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Proton tunneling is an elementary process in the dynamics of hydrogen-bonded systems. Collective
tunneling is known to exist for a long time. Atomistic investigations of this mechanism in realistic
systems, however, are scarce. Using a combination of ab initio theoretical and high-resolution exper-
imental methods, we investigate the role played by the protons on the chirality switching of a water
tetramer on NaClI(001). Our scanning tunneling spectroscopies show that partial deuteration of the
H,O tetramer with only one D, O leads to a significant suppression of the chirality switching rate at a
cryogenic temperature (7), indicating that the chirality switches by tunneling in a concerted manner.
Theoretical simulations, in the meantime, support this picture by presenting a much smaller free-
energy barrier for the translational collective proton tunneling mode than other chirality switching
modes at low T. During this analysis, the virial energy provides a reasonable estimator for the descrip-
tion of the nuclear quantum effects when a traditional thermodynamic integration method cannot be
used, which could be employed in future studies of similar problems. Given the high-dimensional
nature of realistic systems and the topology of the hydrogen-bonded network, collective proton tunnel-
ing may exist more ubiquitously than expected. Systems of this kind can serve as ideal platforms for
studies of this mechanism, easily accessible to high-resolution experimental measurements. Published
by AIP Publishing. https://doi.org/10.1063/1.5004737

. INTRODUCTION

Hydrogen (H)-bonding interaction is an important type
of inter-molecular interaction in many physical, chemical, and
biological systems, e.g., the binding of DNA base pairs,'~ the
phase transition of high-pressure ice and super-ionic water,*’
the proton exchange through membranes,®!! the functioning
of enzymes,'>!7 etc. Due to the light mass of H, many of
these systems and problems are highly quantum mechanical in
nature.>>14-26 As a consequence, accurately accounting for the
nuclear quantum effects (NQEs) has become a more and more
important issue in their theoretical descriptions and exper-
imental characterizations nowadays. To name a few exam-
ples, the agreement between theories and experiments on the
momentum distribution of protons and the vibrational dynam-
ics in liquid water and bulk ice can be substantially improved
after including NQEs in the ab initio simulations.'®->3 The
NQEs were vital in the auto-ionization of liquid water.”* In
descriptions of the strength of H-bonding interactions, the
NQEs were indispensable in the theoretical simulations and
detectable in experiments.>> 28

Proton transfer is an elementary process in H-bonded sys-
tems, first suggested by von Grotthuss more than 200 years
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ago,>>30 before Avogadro found that a water molecule is
H,O. Under the classical approximation, proton transfer hap-
pens through thermal hopping. But the quantum nature of
the nuclei can also impact on this process in terms of tun-
neling and zero-point motion. When zero-point energy can
wash out the classical proton transfer energy barrier, the pro-
tons delocalize along the H-bonds and NQEs induce qualita-
tively different classical and quantum structures.>'®3! When
zero-point energy is not large enough to induce completely
delocalized protons, quantum tunneling becomes the domi-
nant NQEs.">~732 In quantum dynamics, this is a subject of
intense research.’*=° The simplest process happens through
single (stepwise) proton tunneling from one site to another
along the H-bond.>!4-1732-38 Parallel to this single proton
tunneling, multiple proton tunneling also exists,?*** and some-
times they happen in a collective (or concerted) manner. This
collective proton tunneling was first proposed in molecular
dimers, such as H-bonded carboxylic acid dimer and formic
acid dimer.***3 Physics behind it in terms of the competition
between NQEs in different dimensions is clearly non-trivial.*>
Systematic investigations of this mechanism using ab initio
simulations or high-resolution experiments, however, are
scarce.

One exception is the proton transfer within a hexagonal
water ring in ice I, at low temperature (7).**7 In this system,
incoherent quasielastic neutron scattering measurements have

Published by AIP Publishing.
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shown the existence of non-Arrhenius H jump and large iso-
tope effects between H and deuterium (D), implying that the
concerted proton tunneling plays an important role.** Using
ab initio path-integral molecular dynamics (PIMD), Drechsel-
Grau and Marx have pointed out that NQEs can reduce the
activation barrier of the collective proton transfer from ~1.0eV
to ~0.2 eV at 50 K and six protons in the ring-like topolo-
gies behave like a delocalized quasiparticle at the transition
state (TS) via collective tunneling along the proton transfer
coordinate.*> Upon isotopic substitution of one H,O by D,0,
quantum simulations from the same group further showed that
aZundel-like complex exists at the T'S which localizes the ionic
defects and thus inhibits perfectly correlated proton tunnel-
ing.*>%’ Direct experimental characterizations of this process,
especially those with atomic-level spatial resolution, however,
are still lacking.

