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The isotope substitution of shared hydrogen has a subtle effect
on the geometry, but it will sometimes have large influence on
some properties of hydrogen-bonded systems. For example, it is
believed that the large isotope effect in the phase transition tem-
perature of hydrogen-bonded ferroelectric crystals such as potassium
dihydrogen phosphate (KDP) is due to a small structural modifica-
tion of the crystal by deuterization.1 In the neutral liquid water, it
is known that the geometrical isotope effect is small, but it is
measurable by the synchrotron X-ray experiments2 and a recent ab
initio simulation.3

There have been a number of reports on the protonated and
hydroxylated water clusters such as H5O2

+ and H3O2
- ions4 since

they are representative species in proton- or hydroxy-transfer
processes of aqueous solutions.5 In fact, the equilibrium structures6

and vibrational spectrum7 for these species are investigated from
both experiment and theory. However, the isotope effect has not
been reported in detail thus far, partly because these species have
highly anharmonic motions that allow large-amplitude fluctuation
in the geometries.8

The main subject of the present study is to address whether the
geometrical isotope effect exists also for the hydrogen bonds in
aqueous solutions or water clusters with acidity or basicity. We
note that the interatomic forces are independent of the atomic
masses and therefore the thermal distributions on the geometries
of isotopomers are the same if the nuclei are treated classically. In
this sense, the geometrical isotope effect is a purely quantum effect
of nuclei.

Here, we study the isotope effect of H5O2
+ and H3O2

- ions at
the room temperature 300 K by ab initio path integral molecular
dynamics (PIMD) simulation.9 In this approach, the quantum
nuclear distribution is obtained from the molecular dynamics for
cyclic bead chains of atoms on the Born-Oppenheimer hypersur-
face, which is solved on the fly by ab initio quantum chemical
calculation. In the present case, the ab initio calculation is performed
based on the second-order Moller-Plesset perturbation theory
(MP2) and 6-31+G** basis set by the Gaussian9810 program
package, since it is quantitative within kcal/mol accuracy for these
hydrogen-bonded systems. Previously, we have confirmed that the
barrier height of the pyramidal H3O+ ion has an accuracy of more
than 90% at this level.9 In this work, the ab initio PIMD run has
been performed for 60 000 steps (6 ps) with the step size of 0.1 fs
andP ) 24.

In Figure 1, we show some representative snapshots from the
PIMD simulation. We can see that these ionic species have a linear
hydrogen bonding, sharing the hydrogen by two oxygens, O‚‚‚H-
(D)‚‚‚O, where the protons/deuterons are broadly distributed as a
result of thermal and quantum fluctuations. The quantum statistical

averages of molecular configurations are taken respectively for
H5O2

+ and H3O2
-, and their isotopomers by running the independent

PIMD simulations. For clarity, we label the shared proton and
deuteron as “H*” and “D*”. Figure 2 shows the distribution of the
OH*/OD* bond lengths.

In the case of the cation, the average OH* bond length of H5O2
+

(1.224 Å), is longer than the D5O2
+ counterpart (1.220 Å). This

bond length shift is similar to the case of the H2O molecule and
the H3O+ ion,9 where the hydrogen is on a single-potential well.
This can be explained from the difference of quantum zero-point
fluctuation between the isotopomers on an anharmonic potential
surface as to the OH* bonds. In fact, the shared proton of H5O2

+

ion has a single potential minimum located at the center of two
oxygens in the equilibrium structure.6 As shown in Figure 2a, the
fluctuation of the ROH* bond in H5O2

+ (the root-mean-square
displacement of the OH* bond is∆ROH* ) 0.122 Å) is slightly
larger than that ofROD* in deuterated D5O2

+ (∆ROD* ) 0.114 Å).
Then, the quantum fluctuation induces the anharmonic motion
making the OH*(OD*) bonds stretch from the equilibrium position.
The OO bonds stretch as the OH*(OD*) bonds stretch. In fact, the
average OO bond distance of H5O2

+ (2.422 Å) is longer than that
of D5O2

+ (2.418 Å). In this way, the two oxygens are subject to
the repulsive force by the nuclear quantum effect of the shared
proton/deuteron, which acts stronger in H5O2

+ than in D5O2
+.
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Figure 1. Representative snapshots in ab initio path integral molecular
dynamics at 300 K for (a) H5O2

+, (b) D5O2
+, (c) H3O2

-, and (d) D3O2
-.

