dimer
omplex.

its symmetry. Based on our calculationgy—a—p2 has the lowest energy
Earlier studies on ionic hydrogen bonds in other systems in the gas phase and is the most likely complex responsible for
reported bond strengths in the range-260 kJ/mol2 Evalu- intermolecular proton transfer under the condition in which

ations of the standard Gibbs free energy change for the reactiontautomerA is the major species of neutral triazoles, such as in
(A/B) + (a/b) — (A/B)—(a/b) are given in Table 1 (Supporting  a polar mediuni.After a proton transfers from catianto neutral
Information). In addition, the reaction barriers of these inter- A through the hydrogen bond, the resulting complex is nearly

molecular proton-transfer processesNgHst + CoN3Hz — identical, withA anda having switched positions. This process
CoNgHs + CoNgH4™, are computed to be-48 kJ/mol on the is similar to that in an imidazole-containing system.
basis of the energies predicted at the B3LYP/6-BE1d) level In a less polar environment, tauton@will be more stable

with ZPE corrections. The results indicate that the protonated than tautomeA. We note that it is possible for the less stable
triazole cations in triazole-based materials have a great tendencyB—b group complexes in the high-energy class to transform to
to form various complexes with neutral triazole molecules complexA—b—p1 through intermolecular proton-transfer reac-
through ionic hydrogen bonds. As illustrated in the comparative tions. Subsequently, as it is energetically favorabllé & —23
energy diagram of Figure 2, the most stable structufe-iga— kJ/mol),A—b—p1 may switch t)A—b—p3 via a small rotation

p2 whereas the least stable ones Breb—v1/v2; the energy of the two triazole molecules and furtherBe-a—pl/ivl/iv2 AG
difference between them is about 64.1 kJ/mol. The comparative ~ —11.2 kJ/mol) through another proton-transfer reaction. Thus,
energy diagram allows us to discern three classes of systemscomplexes such &—a—pl/v1/v2 could turn out to be the most
all theB—b structures have higher energies; nearlyfalh and likely complexes under less polar conditions. However, other
B-a structures belong to to a medium-energy class whereascomplexes (such a&—b—p3 and theB—b group complexes)
A—a—p2 is the only member of the low-energy class. As shown will be involved in the intermolecular proton-transfer process
in Table 1, if proton transfers from the cation to the neutral as well.
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SCHEME 2: Proton Transfer in 1H(2H)-1,2,3-Triazole
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Recently, we have demonstratehtlat the proton conductivi- Supporting Information Available: Table 1 of energies
ties of poly(4-vinyl-H-1,2,3-triazole) are about $@mes higher calculated at the B3LYP/6-3#1G(d) level. This material is
than those of poly(4-vinylimidazole). Based on the present available free of charge via the Internet at http:/pubs.acs.org.
calculations, the intermolecular proton-transfer barriers of both
imidazole and triazole are similar and small, about84kJ/
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