Another example for the demonstration of this concerted
proton tunneling resides on the water tetramer on NaCl(001),
when Meng and co-workers found that the chirality switching
of the water tetramer can be controlled by a chlorine (Cl)-
terminated tip of scanning tunneling microscope (STM).*8-30
This chirality switching was induced because of the rearrange-
ment of the protons in the water tetramer.*® The non-Arrhenius
dynamics means that the chirality switching happens through
tunneling.*® The switching rate changes non-monotonically
with tip height in the experiment, and its trend agrees with that
of the collective proton transfer energy barrier. Besides this, it
was also found that as the tip moves away from the center of the
tetramer, the switching rate rapidly drops. All these findings
suggest a translational collective proton tunneling mechanism.
However, the effect of the partial isotopic substitution on the
chirality switching, which is critical for the confirmation of
the concerted proton tunneling mechanism,*®*3 has not been
measured experimentally. What is more, it is also demanding
to explore the atomistic details of the tunneling process with
quantum simulations. These theoretical simulations were not
reported in Ref. 48 either.

In this paper, we report additional experimental observa-
tions focusing on partial isotopic substitution and new clas-
sical/quantum simulations of the different chirality switching
mechanisms of the water tetramer to understand the exper-
imental observations. By manipulating individual H,O and
D, 0 molecules on the NaCl(001) surface in the STM experi-
ments,* we construct water tetramer (4H,0), partially deuter-
ated tetramer (3H,O+D;,0), and fully deuterated tetramer
(4D,0). The H,O and D,0O molecules were distinguished
by tip-enhanced inelastic electron tunneling spectroscopy
(IETS).>® We found that upon partial deuteration of water
tetramers (replacing just one H,O with one D,0), the switch-
ing rate is largely suppressed, almost to the same level as
the case of full deuteration. This provides an experimental
evidence for the breakdown of the concerted proton tunnel-
ing upon partial deuteration, as suggested by Drechsel-Grau
and Marx for the water hexagonal ring in ice I, in Ref. 46.
Using classical and quantum ab initio simulations, we then
carried out an atomistic study of this chirality switching pro-
cess by investigating different mechanisms including trans-
lational concerted (collective) proton tunneling and collec-
tive/stepwise water molecule rotations. Our calculated static
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barriers with the climbing image nudged elastic band (cNEB)
method show that the stepwise rotation of water molecules is
more facile in the classical limit. Ab initio PIMD simulations,
however, demonstrate a much lower quantum barrier (<0.2eV)
for the collective proton transfer mode at low T (50 K). These
results come about because NQEs have different influences
on different chirality switching pathways at low 7's. Obvi-
ous proton delocalization between the two degenerate states
of the H-bond over a wide range of the reaction coordinate
substantially reduces the free-energy barrier for collective pro-
ton transfer. For chirality switching based on water molecule
rotations, this effect is much weaker. Based on one practical
quantum transition state theory (QTST), 7T-dependent chiral-
ity switching rates and the isotope effects were calculated
down to 50 K, which qualitatively explained the experimental
results. These findings provide atomistic details for collective
proton tunneling in a realistic system, which is accessible to
experimental characterizations.

Il. METHODS

The experiments were performed with an ultrahigh vac-
uum cryogenic STM (Createc) at 5 K. The preparation of
the sample and Cl-terminated tip was described in Refs. 48
and 49. The partial deuterated water tetramer (3H,O0+D,0) is
constructed by manipulating four individual water molecules
(three HoO monomers and one D,O monomer) with the CI-
terminated tip at a gap set with V. = 10 mV, I = 150 pA.
The H,0 and D, O molecules could be distinguished by refer-
ence to the frequency of the O—H/D stretching mode with the
recently developed tip-enhanced IETS.?® Using scanning tun-
neling spectroscopy, dI/dV and d?1/dV? spectra were acquired
simultaneously using lock-in detection of the tunneling cur-
rent by adding a 5-7 mV rms modulation at 237 Hz to the
sample bias. The time trace of the tunneling current during
chirality switching was recorded to extract the switching rate,
and the corresponding experimental method was discussed in
detail in Ref. 48. The bias voltage refers to the sample voltage
with respect to the tip. All the STM topographic images were
obtained in the constant-current mode.

