PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Theoretical models of directional proton molecular transport
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The important topic of proton transport through molecular wires is usually associated with the

Grotthuss mechanism. In this paper we propose an alternative conductor based on chains of lone pairs.
B3LYP/6-31+G** and PW91 DFT calculations on model compounds (1,2,3,4-tetrasubstituted
benzenes) show that these compounds could play the role of proton conductors.

Introduction

Chemistry today has two main avenues: biological and materials
sciences. In both, proton transport is fundamental. The trans-
port of protons across membranes is an essential process for
the bioenergetics of cells as well as for the origin of cellular
life. All living systems make use of proton gradients across
cell walls to convert environmental energy into a high-energy
chemical compound, adenosine triphosphate (ATP), synthesized
from adenosine diphosphate (ADP). ATP, in turn, is used as
a source of energy to drive many cellular reactions. In cells,
proton transfer is assisted by large, complex proteins embedded
in membranes.! Protonic conduction in liquid electrolytes, such
as polymer electrolyte membranes (PEM), is commonplace but is
relatively rare in solids. There is currently much interest worldwide
in proton conducting solids, both from the scientific aspect,
as materials with novel properties, and also for their possible
applications in high density solid-state batteries, sensors and other
electrochemical devices.>?

As early as 1806, von Grotthuss proposed a mechanism which is
still in use.* The Grotthuss mechanism, also known as “hopping”
or a “hop-turn” mechanism, is represented in Fig. 1 for the case of
an alcohol, a phenol or water. On the top is a lateral view and on the
bottom a perpendicular one. Water is a good conductor of protons,
because of the H-bonded networks between water molecules that
give water its liquid properties in the physiological range. In ice,
the H-bonded networks are more extensive, and ice is a better
proton conductor than liquid water.
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Fig. 1 The Grotthuss mechanism.

Many experimental and theoretical papers have been devoted
to the conduction of protons along HBs, starting from the
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classical works of Bernal and Fowler,” Conway et al.,® and Eigen
and DeMaeyer,” to a series of recent books and reviews.**?
Relevant experimental studies are those reporting proton transfer
of phenols in ammonia as solvent," the nature of proton wires in
proteins, the proton transfer and reorientation in an imidazole
melt,” and the use of ultrafast IR spectroscopy to study the
mechanism of proton transfer.!® The theoretical studies, partly
already cited,'»'"** concern proton tunnelling,"” proton trans-
port in water,' and the discussion of the Grotthuss mechanism in
ammonia—ammonium mixtures."

Of particular relevance for the present paper are those of Brédas
et al.** In the first one, they propose a model of soliton formation
and reorientation (Fig. 2). The conductivity along the HB chain is
protonic in nature and the mechanism implies successive (1, 2, -)
reorientations about the C2-C4/CS5 axis. The proton transfer
changes positions 4 and 5 of the imidazole ring (tautomerism).
The reorientation process could thus correspond to the limiting
step for the protonic conductivity in imidazole crystals.?
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Fig. 2 The Brédas mechanism for poly[4(5)-vinylimidazole].

In the more recent paper,® they explain why the proton con-
ductivity of poly[4(5)-vinyl-1H-1,2,3-triazole] is about 10° times
higher than that of poly[4(5)-vinylimidazole] by the mechanism
represented in Fig. 3, where instead of a perpendicular 180°
rotation only a lateral rotation of about 70° is involved.
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Fig.3 The Liu—Brédas mechanism for poly[4(5)-vinyl-1H-1,2,3-triazole].
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Fig. 4 The “caterpillar” proton conduction.

Results and discussion

All these mechanisms without exception involve a HB chain, and
the proton that enters the chain does not exit until it has covered
the whole of the chain length. We would like to propose a new
type of proton conductor without protons on the wire, where the
proton that enters the wire is the same as that which exits at the
end of the course (Fig. 4). The only requirement is a series of lone
pairs conveniently disposed.

To theoretically explore this possibility we have chosen two mod-
els. In both cases, the rigid framework that put all the lone pairs in

the adequate position and proximity is a benzene ring bearing four
substituents at the 1,2,3,4 positions. These substituents are in one
case methoxy groups 1 and in the other 2H-1,2,3-triazolyl residues
2. DFT calculations have been carried out using the B3LYP and
PWOI1 functionals and the 6-314+G** basis set. All structures of
the minima and the transition states have either no imaginary
frequencies or one imaginary frequency, respectively.

The relative energies are reported in Table 1 and the different
structures depicted in Fig. 5 and 6. Once the last transition state
is attained (on the right), the inverse path leads to the starting
material. Obviously, the driving force should be an excess of proton
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Fig.5 The case of 1,2,3,4-tetramethoxybenzene 1.

4

Table 1 Relative energies (E,,/kJ mol™") of the different structures for compounds 1, 2 and 3 with different corrections

1f

Compound  E. B3LYP E. + ZPE  AG’» En PW91 E,, + ZPE AG® 55
1a 16.54  14.50 12.58 15.58 13.34 11.65
1b 2440 1348 13.69 17.26 8.63 8.61
Ic 4.67 4.70 3.26 8.57 9.52 7.02
1d 27.09 2383 21.52 34.92 33.41 30.09
le 0.00 0.00 0.00 0.00 0.00 0.00
1f 10.77 1.24 4.92 329 —422 ~1.03
2a 10.32 8.49 8.79 6.89 4.48 4.30
2b 16.67 5.39 7.15 8.68  —0.69 0.21
2 7.19 6.18 5.81 5.49 3.84 3.26
2d 10.86  10.85 11.67 15.35 16.80 16.62
2e 0.00 0.00 0.00 0.00 0.00 0.00
2f 13.70 2.84 5.14 499  —3.87 ~2.26
3a 0.00 0.00 0.00 0.00 0.00 0.00
3b 2242 14.00 16.28 11.56 421 6.64
3¢ 5.49 4.00 2.44 7.11 5.92 2.73
3d 3518 25.33 27.04 24.89 16.34 18.31
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Fig. 6 The case of 1,2,3,4-tetra(2H-1,2,3-triazolyl)benzene 2.
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Fig. 7 1,2,3,4-Tetramethoxybenzene in an interphase.
in one extremity and a deficiency in the other, e.g. a gradient of
pH (Fig. 7).

