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Abstract

In hydrogen-bonded materials and biosystems, microscopic proton ordering, which is strongly
influenced by the quantum nature of protons, underpins diverse macroscopic phenomena,
including phase transitions, chemical reactions, biomolecular processes and collective proton
transfer. Yet resolving proton arrangements and characterizing their quantum behavior at the
atomic scale remain challenging due to the small size of protons and the lack of effective
approaches. Here, we exploit bond-resolved atomic force microscopy and spectroscopy (BR-
AFM/AFS) to probe signatures of proton ordering in surface-confined benzimidazole (BI)
assemblies. By performing BR-AFS along the apparent H-bond between proton donor and
acceptor nitrogen atoms, we extract information consistent with H-bonding directionality and
signatures compatible with quantum proton delocalization. We observe anomalous rotational-
symmetry breaking in the proton order of the cyclic hexamers, arising from the coexistence of both
localized and quantum-delocalized protons. The chirality of a single hexamer can be reversibly
switched by altering its adsorption registry combined with collective transfer of six protons. Path-
integral molecular dynamics calculations unravel that nuclear quantum effects promote proton
delocalization and concomitant reduction of donor-acceptor distance. Our findings enable atomic-
level detection of complex proton orders, engineering proton-based quantum states, and

elucidation of long-range proton transfer mechanisms in molecular architectures.



Introduction

Hydrogen bonds are profoundly influenced by nuclear quantum effects (NQES) owing to the low
mass of the proton'. To fully understand many fundamental biological and chemical processes
mediated by H-bonds—such as enzymatic reactions*®, signaling’, and the dynamics of water®-the
quantum nature of protons must be considered. In two- or three-dimensional molecular crystals,
where intermolecular H-bonding motifs create specific proton arrangements®!?, NQEs can
significantly impact proton ordering, thereby dramatically altering structural and physical
properties. For example, quantum delocalization drives proton order-disorder transition and H-
bond symmetrization in high-pressure phases of ice!®, and promotes high-temperature
superconductivity in sulphur hydrides'®. Recent high-resolution scanning probe studies of small
molecules on atomically flat surfaces in ultrahigh vacuum (UHV) have provided preliminary
evidences for proton sharing, including water-hydroxyl complexes on Cu(110)*, long-range-
ordered Zundel cations on Au(111) and Pt(111)®, and H-bonded one-dimensional 2,5-diamino-
1,4-benzoquinonediimines chains on Au(111)Y". However, these observations have so far relied
primarily on imaging, while complementary spectroscopic evidence remains limited.

Another challenge is to extend the investigation of proton ordering and NQEs from small
interfacial molecular systems, such as water'®, to those with heavier skeletons®®. In this regard, the
imidazole ring represents an ideal candidate. Capable of both donating and accepting a proton, it
serves as an important building block in biological systems, facilitating low-barrier H-bonds
(LBHB)*®. Moreover, single-component crystals of imidazole derivatives can achieve above-
room-temperature ferroelectricity, with electric polarization switchable via cooperative proton
transfer through the H-bonds (N-H:--N & N---H—-N)®°.

In this work, we introduce an approach based on bond-resolved atomic force microscopy
and spectroscopy (BR-AFM/AFS) for determining H-bond directionality in benzimidazole (Bl)
architectures on Ag(111). We reveal the conventional unidirectional H-bonding in linear Bl chains,
while in cyclic hexamers, we unravel ground-state proton orders featuring coexisting localized and
qguantum-delocalized protons (structures 1 and 2 in Fig. 1). We further demonstrate that a single
hexamer can interconvert reversibly among four proton-ordering states (Fig. 1). Changing the
adsorption registry suppresses proton delocalization, whereas a collective six-proton transfer not
only reverses the chirality of the cyclic H-bonds but also restores the non-classical H-bonds (Fig.

1). Our work highlights the important role of NQEs and the local environment on proton ordering,



as well as correlated nature of many-body proton transfer?®?! within interfacial molecular

architectures.