The theoretical simulations were performed using the
Vienna Ab initio Simulation Package (VASP),’'? with an in
house implementation of the ab initio constrained molecular
dynamics (MD) and constrained centroid PIMD methods.>*
With ab initio MD, the classical thermal effects of the nuclei
were addressed as the electronic structures were calculated
on-the-fly. With ab initio PIMD, the NQEs were added on the
same footing. Therefore, comparisons between the ab initio
MD and PIMD simulations allow the NQEs to be analyzed in
a very clean manner.'#>3-%0 The atomic structure of the sys-
tem used is similar to Ref. 48, a (2 x 2) NaCl unit cell on

31
a 13 superstructure of the Au(111) substrate with a resid-

ual strain of about 5% was used, which contains a bilayer
NaCl(001) lattice on top of four-layer Au(111). The bottom
layer of the NaCl and the Au substrates was fixed during geom-
etry relaxations. The thickness of a vacuum slab was larger
than 12 A in all simulations. We performed the cNEB calcu-
lations to obtain the static energy profiles of different proton
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transfer modes for the chirality switching of water tetramers.®!

Beyond the static description, the classical and quantum free-
energy profiles were obtained in two steps by using constrained
ab initio MD and constrained centroid ab initio PIMD.>>¢ The
constraint was implemented using the global proton-transfer

4
coordinate ® = 3 ¢;/4, where ¢; is the local reaction coor-
i=1

dinate and is written as ¢; = d(D;H;)!! —=d(A;H)!'.*» d(D;H;)"!
(d(A;H))'!) is the projection of the distance between the proton
and the donor (acceptor) oxygen for the ith H bond denoted
by D — H - - - A along the two in-plane axes of the simulation
cell (detailed in the supplementary material). By integrating
over the constraint forces, the free-energy profiles can be
achieved.® During the MD and PIMD simulations, T was tar-
geted at 50 K by the Andersen thermostat and a 0.2 fs time step
was chosen. 48 replicas were used in the PIMD simulations.
For more details about these computational setups, please see
the supplementary material.

lll. RESULTS

Water tetramers were constructed by manipulating four
individual water monomers on the Au-supported NaCl(001)
surface at 5 K with the Cl-terminated tip [Figs. 1(a) and 1(b)].
The chiral state of the cyclic water tetramer can be either clock-
wise state (CS) or anti-clockwise state (AS), which can be
distinguished from the submolecular-resolution STM images
[Figs. 1(c) and 1(e)]. In our previous work, we reported the
direct visualization of the concerted proton tunneling in a
water tetramer by monitoring the reversible interconversion
of the two different H-bonding chiral states.*® However, there
is no experimental smoking gun for the concerted nature of

(b) (d)
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proton tunneling. We notice that a breakdown of collective
proton tunneling can be introduced by partial deuteration
in fully quantum simulations of ice I.*® Motivated by this,
we moved a step further beyond our previous experimental
study and directly measure the influence of partial isotopic
substitution on the chirality switching of water tetramers.

These measurements were enabled by a recently devel-
oped tip-enhanced IETS technique, which allows us to dis-
tinguish individual H,O and D,O molecules by looking at
the frequency of the O—H/D stretching mode [Fig. 1(g)].?®
This actually provides an unprecedented opportunity to con-
struct partially and fully deuterated water tetramers in a well-
controlled manner by replacing H,O with D,O one by one.
The formation of the 3H,O+D,O tetramer can be evidenced
by the characteristic OH and OD vibrational features in the
d?1/dV? spectrum of the water tetramer [see the green curve
in Fig. 1(g)]. Two vibrational peaks appeared around both the
OH and OD stretching bands. One nearly coincides with that
of the free OH(D) stretching and thus should arise from the
upward free OH(D), while the other is red-shifted and should
be attributed to the H(D)-bonded OH(OD). As aresult, the con-
structed 3H,O+D,0 tetramer contains both free and bonded
OH(D). The corresponding adsorption structures of two chiral
3H,0+D,O0 tetramers are shown in Figs. 1(d) and 1(f).

