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Unveiling two deuteration effects on hydrogen-bond breaking process of water isotopomers
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The quantum nature of hydrogen bonds in water manifests itself in peculiar physicochemical isotope effects:
While deuteration often elongates and weakens the hydrogen bonds of typical hydrogen-bonded systems
composed of bulky constituent molecules, it elongates but strengthens the hydrogen bonds of water molecular
aggregates. The origin of this unique isotope effect of water molecules remains to be elucidated at the
molecular level. By means of isotope-selective measurements on the sublimation of water ices with various
H/D compositions, we disentangle two opposite deuteration effects on the hydrogen-bond breaking process of
water molecules: (1) Deuterating a desorbing water molecule increases the energy needed for desorption E,,
while (2) deuterating water molecules neighboring a desorbing molecule reduces its E;. The increase in Ey,
originates from zero-point energy in the hindered rotation of the desorbing molecule, whereas the decrease
in E; is caused by quantum anharmonic couplings between the inter- and intramolecular vibrational modes
involved in the hydrogen-bonding interactions of desorbing water molecules. On the basis of these findings, we
discuss the peculiar nature of hydrogen bonds of water molecules in comparison with bulky hydrogen-bonded

molecules.
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The physicochemical and biological properties of
hydrogen-bonded systems are significantly affected by
nuclear quantum effects (NQEs) including the zero-point
energies of vibrational modes and proton tunneling and
delocalization [1-5]. These originate from the extremely low
nuclear mass of hydrogen; thus, hydrogen-bonded systems
show remarkable isotope effects upon deuteration. For typical
hydrogen-bonded molecules such as oxalic acid dihydrate,
benzoic acid, and succinic acid, deuterium substitution
elongates their hydrogen bonds; this geometrical isotope
effect has been known as the Ubbelohde isotope effect
since the 1930s [6—12]. In such hydrogen-bonded systems
composed of bulky constituent molecules, deuteration also
decreases the melting-point temperatures and energies
needed for breaking hydrogen bonds [13,14], in line with
the robust relationship: Longer bonds have a smaller binding
energy [15,16]. These results are thus considered as pieces
of evidence for the weakening of hydrogen bonds by
deuterium substitution [6—14]. In comparison with those
hydrogen-bonded systems, water molecular aggregates such
as liquid water and ice exhibit unique isotope effects on
their thermodynamic properties [17-27]: Although deuterium
substitution increases the intermolecular distance between
water molecules [22,23], it also increases the melting and
boiling points, and vaporization enthalpy [24-27]. This leads
to an interesting question on the binding energy of water
aggregates: Why do more expanded D,O aggregates form
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stronger hydrogen bonds than H,O aggregates, in contrast to
the hydrogen-bonded systems composed of bulky constituent
molecules? The molecular-level origin of this question has
not been elucidated in a unified way.

