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The isotope substitution of shared hydrogen has a subtle effect = (a) @ (b) &
on the geometry, but it will sometimes have large influence on & -y
some properties of hydrogen-bonded systems. For example, it is ) & “'i:il ® = @
believed that the large isotope effect in the phase transition tem- & =Y
perature of hydrogen-bonded ferroelectric crystals such as potassium
dihydrogen phosphate (KDP) is due to a small structural modifica- ] @
tion of the crystal by deuterizationln the neutral liquid water, it " fa . &
is known that the geometrical isotope effect is small, but it is . o ® = ® w O
measurable by the synchrotron X-ray experimeatsl a recent ab &, &8
initio simulation? Figure 1. Representative snapshots in ab initio path integral molecular

There have been a number of reports on the protonated anddynamics at 300 K for (a) ¥D2", (b) DsO2*, (c) HzO2~, and (d) RO,
hydroxylated water clusters such agd4" and HO,™ ions* since
they are representative species in proton- or hydroxy-transfer
processes of aqueous solutidris.fact, the equilibrium structurés
and vibrational spectruffor 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. 000==15"T3 14 16 10 1z 11 16

The main subject of the present study is to address whether the Rom+@» (A) Romxm» (A)
geometrical isotope effect exists also for the hydrogen bonds in Figure 2. Distribution of OH*(OD*) bond lengttRor(p)- in (&) H(D)02"

- - o L and (b) H(D}O,". (a) The average OH(D)* bond lengths o§®" and

aqueous solutions or water clusters with acidity or basicity. We DsO5* are 1.224 and 1.220 A, while the equilibrium one is 1.194 A. (b)

note that the interatomic forces are independent of the atomic The average OH(D)* bond lengths 0f@~ and DO, are 1.261 and 1.262
masses and therefore the thermal distributions on the geometriesA, while theRop- distribution has two weak peaks at 1.15 and 1.35 A. The

of isotopomers are the same if the nuclei are treated classically. In€quilibrium OH* bond lengths are 1.398 and 1.095 A.

this sense, the geometrical isotope effect is a purely quantum effect ) . .
of nuclei. averages of molecular configurations are taken respectively for

4 - o ) !
Here, we study the isotope effect of®h+ and HO,~ ions at HsO,™ and HO, ™, and their isotopomers by running the independent

the room temperature 300 K by ab initio path integral molecular PIMD S|mule‘1‘t|(1’rlls. thr gylan_ty, we label the sh_are_d proton and
dynamics (PIMD) simulatiofi. In this approach, the quantum deu:erorlas H*" and “D*". Figure 2 shows the distribution of the
nuclear distribution is obtained from the molecular dynamics for OH*/OD* bond Iengths_. N

cyclic bead chains of atoms on the Bet@ppenheimer hypersur- In the case of the cation, the a\ierage OH* bond Iength@zﬁ_
face, which is solved on the fly by ab initio quantum chemical (1.224 A), is Io_nqer t_ha_n the 40" counterpart (1.220 A). This
calculation. In the present case, the ab initio calculation is performed bond Iezgth ih'ft Is similar to the case of tthHmoIecng and
based on the second-order MotlidPlesset perturbation theory the_ HO™ ion, whe_re the hydroge_n Is on a single-potential wel!.
(MP2) and 6-3%G** basis set by the Gaussian98program This can be explained from the difference of quantum zero-point

package, since it is quantitative within kcal/mol accuracy for these fluctuation between the isotopomers on an anharmonic potential

hydrogen-bonded systems. Previously, we have confirmed that thegurface as to the OH* bonds. In fact, the shared protonsa%,H

barrier height of the pyramidal4®* ion has an accuracy of more ion has a single po_t_en_tial minimum located a_t th? center of two
than 90% at this levélin this work, the ab initio PIMD run has ~ 2XY9€nsin the equilibrium structufeAs shown in Figure 2a, the