Results

Probing H-bond directionality via force spectroscopy

The five-membered imidazole ring in the Bl molecule contains two nitrogen atoms. For clarity,
we refer to the pyridine-like nitrogen as “N site” and the pyrrole-like nitrogen as “NH site” (see
Fig. 2a). Upon adsorption on Ag(111), the prochiral Bl molecule transforms into a chiral entity,
denoted as either the I- or r-enantiomer (Fig. 2a). At submonolayer coverage, Bl molecules self-
assemble into various structures, including extended molecular chains, closed loops and six-
membered clusters (Fig. 2b), driven by attractive intermolecular N—H---N hydrogen bonding
provided by the imidazole ring??. The chains grow along the (112) directions of Ag(111) (Fig.
2b), indicating a preferred epitaxy. To specify the N—H---N bond directionality in this system, it
is essential to distinguish between the N and NH sites in the imidazole ring. Fig. 2c depicts a
constant-current STM image of a single BI molecule recorded with a CO-functionalized tungsten
tip (see also Supplementary Fig. 3), permitting submolecular resolution®. Note that a single-lobe
feature appears on both sides of the molecule, adjacent to the N and the NH sites, with the latter
being more prominent (cf. the molecular structure in Fig. 2c and the detailed discussion below).
Using frequency shift (Af) imaging in constant-height mode?*, both pentagonal and hexagonal
rings are clearly resolved (Fig. 2d), with slight expansion and distortion due to CO bending at the
tip apex?>?. However, the N and NH sites cannot be differentiated.

To distinguish between pyridine and pyrrole-like nitrogen atoms, we performed site-specific
force-distance spectroscopy [FS or F(z)], which records Af changes as a function of tip-sample
distance?”*, Figure 2e depicts a set of F(z) spectra recorded along a path that traverses two corner
sites of the imidazole ring (see dashed arrow in Fig. 2d). The left projection in Fig. 2e displays the
Fmin values extracted from each F(z) spectrum as a function of the lateral tip position d along the
path. The Fmin(d) curve exhibits an asymmetric M-shape, with two peaks of unequal height
separated by =~ 4.6 A, matching the apparent distance between two nitrogen sites in the imidazole
ring (cf. Fig. 2d). The right projection in Fig. 2e shows two F(z) curves extracted at the maxima
of the two peaks in the Fmin(d) curve (cf. blue and red points in left projection in Fig. 2e), with

Fmin(N) — Fmin(NH) = 7 pN (cf. Supplementary Fig. 4). FS provides contrast consistent with



differences between N and NH sites mainly through atomic-scale electrostatic interactions with
the CO tip, reflecting the distinct electron density distributions of these two sites, as elaborated
below. Notably, our results are consistent with prior FS characterization of naphthalocyanine
molecule, which distinguishes the inner nitrogen sites with and without hydrogen.!

Next, we applied line-FS to determine the H-bonding directionality in an open chain (Fig. 2f
and Supplementary Fig. 5). Although the bright intermolecular contrast in BR-AFM image cannot
be directly interpreted as an H-bond3>34, the probe-particle (pp) model reveals that the “bright
line” arises from the relaxation of the probe particle (CO molecule) above the potential landscape
formed by two neighboring atoms?. When the sharp line coincides with an H-bond, it traces the
path between the proton donor and acceptor atoms. Accordingly, FS measurements were
performed along the bright connections between neighboring imidazole rings (Fig. 2f,g), crossing
two adjacent nitrogen atomic sites. Along the apparent H-bonds, characteristic M-shaped Fmin(d)
curves are also obtained with the first peak consistently higher than the second (left projection in
Fig. 2h; Supplementary Fig. 6d). Two F(z) curves recorded at two peak positions show a clear
difference at Fmin (right projection in Fig. 2h), with Fmin(N) — Fmin(NH) = 4 pN. Therefore, the H-
bond directionality in the BI chain adopts a left-pointing N---H—N configuration (Fig. 2g and
Supplementary Fig. 6). This assignment is corroborated by two additional observations: (i) the
appearance of a dark depression at the right-side termination, attributed to a pyridine-like N atom®
(white arrow in Fig. 2f); (i) the apparent length of the single (C—N) bond being greater than that
of the double (C=N) bond (Supplementary Fig. 7)?°. Although the experimentally measured
apparent distance between intra- or intermolecular N and NH sites are systematically larger or
smaller than the DFT-calculated values (Fig. 2a and Supplementary Fig. 6e) due to CO-tip
bending, this does not hinder the accurate discrimination between the two sites.