The chirality of the water tetramer could be switched in a
controlled manner with a Cl-terminated tip in close proximity
to the tetramer [Fig. 2(a)], in such case the reaction barrier
is effectively decreased owing to the tip-water electrostatic
coupling.*® The reversible interconversion of the tetramer chi-
ralities can be monitored by recording the tunneling current,
in which the two different levels correspond to the AS and
CS of the tetramer, respectively [inset of Fig. 2(b)]. Multiple

25+ x3
5:3H,0D,0

VAV (2. u)
2
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T T T T T T T T T v
250 300 350 400 450 500
Bias (mV)

FIG. 1. Construction of a partial isotopic substituted water tetramer. [(a) and (b)] The construction of a water tetramer by manipulating three HyO monomers
(1,2,3) and one DO monomer (4) with a Cl-terminated tip at the set point of V =10 mV and I = 150 pA. The white dashed arrows in (a) highlight the trajectories
along which the water monomers were manipulated by the tip. The constructed tetramer is shown in (b). The size is 7.35 x 7.35 nm?2. Set point: V = 100 mV
and I = 20 pA. [(c) and (e)] Derivative STM images of the water tetramers with clockwise state (CS) and anti-clockwise state (AS) H-bonded loops. The size
is 1.3 x 1.3 nm2. Set point: V=10 mV and I = 90 pA (c), V=10 mV and I = 100 pA (e). [(d) and (f)] Adsorption configuration of partially deuterated CS
and AS tetramers, respectively. H, D, O, CI~, and Na* are denoted by pink, blue, red, green, and yellow spheres, respectively. (g) The d21/dv? spectra of the
H,0/D,>0 monomers and partially deuterated water tetramer composed of three H,O and one D,O. Numbers 1 to 4 correspond to the water monomers shown
in (a). The d2I/dV2 spectrum of the constructed 3H,O+D;0 tetramer is shown as a green curve. Here we focus on the stretching modes to tell the difference
between D and H. Each curve is properly scaled to ensure the same magnitude for clarity. The vertical dashed lines denote the vibrational energies of the free
OD (338 meV) and OH (460 meV) stretching modes. Set points of IETS: tip height: —240 pm, referenced to the set point: V = 100 mV and I = 20 pA (1,2,3,4);
tip height: —290 pm, referenced to the set point: V = 100 mV and I = 50 pA (5).
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FIG. 2. Effect of full/partial isotopic substitution on the chirality switching of a water tetramer. (a) Schematic of the experimental setup using a Cl-tip. (b)
Extraction of the switching rate from the current trace. The time distribution (bin size: 0.32 s) for the tetramer staying in the AS can be fitted to an exponential
decay (red curve) based on the current trace (inset). The fitted time constant is 0.45 + 0.031 s. The inverse of the time constant yields the switching rate:
2.22 + 0.15 s~L. Inset shows the adsorption configuration of CS and AS tetramers. [(c) and (d)] Current traces and the corresponding switching rates of the
4H,0, 3H,0+D;0, and 4D, O tetramers, respectively, during the chirality switching. The gray and red dashed lines represent the current levels for CS and AS of
the tetramer, respectively. All the current traces were recorded at the same tip height of —265 pm, which is referenced to the gap set with: V=5mV and I =5 pA.

current levels have also been observed due to the relaxation of
the Cl-tip. However, no matter how many levels appear, they
could be divided into two groups and each group corresponds
to one of the two chiral states of the tetramer. Figure 2(b)
shows the lifetime distribution of a anti-clockwise tetramer
based on the inserted current trace, which could be well fitted
to an exponential decay (red curve). The switching rate can be
obtained by reversing the fitted time constant.

To explore the effect of full/partial isotopic substitution
on the chirality switching of a water tetramer, we recorded
the tunneling current traces of the 4D,0, 3H,O0+D,0, and
4D, 0 tetramers, respectively, during the chirality switching
[Fig. 2(c)]. Strikingly, the chirality switching rate of the 4H,O
tetramer is substantially reduced once by replacing only one
H,0O with D,0, almost to the same level of the 4D,0 tetramer
[Fig. 2(d)]. This is in qualitative agreement with the predic-
tion of the breakdown of concerted tunneling, as induced by
a Zundel-like complex formed at the TS upon partial isotopic
substitution of H by D in ice I;,.4¢ Therefore, we consider
this rapid quenching of the chirality switching of the partial
deuterated water tetramer (3H,O+D,0O) as a strong experi-
mental support for the concerted proton tunneling in H,O
tetramers.