In the last decade, intensive studies have been conducted
to elucidate NQEs on water hydrogen bonds [5,27-33]. Most
of these studies have focused on the structural and dynamical
properties of an O-H - - - O type hydrogen bond in condensed
(bonded) states [5,27-33]; thus, NQEs relevant to the isotopic
differences of the binding energy of water molecules have not
been explicitly considered. In addition, previous experimental
studies have focused only on a simple comparison among
isotopically pure water samples: H,O vs D,0 [24,25]. In the
present Rapid Communication, we shed light on the isotope
effect on the desorption of water molecules from the surfaces
of crystalline and amorphous ices with various H/D isotopic
compositions (the deuterium mole fraction xp). Because water
molecules have no activation barrier for adsorption to ice
surfaces [34], the activation energy for desorption E,; derived
from temperature programmed desorption (TPD) directly cor-
responds to the binding energy of water molecules. Moreover,
the isotope-selective detection of the desorption rates of H,O,
HDO, and D,O molecules enables us to obtain E,; for three
water isotopomers as a function of xp. With these techniques,
we succeeded in experimentally demonstrating that two types
of deuteration effects competitively determine the isotope ef-
fects on the binding energy of water molecules, which allows
us to discuss the peculiar isotope effect of water aggregates
in comparison with hydrogen-bonded systems composed of
bulky constituent molecules.
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The experiments were conducted in an ultrahigh vacuum
chamber with a base operating pressure below 5 x 1078 Pa
[35-37]. Isotope-mixed crystalline ice with a thickness of
10-250 bilayers (BL, 1 BL ~ 1.1 x 10" m~2) were grown
on Pt(111) at 140 K by backfilled vapor deposition of pre-
isotope-mixed water. Hexagonal crystalline-ice films with
wide terraces of a basal plane have been reported to grow on
Pt(111) in a layer-by-layer growth mode when the ice samples
are sufficiently thick (=50 BL) [38—42]. The isotope compo-
sition of premixed water vapor was measured with a calibrated
quadrupole mass spectrometer (QMS) during backfilled vapor
deposition. The isotope compositions of all isotope-mixed
water vapors were in the equilibrium condition of the H/D ex-
change reaction (H,O + D,O = 2HDO) [43,44] [Fig. S1(a)]
at Ky;p = [HDOJ?/[H,0][D,0] ~ 4 [44-46] (see also Sup-
plemental Material Sec. 9 [47]). Thus, the deuterium mole
fraction xp is the only parameter for determining the isotope
composition of ice samples (Fig. S1). After preparation of an
ice film, the TPD measurement was performed at a heating
rate of 0.1 K/s.

First, we examined the initial thickness dependence of
TPD traces to elucidate the kinetic order of the desorption
reaction. The desorption rates of all water isotopomers were
independent of ice film thickness [Figs. 1(a)-1(c)], exhibiting
a feature characteristic of zero-order desorption from a surface
with a constant area [24,25,42,48]. Thus, the rate of each
water isotopomer is given by

X

E
= [X]KX(T) = [X]vY exp[—ﬁ}, (D

dox(T)
dt

where Oy is the total adsorbed amount of water isotopomers
X (X = H,0, HDO, and D,0), [X] is the surface mole
fraction of X, and k¥ is the Arrhenius-type rate constant
expressed by the preexponential factor v(’f , the activation
energy for desorption EX, the Boltzmann constant kz, and
the absolute temperature 7. Therefore, Figs. 1(a)-1(c) indicate
that kff is independent of film thickness and [X] remains
almost constant during sublimation. Figure 1(d) shows the
temperature dependence of the isotope composition in the
isotope-mixed ice films estimated from TPD traces, indi-
cating that isotope fractionation (deuterium enrichment) in
the ice films is negligibly small (less than ~1%) in our
experiments.

As shown in Fig. 2(a), kff (T) of each isotopomer de-
creases with increasing xp. EX and v§ were derived from
the Arrhenius plots of kff (T) [Fig. 2(b)] as a function of xp
as shown in Figs. 2(c) and S3, respectively. Note that the
values of these parameters did not depend on the temperature
range used for the fitting analysis, indicating that there is no
false compensation effect [49] in the analysis. E; and vy for
the sublimation of pure-H,O (xp = 0) ice were estimated to
be 55.1 £ 1.3 kJ/mol and 4.0 x 10'7#93 BL/s, respectively,
while those of almost pure-D,0 ice (xp ~ 1.0) were 57.6 &
1.7 kJ/mol and 9.2 x 10'7%%4 BL/s, respectively. These val-
ues are in good agreement with those reported previously
[24,25]. Therefore, E; for D,O desorption from pure-D,O
ice is slightly larger than that for H,O desorption from
pure-H, O ice.
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FIG. 1. Temperature dependence of desorption rates of (a) H,O,
(b) HDO, and (c) D,O from the isotope-mixed crystalline ice
(xp = 0.44) with various initial film thicknesses. (d) Temperature
dependence of isotope compositions of remaining ice estimated from
the TPD traces of ice film with an initial thickness of 245 BL at
xp = 0.44.