Figure 2. Distribution of OH*(OD*) bond lengthROH(D)* in (a) H(D)5O2
+

and (b) H(D)3O2
-. (a) The average OH(D)* bond lengths of H5O2

+ and
D5O2

+ are 1.224 and 1.220 Å, while the equilibrium one is 1.194 Å. (b)
The average OH(D)* bond lengths of H3O2

- and D3O2
- are 1.261 and 1.262

Å, while theROD* distribution has two weak peaks at 1.15 and 1.35 Å. The
equilibrium OH* bond lengths are 1.398 and 1.095 Å.
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On the other hand, the geometric isotope effect is found
differently in the H3O2

- anion. First, the average OH*/OD* bond
lengths, 1.261 and 1.262 Å, are almost the same for H3O2

- and
D3O2

- ions. The potential surface of H3O2
- has a double minima

in which the structure is asymmetric.6 The two differentROH*

equilibrium bond lengths (1.398 and 1.095 Å) indicate that the
shared hydrogen has two positions on either oxygen side. Thus,
the average bond lengths ofROH* andROD* are between these two
positions. However, Figure 2b shows the clear difference between
the radial distributions ofROH* andROD*. While theROD* distribution
has two weak peaks at 1.15 and 1.35 Å, theROH* distribution has
only one peak at the central position 1.26 Å. Second, the average
bond length〈ROO〉 of D3O2

- (2.504 Å) becomes longer than that
of H3O2

- (2.498 Å). This implies that the nuclear quantum effect
works as an attractive force between the oxygen atoms, in contrast
to the H5O2

+ case.
In Figure 3, the geometrical distributions are shown in more detail

as two-dimensional contours with respect toROO and anti-symmetric
stretching coordinatesδROH* (dROaH* - RObH*). Contrary to the
H5O2

+ case, two internal coordinates ofROO andδROH* in H3O2
-

are strongly correlated each other. The peak positions (ROO, δROH*)
are found to be very close between H5O2

+ and D5O2
+ [around (2.42,

0.00) and (2.41, 0.00), respectively], while they differ substantially
between H3O2

- and D3O2
- [around (2.47, 0.00) and (2.48,(0.15),

respectively]. In the case of H3O2
- and D3O2

-, there is a potential
minimum at (2.49, 0.30). However, in H3O2

-, the proton is highly
delocalized by quantum effect, and these minimum structures are
washed out. This is because the potential barrier between these
minima is very low. By contrast, the quantum effect in D3O2

- is
not strong enough to completely wash out the minimum structures,
and the double peaks in the distributions show that the delocalization
of the deuteron in D3O2

- is limited. Here, a large contribution to
proton delocalization in H3O2

- comes from the quantum effect.4

At this point, we discuss an unusual isotope effect wherein the
ROO bond length is smaller in H3O2

- and D3O2
-. This is hard to

explain from the potential anharmonicity of the OH* bond. Thus,
we deal with this problem from a different point of view using the
idea in the field of the hydrogen-bonded crystals. This is known as
the “Ubbelohde effect”,11 which represents the lattice expansion

of crystals as a result of the D substitution of O‚‚‚H‚‚‚O-type
hydrogen bonds. The explanation of this effect is based on
assumption that proton/deuteron mediates the attractive interaction
of two oxygen. Chemically, the resonance of O‚‚‚H-O and O-H‚
‚‚O is more likely to occur and the oxygens are more attractive by
proton rather than by deuteron, because the proton can delocalize
better than the deuteron. We consider that this idea can be used
for the geometrical shift of H3O2

- and D3O2
- anions, since we have

seen that proton is indeed more delocalized than deuteron in these
systems. We note that the drastic difference in the delocalization
can be realized under a relevant potential barrier at which the proton
can exchange the hydrogen bonds easily while the deuteron cannot.

In summary, the results of ab initio path integral simulations
have shown that the geometrical isotope effects for an H5O2

+ cation
and an H3O2

- anion are different from each other. By deuterization,
the hydrogen bond is shortened in H5O2

+ while it is stretched in
H3O2

-. We consider that there are two competing origins of the
isotope shift. One comes from the difference of zero-point vibrations
of the shared proton and deuteron which act as repulsive force
between oxygens, and the other, which might be more interesting,
comes from the difference of delocalization of the shared proton
and deuteron which acts as an attractive force between oxygens.
The former repulsion is dominant in the case of H5O2

+, where the
shared hydrogen is in the single potential well between oxygens.
However, the latter attraction becomes important in the case of
H3O2

- where the hydrogen is inclined to sit on either side of the
double potential minima (nearer to one oxygen). In this case, the
deuterization can localize on the shared deuteron, loosen the hydro-
gen bond, and as a result, lengthen the oxygen-oxygen distance.
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is available free of charge via the Internet at http://pubs.acs.org.
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Figure 3. Two-dimensional distribution of (ROO, δROH(D)*) for (a) H5O2
+,

(b) D5O2
+, (c) H3O2

-, and (d) D3O2
-. The peak positions (ROO, δROH(D)*)

are around (2.42, 0.00) and (2.41, 0.00) for (a) H5O2
+ and (b) D5O2

+, while
around (2.47, 0.00) and (2.48,(0.15) for (c) H3O2

-, and (d) D3O2
-,

respectively.
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