For comparative purposes we have studied the “classical” case of
benzene-1,2,3,4-tetraol 3 (Fig. 8) where the proton transfer should
occur by the Grotthuss mechanism forcing the OH groups to rotate
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to come back to the starting structure. Note that Brzezinski and
Zundel’** have studied experimentally by FTIR the related case
of pentacene anion 4 (tetrabutylammonium salt) where the proton
motion is coupled to an electron motion.

We have represented in Fig. 9 the profiles corresponding to £,
(Table 1). In the case of the B3LYP/6-31+G** calculation and
for compound 1, the structure of minimum energy is le and the
highest TS (transition state) is 1d. The relative effect of the ZPE
(zero point energy) correction is very marked in 1b (45%) and
1f (88%) but very small in 1a (12%), 1c (<1%) and 1d (12%).
Similarly, in the case of 2, the structure of minimum energy is 2e
and the highest TS depends on the ZPE correction, without it is
2b and with it is 2d. The relative effect of the ZPE correction is
very marked in 2b (68%) and 2f (79%) but very small in 2a (18%),
2¢ (14%) and 2d (<1%). Note that cases b and f correspond to
proton-transfer TSs.

In both cases, and in the absence of a pH gradient, the
prototropy would stop in the middle, 1e and 2e. Otherwise, the
process will occur with an activation barrier of 24-27 kJ mol~! for
1 and 11-17 kJ mol™! for 2. Thus the second model is much more
efficient as proton wire. The classical tetraol 3 has its minimum not

I

3c 3d

Fig. 8 The case of benzene-1,2,3,4-tetraol 3.
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Fig.9 The energy profiles for molecules 1, 2 an 3 (B3 stands for B3LYP and PW for PW91). The Y axis corresponds to the relative energies (kJ mol™")
of Table 1 and the X axis numbersto 1 =a,2=b,3=c,4=d,5=e, 6 =ffor compounds 1, 2 and 3.

in the middle of the path but at the beginning, 3a, and the transition
state in the middle 3d (22-35 kJ mol™"), is thus comparable in
efficiency to 1 but worse than 2.

Concerning the PW91 calculations, if the ZPE correction is
not considered, the analogy between both functionals is clearly
apparent in Fig. 9. With both B3LYP and PW091, the tetratriazolyl
derivative 2 is more efficient (lower activation barriers) than the
tetramethoxy one 1 (compare Table 1, 15 with 35 kJ mol™'). The
inclusion of the ZPE correction in the case of the PW91 functional
led to the result that some TSs (1f, 2f) are more stable than the
minima le and 2e, as an indication of the effective absence of
barrier for these transformations that correspond to low-barrier
hydrogen bonds (LBHB).

Table 1 also reports Gibbs free energies, but these are strictly
proportional to the ZPE corrected values of E :

B3LYP: AG®y = (1.006 + 0.038)*E,, + ZPE, n = 16, r* = 0.98

PWOIL: AG®, = (0.925 + 0.036)*E,, + ZPE, n = 16, > = 0.98

Therefore, the AG®,y values are qualitatively similar to those of
the ZPE corrected energies indicating that all structures for each
molecule have similar thermal and entropic corrections.

Conclusions

1) If a chain of HBs is a necessary condition for the Grotthuss
mechanism, the one proposed here is compatible with HBs but
it is unlikely that it will be operative in these conditions because
the HB network would prevent the adequate disposition of the
remaining lone pairs.

2) The electronic wire formed by a chain of lone pairs (LP) is
present in many systems, some examples are depicted below (5-8):
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The efficiency of these systems should be related to their basicity
but mainly to the activation barriers to proton transfer.

3) Although some conformational changes intervene, the
absence of large movements (rotations) makes these systems
particularly attractive for solid state proton conduction.

4) For long arrays of LPs it should not be necessary that the
first proton has left the wire for a new one to enter the first link of
the chain.

5) The importance and the widespread use of the Grotthuss
mechanism could lead some people to assume that an “internal
proton” (a proton belonging to the molecule) is a necessary
condition for proton transfer. Although the mechanism proposed
here (more a model for material physics surfaces than for realistic
biological systems) has not yet been discovered, it shows that other
possibilities could exist.

Computational details

Geometries of all the stationary structures of 1, 2 and 3 were
fully optimised using the B3LYP?* and PW91?* functionals, with
the 6-31+G** basis set”® as implemented in the Gaussian 03
program.* Harmonic frequency calculations? verified the nature
of the stationary points (all real frequencies) and TSs (only one
imaginary frequency). According to Gill,® despite the added
complexity of the Perdew-Wang 91 functional, energies obtained
from it are seldom an improvement over B3LYP. The functional
has also been shown to violate the original condition upon which
B3LYP was developed.
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