To better understand the atomistic details of the chirality
switching between CS and AS, we now resort to ab initio theo-
retical simulations. At the atomic scale, the chirality switching
of water tetramers can occur via different channels (modes).
Stepwise proton transfer, intuitively the simplest process, has
been investigated using the cNEB method in the supplemen-
tary material of Ref. 48. The formation of charged defects leads
to a high reaction barrier (>2.0 eV). Therefore, we rule it out
in the first place and focus on four other switching channels
with lower barriers.

These four channels include collective proton transfer
[inset of Fig. 3(a)], collective water molecule rotation involv-
ing one OH bond [inset of Fig. 3(b)], collective water molecule
rotation involving two OH bonds [inset of Fig. 3(c)], and step-
wise water molecule rotation [inset of Fig. 3(d)]. The reaction
coordinates were chosen to be ®T and ®R, with ®T defined
in Sec. II for the collective proton transfer and ®R used for
the molecule rotations. We note that this ®R can be defined in
the cNEB calculations after the relaxation of the intermediate
sampling point along the reaction paths (detailed in the supple-
mentary material). In the constrained MD/PIMD simulations,
however, one needs to integrate out the fluctuation of the sys-
tem on other degrees of freedom except the dimension of the
system on the reaction coordinate in order to obtain an effec-
tive force. Technically, this is very difficult for the rotational
channels. Therefore, we will discuss the cNEB results along
®T and @R for these four channels first. Then the influence
of NQEs on the barrier of the collective proton transfer chan-
nel will be analyzed by the thermodynamic integration (TT)
method along ®T, when the effective forces and the free ener-
gies can be obtained. The influence of NQEs on other channels
involving molecular rotations will be discussed later using an
alternative estimator.

The cNEB barrier for the collective proton transfer
is ~0.8 eV [Fig. 3(a)]. Collective rotations of four water
molecules require apparently higher energies [>1.2 eV in
Figs. 3(b) and 3(c)]. The stepwise rotation pathway, on the
other hand, has the lowest barrier [Fig. 3(d)]. In this regard,
the proton transfer in the water tetramer on the solid surface
and in bulk ice show very different behaviors. In the classi-
cal limit, only defect-mediated single proton hopping occurs
in ice I,.*> Whereas the stepwise water molecular rotation is
the most favored channel for the rearrangement of the proton
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FIG. 3. Static energy profiles of the chirality switching
in water tetramers via (a) collective proton transfer, col-

lective rotations of four water molecules involving (b)
one and (c) two OH bonds, and (d) step-wise rotation of
four water molecules. The representative atomic struc-
tures along the reaction coordinates are shown as the

insets. Yellow, green, red, and pink balls are Na, CI, O,
and H atoms, respectively. The water molecule switching
sequences are indicated by the blue dashed circles in (d),
for the step-wise rotation mode.
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order in the water tetramer on the solid surface. The weaker
special constraint of the H-bond network in the water tetramer,
compared with that in bulk ice, is the main reason. This can
be seen, e.g., by comparing the small barriers for molecular
rotations in Figs. 2(b)-2(d) for the surface tetramer with that
of the large barrier in Fig. S4 of the supplementary material
for the hexagonal ring in ice Ij.

