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Figure 1 Nuclear quantum effects of H bond®. (a) Symmetric double-well potential of interconversion between covalent bond and H bond via pro-
ton transfer. Red and blue double-ended arrows denote over-barrier hopping and quantum tunneling of proton, respectively. The zero-point motion
(quantum fluctuation) of protons is depicted by dotted green lines; (b) schematic of the harmonic (red) and anharmonic (blue) zero-point motion of
proton. ry denotes the equilibrium O-H distance under the harmonic potential; (c) reduction of the reaction barrier leading to the proton delocalization

and, consequently, symmetric H bond
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Table 1 Isotope effects in water
YIEFRE H,0 D,0 T,O H,'"®0 E PN
O-H (D)@ B (kJ/mol) (K. 2%) 458.9 466.4(1.6%) [36]
{HH (D) (A 1.855 1.855 (37]
XERRAP A IR BAT A (cm ™) (ZS) 3657.1 2671.6 2237.2 2237.2 [27,38]
R SR (cm™)(AE) 1594.7 1178.4 995.4 1588.3
X BRAN A AR A3 % (em ™) () 3755.9 27877 2366.6 3741.6
K5y F ZRAR S (1 BE B (KI/mo)(RAS) 10 K 13.22 14.88(12.7%) [24~26]
7 5. Tu(K) (latm) 273.15 276.97(1.40%) 277.64(1.64%) 273.46(0.11%) [27.28]
5 e KR (TMD)/(K) 277.13 284.34(2.60%) 286.55(3.40%) 277.36(0.08%) [30,31]
= A (K) 647,10 643.85(-0.50%) 641.66(=0.84%) [27,28]
JEE SR % J¥E C(mol/L) 55.35 55.14(=0.38%) 55.08(=0.49%) 55.42(0.13%) [28.35]
JEE K ¥ i Crvp(mol/L) 55.52 55.22(-0.53%) 55.17(=0.63%) 55.59(0.13%) [28,39]
YRR TH 7K J1(N/m) 0.007198 0.07187(<0.15%) [28]
FE3ER, C,[3/(K mol)] 74.54 84.42(13.2%) [28.35]
SR HL(A%ps) 0.230 0.177(=23.0%) 0.219(~6.1%) [32,33]
e 18 (rad*/ps) 0.104 0.086(—17%) [34]
S LR BB IR A (20°C) (ps) 9.55 12.3(29%) [40]
Rt =4 0.8904 1.0966(23.2%) 0.9381(5.4%) [28,30]
12 M pH/pD 7.00 7.43 7.6 [28,29]
a) LU S HERER RSN, #RTE25 CHHAS
2 BEFHULEMELS
Table 2 Summary of experimental studies of NQEs
FHHEA FHAR R 1% 8 F 440 (NQEs) 225 3k
rh BT FEAIK R ARV [41]
7k APy R % 2 [5]
WK, VK NQEs X A% 1Y 31y 1 43 70 LA B R S FRAIE ) 52 ) [42~46]
ZRRK R o AN e [13,47,48]
X-SF AT 5 TR R A vk FoF R S (ice X) [49]
L7/ 2 A FRIA SR R 2 RS S [12,50,51]
S 45 4 k) JR IR 45 44 (O O] 1) Ay [R] 437 2 3837 [16,52,53]
X-Hi 2 st ¥k B Ty e 7 1 [ 57 2R A0 [54]
EVA=D o7 R vk X R AL (ice X) [55,56]
M FE T UK X R B S (ice X) [57,58]
i BRI = T K YRR S5 (ice X) [59]
BB KA S (HOD) NQEs X OH(D)H ] {1 5% i [60]
ik AR RS K AN [ % 2 [11]
PN Rl vk AT R % 2 [61]
WG SR A T SR RO IR AN R % 2 [3]
FHiE R ME  Cu0D)FE M L HA-SJHF AR [62]
Cu(110)#% 1 _F/K 47 BIKL L H,0-(OH), H#%E  AMkEZE . SR A g [6,63~65]
Ag(110)3 i Porphycene /T B W 5 [66]
NaCl(001) 7K 43 F I8 R 4 N AN Gl [9]
NaCl(001) | B4~ 7K 43 F NQEs i &k 5 J3 19 5 1 [17]
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Figure 2 STM images of water monomer and nanoclusters adsorbed on the NaCl(001) film. (a, b) High resolution STM images of HOMO (a) and
LUMO (b) of a water monomer; (c, d) top and side views of the calculated adsorption configuration of a water monomer. (e, f) STM images of the
water tetramers with anticlockwise and clockwise hydrogen-bonded (H-bonded) loops; (g, h) calculated HOMO of the two chiral tetramers by plotting
isosurfaces of charge densities integrated over 1 eV of the HOMO tail close to Er. The chirality of the HOMO resembles that of the helical structures as
shown in (e) and (f). (i-k) STM topography and calculated adsorption configuration of a water nanocluster consists of four tetramers interconnected via
six bridging water molecules with four at the edges and two in the centre. (a—h) Adapted from ref. [72]; (i—k) from ref. [73]
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Figure 3 nc-AFM imaging of water clusters™®. (a) Schematic of a qPlus sensor based nc-AFM and the experimental setup; (b) geometric structures,
experimental STM images, experimental and simulated Af images of three water dimers, respectively. The crooked depressions in the AFM images are