Two types of interesting isotope effects on the strength of

hydrogen bonds are clearly exhibited in Fig. 2(c): (1) E;IZO <

ENPO < g0 s satisfied at any xp, indicating that hydro-
gen bonds are strengthened when hydrogen of a desorbing
molecule is substituted by deuterium; and (2) Ef decreases
with increasing xp for all isotopomers, indicating that they are
weakened when the hydrogen of water molecules surrounding
the desorbing molecule is substituted by deuterium. These
opposite deuteration effects compete with each other on the
binding energy of the water isotopomers. Although the small
difference in E; between pure-H,O ice [E;IZO (xp =0)] and
pure-D,0O ice [E(]f20 (xp = 1)] has been mostly attributed to
effect (1) derived from the isotopic difference of a desorbing
molecule [24,25], our results clearly indicate that the isotope
effect on the strength of hydrogen bonds in water ice is
determined by a delicate balance between the two competing
deuteration effects (1) and (2).

To confirm whether the competitive deuteration effects
emerge in the desorption from other forms of water aggre-
gates, we also conducted the same TPD measurements for
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FIG. 2. TPD traces of isotope-mixed crystalline ice with various
Xp. (a) xp dependence of kff (T)=— ﬁ dg"‘lfr) of each isotopomer for
ice films with 240-BL thickness. (b) Typical example of Arrhenius
plots of k% (T') (color lines) and results of linear fitting (dashed black
lines). (c) Activation energy for desorption of each isotopomer as a
function of xp.

isotope-mixed amorphous ice (Supplemental Material Sec. 6
[47]). As clearly shown in Fig. S6, the same deuteration
effects (1) and (2) were observed. Moreover, as described in
the Supplemental Material Sec. 7 [47], we found that even the
evaporation behavior of liquid water shows a similar isotope
dependence (Fig. S7). These results suggest that water aggre-
gates have in common these competing deuteration effects (1)
and (2) in the complete breaking process of hydrogen bonds
during desorption.

The important features of these competing deuteration
effects can be reasonably understood in a framework of the
transition state theory (TST) [24,50]. In this framework, as
schematically shown in Fig. 3(a), E, is given as

E;=Ey+ ) (ZPE[S — ZPEP), 2

where Ej is the height of the potential-energy barrier for
desorption measured from the potential-energy minimum,
and ZPE]S and ZPE® are the zero-point energies of the ith
vibrational mode of a desorbing molecule at the transition
state (TS) and the initial state (IS), respectively (see also
Supplemental Material Secs. 2 and 3 [47]). IS is defined as the
adsorbed state of a water molecule on an ice surface [51-53],
where all inter- and intramolecular motions of the molecule
are characterized with three intramolecular vibrations, three
hindered rotations, and three hindered translations. Because
there are no activation barriers for the adsorption of water
molecules on the ice surface [34], we can define TS as a state
in the gas phase [24], where a molecule has three intramolecu-
lar vibrations, three free rotations, and three free translations.

The first isotope effect on Ey, i.e., E;zo < EMPO < Eﬁ?zo,
is attributed to the difference in the zero-point energy of a
desorbing molecule: Y_,(ZPE!® — ZPE}®) [24]. Although the
zero-point energies of the intramolecular vibrational modes
are large (Table S1), these modes contribute little to E;
because of the relatively small zero-point-energy differences
between TS and IS (Table S2). In contrast, intermolecular
vibrational modes such as hindered translational and rota-
tional modes in IS can largely contribute to E; because
the zero-point energies of free translations and rotations at
TS are zero (ZPEI-TS = 0). Note that the principal moments
of inertia of a water molecule are much more sensitive to
deuterium substitution than its total mass (Table S3) [24].
Moreover, the typical vibrational frequency of hindered ro-
tation (~800cm~!) is much higher than that of hindered
translation (~200cm™") [54]. Thus, the hindered rotations
of a desorbing molecule dominantly contribute to the first
isotope effect on E,; (see also Supplemental Material Sec. 8
[47]); deuterated water species effectively strengthen hy-
drogen bonds (E}?° < EIPO < EP*©) due to the markedly
reduced zero-point energies of the hindered rotation upon
deuterium substitution [Fig. 3(b) and Table S2]. Our inter-
pretation also describes well the previous experimental results
that the desorption energy of H,'30 is almost the same as that
of H,'°0 but smaller than that of D,O for both ice and liquid
water [24,26].