Now we include nuclear statistical effects at the classical
and quantum levels. This is done by performing comparative
ab initio MD and PIMD simulations. The TI method was used
to obtain free energy profiles due to the rare-event nature of this
process, by constraining the global reaction coordinate ®T at
various values.’>® ®T can quantitatively describe the progress
of the collective four-proton transfer in the water tetramer.
Free energies as a function of ®T with classical and quantum
nuclei are shown in Fig. 4. Ab initio MD simulations at 50
K give a barrier of ~0.73 eV, similar to the static result from
cNEB, meaning that the classical thermal effects are small.
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> 044 |
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FIG. 4. Free-energy profiles obtained with ab initia constrained MD (red
triangles) and PIMD (cyan stars) simulations for the concerted proton transfer
in the water tetramer on the NaCl(001) surface at 50 K. A PIMD simulation
snapshot for the TS is shown as the inset. Red and pink balls represent the
beads of O and H atoms, for one snapshot in a PIMD simulation. The centroids
of Na and ClI atoms are shown as yellow and green balls.
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The corresponding scenario is that the collective proton trans-
fer happens through thermal hopping, which is a very rare
event. With quantum nuclei, however, we see a substantially
reduced energy barrier (~0.16 eV). The value of reduction
is much larger than the zero-point energy corrections. There-
fore, quantum tunneling should play the most important role.
This translational quantum tunneling can also be reflected in
the snapshot of the constrained-centroid PIMD simulations
at the TS (Fig. 4), where the quantum path (circular ring of
each nucleus) is obviously delocalized toward its initial and
final states. Later, we will discuss the bimodal structure of
this distribution, which is a clear evidence of deep tunneling.
The NQE:s also play an important role on the collective proton
transfers in the 3H,O+D,0 and 4D, 0 tetramers. The profiles
of the mean constrained forces are shown in Fig. S2 of the
supplementary material. The quantum free energy barrier is
~0.18 eV for 3H,O+D,0 and ~0.22 eV for 4D, 0.

For the molecular rotation modes, as mentioned, it is tech-
nically difficult to control the systems going from CS to AS
by gradually changing an appropriate global reaction coordi-
nate, meaning that we cannot obtain the free energy profiles
with the TI method. An alternative estimator, therefore, must
be resorted to. Based on the cNEB calculations, we plot the
static energy profiles for various chirality switching channels
in Fig. 5. Then, we constrained the centroid of each atom at
the spatial configuration obtained from cNEB in the PIMD
simulations for each intermediate state and calculated the ther-
modynamic averages of the total energy using the virial energy
estimator.>> This virial energy is defined as

N

A2 P

P NKT 1 I, .U
E=(— = — —_(rf —r¢ . =

G TV =5 +sz=;; 20T

P
1 k k
+1—3;U(rl,...,rN),

where P is the number of the beads in PIMD simulations,
N is the number of ions, U is the potential energy on the


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-031896
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-031896

102329-6 Feng et al. J. Chem. Phys. 148, 102329 (2018)
084 (@ .. 124{(b) .
~ 0.6 12 So09 13
3 : 2 0 =
z; 04 s 12 g06y & i 1 —i
g 7 "' __g g . . E
5 0.2 K o {e mo3] 1 oS 1e
b Qras = : - i
004 34 43 0.04 ; § d FIG. 5. Energy profiles from cNEB calculations (black
. . . . . ’ . . . dots) and PIMD simulations (red triangles), for four kinds
1.0 -0.5 T0.0 0.5 1.0 0.0 ?{.4 0.8 of water chirality switching modes as shown in Fig. 3. In
(A) DRA) each PIMD simulations, the centroids of atoms are con-
(cl) ' . 08 ((Ii) ' ' strained at the positions of corresponding cNEB image
124 v j *-. ] e . states. The distribution probabilities of reaction coordi-
e @ LI P 0.6 ’ | 1= nates are also shown by shades in each figure for the
> : f | > S 3 < TSs.
Los 12 % 0.4 p 9+ R )
& L4 I
00] i 00] & i
04 00 04 058 04 0.0 04 08
DR(A) DR(A)

Bohn-Oppenheimer surface, rff is the position of the kth bead
of ion i, and rfis the centroid of ion i. With this treatment,
we acknowledge that contributions from entropy to the free
energy cannot be taken into account. The constraint of the
pathway also means that the well-known corner cutting effects
are absent since the quantum tunneling path can be very dif-
ferent from the classical one.%>%* The averaged virial energy
profiles at 50 K are shown in Fig. 5, along with the static
energy profiles, for the four chirality switching channels. For
collective proton transfer, the barrier of the virial energy is
~0.12 eV [Fig. 5(a)]. This value is much smaller than the
static energy and the classical free energy barriers. It is also
close to the quantum free energy barrier (~0.16 eV). This close
value between the quantum virial total energy and the quantum
free energy indicates that it is reasonable to evaluate the role
of NQE:s on this chirality switching problem using the virial
estimator.