highlighted by dashed lines
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Figure 4 Tip-enhanced IETS of a D,O monomer adsorbed on NaCl(001) surface with a Cl-terminated tip, showing the frustrated rotational, bending,

and stretching modes !"”!
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Figure 5 Many-body proton tunnelling. (a) Stepwise tunnelling of two protons in a single porphycene molecule; (b) concerted proton tunnelling in a
water tetramer. The chirality switching of the water tetramer is manipulated by a Cl-terminated tip and monitored by the tunnelling current. (a) Adapted

from ref. [66]; (b) from ref. [9]
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The mystery of water mainly arises from the intermolecular hydrogen-bonding (H-bonding) interaction. It is well known
that H bonds have a strong classic component coming from electrostatics. However, quantum behaviors of hydrogen nu-
clei (protons), including tunneling and zero-point motion have significant effects on the macroscopic properties, struc-
ture, and dynamics of water even at room temperature or higher. Despite enormous theoretical efforts toward pursuing
proper treatment of the nuclear motion at a quantum mechanical level, accurate and quantitative description of NQEs on
the H-bonding interaction has proven to be experimentally challenging. This review highlights the recent advances in
investigating nuclear quantum effects (NQEs) of water, with focus on the studies of surface water at atomic scale. We
first introduce the conventional spectroscopic techniques and the emerging scanning tunneling microscopy/spectroscopy
(STM/S) and non-contact atomic force microscopy (nc-AFM), which allow the access to the quantum degree of freedom
of protons at atomic scale. Real-space imaging of interfacial water with submolecular resolution has been achieved, ena-
bling discrimination of the orientation of the single water molecules and the H-bonding directionality of water clusters at
surfaces. In addition, the limit of vibrational spectroscopy of water has been pushed down to the single-bond level using
tip-enhanced inelastic electron tunneling spectroscopy (IETS). We then discuss how those techniques are used to inves-
tigate the NQEs of surface water, such as proton tunneling and the impact of zero point motion on the H-bonding interac-
tion. Proton tunneling has been observed in water/ice under various conditions, such as surface water, high-pressure ice
and confined water. Interestingly, proton tunneling in H-bonded networks tends to involve many H bonds simultaneous-
ly, leading to concerted many-body tunneling, which has been visualized in the experiment as well. NQEs, in terms of
zero-point motion, could influence the H-bonding interactions and consequently the structure of H-bonded network. A
general physical picture for the NQEs of H bonds has been unraveled, that is, the anharmonic quantum fluctuations of
hydrogen nuclei weaken the weak H bonds and strengthen the strong ones due to the competing effect between O-H
stretching and H-bond bending. For completeness, we also briefly review the NQEs of bulk water/ice and confined water
using the macroscopic spectroscopic techniques. Those findings may completely renovate our understanding of water and
provide answers to many weirdness and the macroscopic isotope effects of water from a quantum mechanical view. In
the end, we present an outlook on the current challenges and further opportunities in this field. There is an urgent need to
develop new techniques to study the NQEs of water at ambient condition with atomic precision. It would be also inter-
esting to extend the NQEs studies of water to other H-rich materials and, more generally, to light-element materials, such
as Li, He, C, N, B.

water, ice, hydrogen bond, nuclear quantum effects, scanning tunneling microscopy, non-contact atomic force
microscopy
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