The origin of the second isotope effect, i.e., xp dependence
of E;, would be different from that of the desorbing iso-
topomer dependence discussed above; as shown in Fig. 3(c),
the xp dependence of E; can be ascribed to the dependence
of the potential-well depth Ey on xp (see also Supplemental
Material Sec. 4). As discussed in the following, Ej, becomes
smaller for deuterium-rich ice than hydrogen-rich ice be-
cause of the anharmonic coupling between intermolecular
vibrational modes (hindered translational motions) and in-
tramolecular O-H(O-D) stretching modes of water molecules
donating a hydrogen bond to the desorbing molecule. Here,
we demonstrate the essential feature of this isotope effect
by using a one-dimensional model of the O-H(D) - - - O type
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FIG. 3. (a) Schematic energy diagram for desorption. (b) The origin of isotope dependence of activation energy for desorption derived
from the isotopic difference in the zero-point energy of hindered rotational modes of a desorbing molecule at the initial state (IS). (c) The
origin of xp dependence of activation energy derived from the isotopic difference in the potential energy surface for desorption. Red, white,
and blue spheres are O, H, and D atoms, respectively. The gray sphere indicates H or D atoms.

hydrogen bond [Fig. 4(a)]. The total Hamiltonian of the model
system is given as

H(ronm), Roo) = Konm)(ronm)) + Koo(Roo)

+ V (roum), Roo), (3)

where I?omm and Koo are the kinetic energy terms of O-H(O-
D) stretching and O-O intermolecular modes, respectively,
and V (roum), Roo) is the potential energy term as a function
of O-H(O-D) bond length roppy and the O-O distance Roo.
We adopted the potential energy of the Lippincott-Schroeder
(LS) model [Fig. 4(b)] [55-58] with the parameters used for
hexagonal crystalline ice (ice-Ih) [56,57]. In this model, the
following key feature of water hydrogen bonds is explicitly
included: The potential energy curve along ronm) becomes
more anharmonic as Rgg decreases [Fig. 4(c)]. Because the
frequencies of O-H(O-D) stretching modes are about one
order of magnitude higher than that of the intermolecular
0O-O vibration, we can reasonably solve the Schrédinger
equation with respect to ropmy and Roo under the adia-
batic approximation [59] (see Supplemental Material Sec. 5
[47] for details). In this approximation, the adiabatic inter-
molecular potential V,q(Rop) for the O-H(D) - - - O hydrogen
bond [Fig. 4(d)] is obtained by deriving the eigenenergy of
a vibrational ground state of O-H(O-D) stretching modes
for a fixed Roo [Fig. 4(c)] and then plotting them as a
function of Rgo.

The zero-point-energy difference in the anharmonic poten-
tial energy curve between O-H and O-D stretching modes
[Fig. 4(c)] causes an isotopic difference in the adiabatic
potential V,q(Roo) [Fig. 4(d)]. The depth of V,q(Rpo) corre-
sponding to Ej of a hydrogen bond for the O-D - - - O system
is smaller than that for the O-H---O system. In addition,
the equilibrium intermolecular O-O distance of the O-D - -- O
bond becomes longer than that of the O-H---O bond. The
estimated isotopic difference in the O-O distance is about
0.3%, in good agreement with experimental observation [22]
and quantum calculations [23] of the geometric isotope effect
in ice. Thus, this model describes well the essential feature
of the Ubbelohde effect; deuterium substitution of hydrogen
donating a water molecule makes the hydrogen bond longer
and weaker in terms of the binding energy [Figs. 3(c) and