Now we investigate the NQEs on other chirality switching
channels. In contrast to the substantial reduction of the switch-
ing barrier due to NQEs for collective proton transfer, NQEs
on the molecule rotation channels are much weaker. This is
shown in Figs. 5(b)-5(d), where the virial energy barriers are
still very high. To understand this, we plot the distribution
probabilities of the path-integral images as a function of the
reaction coordinates (®T and ®R) at the TSs (indicated by
blue circles) and show these distributions by shades in Fig. 5.
For collective proton transfer, obvious proton delocalization
between the two degenerate states along H-bonds can be seen
and deep tunneling plays an important role at 50 K. This is
consistent with Ref. 45 for the hexagonal H-bonded ring in
bulk ice Ij. For the molecular rotation modes, however, this
delocalization is much weaker. As a matter of fact, bimodal
distribution only exists for the molecular rotation involving
one OH bond [Fig. 5(b)]. And this bimodal feature is much
weaker than that of the collective proton tunneling in Fig. 5(a).
In Figs. 5(c) and 5(d), this delocalization does not even
exist.

For a more direct visualization of the difference between
the quantum delocalization along each channel, we take two of

them as examples when this delocalization happens and show
some representative snapshots of the constrained-centroid
PIMD simulations in Fig. 6. These two channels include the
collective proton transfer [Fig. 5(a)] and the collective rota-
tion involving one OH bond [Fig. 5(b)]. Different from the
shades in Fig. 5 where only the imaginary-time images at the
TS were taken into the statistics, three intermediate states were
chosen along each reaction path in Fig. 6 to represent the state
of the tetramer before, during, and after the chirality switch-
ing. The proton delocalization between the two degenerate
states can still be seen for both channels at the TSs [Figs. 6(b)
and 6(e)]. This is in agreement with the probability distribu-
tions for ®T and ®R in Figs. 5(a) and 5(b). For the collective
proton transfer channel, such delocalization can also be seen
within a wide range of o7 [Figs. 6(a) and 6(c)]. This results
in a nearly flat terrace in the free energy and the virial energy
profiles around the TS in Figs. 4 and 5(a). For the collec-
tive rotation channel involving one OH bond, delocalization
occurs only near the TS [Fig. 6(e)]. Before and after this TS,

DR =(.205A

DR =-0.09 A DR =0.57A
FIG. 6. The representative snapshots during the constrained-centroid PIMD
simulations with different reaction coordinates. [(a)—(c)] Concerted proton
tunneling. [(d)—(f)] Collective water rotation. Red and pink balls represent
the beads of O and H atoms. The centroids of Na and CI atoms are shown as
yellow and green balls.
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the imaginary paths of the transferring protons are quite local-
ized [Figs. 6(d) and 6(f)], which explains the weaker influence
of NQEs on the virial energy profile. In short, NQEs have
very different influences on the four chirality switching chan-
nels. Although the stepwise rotation channel [Fig. 3(d)] is
the most facile way to accomplish the chirality switching in
the classical limit, deep quantum tunneling puts the collective
proton transfer channel in a much more favorable position at
low T.

The computed classical and quantum free energy barriers
for concerted proton transfer can be further used to estimate
the chirality switching rates with the quantum transition-state
theory (QTST) method.?>-3¢65-67 Due to the principles of
quantum mechanics, a quantum analogue of the classical tran-
sition state theory (TST) cannot be rigorously defined.®>-%
However, huge benefits exist in estimations of the rate con-
stants with NQEs in terms of tunneling and zero-point motion
accounted for without necessarily calculating the quantum
real time dynamics. This makes existing versions of QTST
extremely valuable in simulations of large polyatomic sys-
tems.®8~73 Here we adopt a practical version in which the rate
is calculated by korsr = 5P (5#, T) =3P (go, T) e AF/ksT
where v is written as v = (2k1_z;T/7rm)1/2.72 P (f#,T) and
P <§0, T ) are the centroid (center of mass of the ring poly-

mer) probability densities at the transition state £ and initial
state £9, and AF is the free-energy barrier for the concerted
proton tunneling. This expression satisfies the requirement that
classical TST is recovered at the classical limit.