. . fluctuation of the Roy« bond in HO,™ (the root-mean-square
been performed for 60 000 steps (6 ps) with the step size of 0.1 fs
andez o ps (6 ps) P displacement of the OH* bond i8Ro+ = 0.122 A) is slightly

. . e
In Figure 1, we show some representative snapshots from thelﬁ:ger tt;}an that OROD*ﬂ'n deu_tera’_[eg 60 (hAROD*h_ 0.114 A). .
PIMD simulation. We can see that these ionic species have a linear en, the quantum fluctuation induces the annarmonic r_nptl0n
hydrogen bonding, sharing the hydrogen by two oxygens;Ho making the OH*(OD*) bonds stretch from the equilibrium position.
(D)---O, where the protons/deuterons are broadly distributed as aThe OO bonds stretch as the OH*(OD*) bonds stretch. In fact, the

: 4 .
result of thermal and quantum fluctuations. The quantum statistical average OO bond d'Sta”?e OfBL" (2.422 A) is longer than_that
of DsO," (2.418 A). In this way, the two oxygens are subject to

TYokohama-City University and PRESTO, Japan Science and Technology ;
Agency (JST). the repulsive force by the nuclear quantum effect of the shared

* Japan Atomic Energy Research Institute (JAERI). proton/deuteron, which acts stronger igQ4" than in DO,
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Figure 3. Two-dimensional distribution 0fRoo, dRow(p)+) for (a) HsO2™,
(b) DsO2™, () H3O2 ™, and (d) RO, . The peak positionsRoo, ORoH)*)
are around (2.42, 0.00) and (2.41, 0.00) for (aPkt and (b) BO2*, while
around (2.47, 0.00) and (2.48;0.15) for (c) KO, , and (d) RO, ,

respectively.

On the other hand, the geometric isotope effect is found
differently in the HO,~ anion. First, the average OH*/OD* bond
lengths, 1.261 and 1.262 A, are almost the same ff,H and
D30, ions. The potential surface of;8,~ has a double minima
in which the structure is asymmetficThe two differentRoys
equilibrium bond lengths (1.398 and 1.095 A) indicate that the
shared hydrogen has two positions on either oxygen side. Thus,
the average bond lengths Bfy+ and Rop are between these two
positions. However, Figure 2b shows the clear difference between
the radial distributions dRon+ andRop+. While theRqp- distribution
has two weak peaks at 1.15 and 1.35 A, Bag- distribution has

only one peak at the central position 1.26 A. Second, the average

bond lengthfRooof D:0,~ (2.504 A) becomes longer than that
of Hy0,~ (2.498 A). This implies that the nuclear quantum effect

works as an attractive force between the oxygen atoms, in contrast

to the HO," case.

In Figure 3, the geometrical distributions are shown in more detail
as two-dimensional contours with respecRig, and anti-symmetric
stretching coordinatedRop« (=Roar+ — Ropr+). Contrary to the
HsO," case, two internal coordinates Bfo and ORon+ in HzOo™
are strongly correlated each other. The peak positiBas, ORon+)
are found to be very close betweegd4™ and DO, [around (2.42,
0.00) and (2.41, 0.00), respectively], while they differ substantially
between HO,™ and D;O,~ [around (2.47, 0.00) and (2.4&0.15),
respectively]. In the case of#,~ and D;O,, there is a potential
minimum at (2.49, 0.30). However, ing8,~, the proton is highly
delocalized by quantum effect, and these minimum structures are

of crystals as a result of the D substitution of-®i---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 ®—0 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 kD,~ and D;O,~ 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 gd,Hcation
and an HO,~ anion are different from each other. By deuterization,
the hydrogen bond is shortened ir®™ while it is stretched in
HsO,~. 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 @™, where the
shared hydrogen is in the single potential well between oxygens.
However, the latter attraction becomes important in the case of
H3;0,~ 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 oxygetygen distance.
Supporting Information Available: Complete ref 10. This material

is available free of charge via the Internet at http:/pubs.acs.org.
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