4(d)]. Because this important feature emerges as a result
of the quantum anharmonic couplings between inter- and
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FIG. 4. (a) The definition of two variables ropm) and Roo used
in the dimer model. (b) Two-dimensional plot of the Lippincott-
Schroeder potential energy surface Vis(romm), Roo). Parameters
were shown in Table S4 (Supplemental Material Sec. 5 [47]).
(c) The eigenenergies (colored straight lines) and the eigenfunctions
(colored curved lines) for the vibrational ground states of O-H
and O-D stretching modes in the potential V (ronm), Roo) (black
lines) at typical Roo = 2.76 (upper panel) and 2.51 A (lower panel).
(d) Adiabatic intermolecular potential for O-H---O and O-D---O
hydrogen bonds. Inset: Enlarged view around the potential minimum.
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intramolecular vibrational modes included in the LS model
[Eq. (S13)], our result does not depend on the slight differ-
ence in the parameters used in the analysis [8,58]. As xp
increases, the fraction of desorbing molecules to which a
deuteron is donated through the hydrogen bond from neigh-
boring water molecules increases, resulting in the observed
xp dependence of E; [Fig. 2(c)], i.e., Ef(smaller Xp) >
EX (larger xp). Therefore, the microscopic origin of the xp
dependence of E; would be essentially the same with the
Ubbelohde effect.

In the present study, we have demonstrated the impact of
deuterium substitutions in the kinetic motion of a desorbing
molecule (E}"© < EIP® < EP*©) and the hydrogen-bonding
interactions with neighboring molecules [Eff(smaller Xp) >
E Zf (larger xp)], on the basis of the isotope-selective measure-
ments on the sublimation of crystalline and amorphous ices
with various isotope compositions [Figs. 2(c) and S6]. The
similarity of the isotope dependence was also confirmed in the
evaporation of liquid water (Fig. S7). These results indicate
that the observed isotopic differences in the binding energy of
water aggregates are derived from the following two deuter-
ation effects: (1) the bond-strengthening effect derived from
a decrease of the zero-point energy of the hindered rotational
motion of a desorbing molecule, and (2) the bond-weakening
(and elongating) effect derived from the quantum anharmonic
coupling between inter- and intramolecular modes relevant
to hydrogen-bond breaking. These deuteration effects would
also be important in partial bond-breaking processes such as
structural rearrangements in bulk water systems, as will be
discussed in our forthcoming paper.

Our results could also provide a reasonable interpretation
on the unique isotope effects in the binding energy of wa-
ter aggregates in comparison with bulky hydrogen-bonded
molecules. Note that the deuteration effect (1) plays crucial

roles in the bond-breaking process of extremely small and
light molecules. In the case of water aggregates, the huge
isotopic difference in the zero-point energy of the hindered ro-
tation brings out the peculiar nature of the bond-strengthening
effect (1) overwhelming the bond-weakening effect (2), lead-
ing to the peculiar isotope effect: Deuterated water molecules
form longer but stronger hydrogen bonds than hydrogenated
water molecules. In contrast, in the case of other typical
hydrogen-bonded systems composed of larger and heavier
constituent molecules, such as oxalic acid dihydrate, benzoic
acid, succinic acid, and cyclohexane/Rh(111) [6—14], the iso-
topic differences in the zero-point energy of the hindered rota-
tion are negligibly small. Therefore, only the bond-weakening
effect (2) is predominant in the isotope effect on the binding
energy, resulting in longer and weaker hydrogen bonds in
deuterated systems than hydrogenated systems. Thus, the
isotopic differences in the strength of hydrogen bonds are de-
termined by a delicate balance between the competing deuter-
ation effects (1) and (2), while those in the hydrogen-bond
length, i.e., the geometrical isotope effect, are basically dom-
inated by the deuteration effect (2). Our results and concepts
provide a firm basis for our fundamental understanding of the
isotope effects in highly quantum hydrogen-bonded systems.
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