The computed classical and quantum rates as a function
of the temperature are shown in Fig. 7. The calculated switch-
ing rates at 50 K for 4H,0, 3H,0+D,0, and 4D,0 systems
are 4.58 x 1073 571, 492 x 107 57!, and 1.85 x 1078 s7!
respectively. The turnover between the classical hopping and
the quantum tunneling regions is clear. The experimental mea-
surement of the switching rates and isotope effects were qual-
itatively reproduced. In particular, partial deuteration of the
water tetramer (3H,O+D;0) can lead to more than two orders
of magnitude drop in the switching rate, which is consistent
with the experimental observation. However, we note that the

Temperature (K)
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1] R A pvoaps)| ]
] . v PIMD(4D)
'T:-n\ 10)_ .\ I~ N R -
g 103- \\ S~ | S - N
\ S o
& 10°4 Q REYON ]
\ S S
5 10° \ b
e \ A
& 107 ° 1
10° \ M
\
0.000 0.008 0.016
Inverse temperature (K

FIG. 7. The temperature dependence of chirality switching rates. Red and
black dashed lines represent the calculated classical and quantum switching
rates of 4H, O tetramer, respectively. Blue up-triangle and green down-triangle
are calculated switching rates for 3H,O+1D,0 and 4D,0 tetramers with
PIMD at 50 K.
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computed switching rate at 50 K is quantitatively inaccurate
in general, much lower than the measured rates of ~1 57!
[Fig. 2(d)], and the calculated isotope effects are larger than
our experimental observations. Besides this, although partial
deuteration leads to two orders of magnitude decrease of the
chirality switching rate, it does not give a value comparable
to full deuteration. Considering the facts that our simulations
were performed at 50 K (higher than the experimental tem-
perature of ~5 K), various density functionals will result in
slightly different cNEB barriers for the collective proton tun-
neling as shown in Table S1 of the supplementary material,
the Au tip is not employed in the simulation model, and the
symmetry of coupling between the Cl anion and the four pro-
tons may also play an important role,*® we will leave better
quantitative interpretations of the experimental rates as a topic
for future studies.

IV. CONCLUSIONS AND DISCUSSIONS

In short, we report here a combined experimental and the-
oretical study on the chirality switching of the water tetramer
on the NaCl(001) surface. Experimentally, we found that upon
partial deuteration of water tetramer, the switching rate is
seriously reduced. This provides a direct experimental sup-
port for the breakdown of the concerted proton tunneling
mechanism upon partial deuteration as suggested in an earlier
quantum simulation for ice I;,. Using classical and quantum
ab initio simulations, we then compared different switch-
ing modes including concerted proton tunneling and collec-
tive/stepwise water molecule rotations. Static barriers obtained
using cNEB show that the stepwise rotation of water molecules
is the most facile one in the classical limit. Ab initio PIMD,
however, gives a much lower barrier (<0.2 eV) for collective
transferring than other channels at 50 K. This is due to the fact
that NQEs have different influences on each chirality switch-
ing mode. Obvious delocalization plays a more important role
for collective proton tunneling. Using one practical version
of QTST, we calculated the T-dependent chirality switching
rates and the isotope effects, which qualitatively explained the
experimental observations.

Given the fundamental importance of quantum tunneling
in the dynamics of H-bonded systems, these results have a
number of implications. The high dimensionality of realistic
H-bonded system and the topology of H-bond network mean
that collective proton tunneling may exist more ubiquitously
than expected not only in bulk ice*® but also in gas phase
clusters***373 and on surfaces.>**® One advantage of the sur-
face systems is that they are easily accessible to high-resolution
experimental measurements. Therefore, we believe systems of
this kind can provide ideal platforms for future experimental
studies of this mechanism. Theoretically, the high dimension-
ality of realistic systems also means that the effective forces
could be difficult to be obtained in the TI simulations. The
virial energy used here provides a reasonable estimator for the
description of the NQEs when the TI method cannot be applied,
which may be employed in future studies of similar prob-
lems. However, we completely acknowledge that the absence
of entropic effects and corner-cutting effects also means that
its validity cannot be guaranteed and must be checked for each
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application. Higher level quantum dynamics methods, such as
on-the-fly instanton, centroid molecular dynamics,’*”> ring-
polymer molecular dynamics,’®’” and path-integral Louvielle
dynamics,’® are highly desired in descriptions of these phe-
nomena. We hope our work can stimulate more research on
collective tunneling in this direction.

SUPPLEMENTARY MATERIAL

See supplementary material for details of the experi-
mental setup and additional information of the theoretical
simulations.
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