Anomalous symmetry breaking in Bl-hexamer proton order

Next, we focus on self-assembled Bl hexamers, which are homochiral owing to their H-bonding
motif. These hexamers adopt four different adsorption configurations (Supplementary Figs. 8 and
9), denoted as +8.5°-L/R or +40°-L/R. The rotation angle (+8.5° or +40°) is defined between the
high-symmetry axes of the hexamer and the close-packed directions of the Ag(111) surface (Fig.
3b; Supplementary Fig. 8), while the clockwise (+) or counterclockwise (—) turn is associated with

handedness (R/L) of the cyclic H-bonds in the hexamer®®*’. Figure 3a,b show a BR-AFM image



and the DFT-optimized adsorption geometry of the —8.5°-L hexamer. The center of the hexamer
occupies an hcp hollow site (cf. Supplementary Fig. 10), giving rise to threefold rotational
symmetry: the benzene ring in L1, L3 and L5 sits over a hollow site, whereas in L2, L4 and L6 it
sits on a top site. Notably, the +8.5°-R also adopts an hcp-centered geometry with Cz symmetry
(Supplementary Fig. 10b), and DFT calculations show that both enantiomorphic configurations
are planar on the surface with nearly identical adsorption energies (Supplementary Fig. 11).

To determine the cyclic H-bonding directionality in the hexamer, we first analyzed bond-
order contrast in experimentally obtained BR-AFM images but found no systematic trend
(Supplementary Figs. 12 and 13). By contrast, applying the same analysis to AFM images
simulated with different effective tip charge® reveals a clear bond-order contrast consistent with
the expected chiral motif (Supplementary Fig. 14), and we clarify this discrepancy below. To gain
further insight, we performed line-FS characterizations (see also Supplementary Figs. 15-18).
Figure 3g depicts six datasets, measured consecutively for the six H-bonds in the —8.5°-L
following a clockwise sequence (red arrow in Fig. 3a). Each panel displays a characteristic M-
shaped Fmin(d) curve along with two F(z) spectra recorded at two peak positions (red and blue
points and curves in Fig. 3g). An overall trend can be discerned: along the measurement path, the
second peak in the M-shaped Fmin(d) curves is predominantly higher than the first. Therefore, the
Fmin(d) curves show features compatible with a clockwise N—H---N bonding scheme in the —8.5°-
L (Fig. 3b). For comparison, line-FS measurements were also conducted for the +8.5°-R hexamer,
revealing a counterclockwise N—H---N bonding scheme (Supplementary Fig. 15d,h).

To further support our interpretation, we calculated electrostatic potential (ESP) of the —8.5°-
L hexamer on Ag(111) using DFT and simulated both AFM images and site-dependent FS with
the PPAFM code® and a negatively charged CO tip*%*t. The ESP map reveals that the N site has
a more negative potential than the NH site (Fig. 3e). In particular, the simulated M-shaped Afmin(d)
curve with unequal peak heights for all six H-bonds (Fig. 3h,i), together with the corresponding
AA(z) curves at the N and NH sites (Fig. 3j), reproduces the experimental results (Fig. 3g), thus
validating the line-FS approach for determining H-bond directionality.

A closer inspection of Fig. 3g shows that, for H-bonds L3-L4 and L4-L5 in the —8.5°-L
hexamer, the two Fmin(d) peaks have nearly equal heights: |Fmin(N) — Fmin(NH)| < 1 pN,
(Supplementary Figs. 15i and 17c; Supplementary Note 2). For such H-bonds, the extracted F(z)

curves at peak positions overlap near their minima (orange-highlighted plots in Fig. 3g). At a tip-



sample distance corresponding to Fmin, the AFM image of —8.5°-L shows a single-lobe feature
corresponding to the N-site in the imidazole ring on the right-hand side of the BI molecule for H-
bonds L1-L2, L5-L6 and L6-L1. By contrast, a double-lobe feature is clearly observed in L3-L4
and L4-L5 and faintly in L2-L3 (Fig. 3c). Similar patterns are also observed for the +8.5°-R
hexamer (Supplementary Fig. 15f). However, the equal-peak M-shaped Fmin(d) curves and the
corresponding double-lobe AFM features deviate from the DFT-based PPAFM simulations (Fig.
3f,h). Such observations imply that the donor and acceptor nitrogen sites become indistinguishable,
reminiscent of both symmetric H-bonds*#? and LBHBs*®, and suggest the possibility of proton
delocalization within the H-bond. AFM imaging near Fmin, together with line-FS characterization
on multiple as-grown +8.5°-L/R and +40°-L/R hexamers, consistently reveals anomalous
rotational-symmetry breaking of proton order (Supplementary Figs. 19-21). This contrasts with
the nearly Ces-symmetric, flower-like pattern from the PPAFM simulation (Fig. 3f) and with the
computed M-shaped Afmin(d) profiles with unequal peak heights expected for equivalent H-bonds
(Fig. 3h). Moreover, neither small biases (Supplementary Fig. 22) nor a CO-terminated tip*
perturb the broken-symmetry proton order, although it is not discernible by tunneling spectroscopy
(Supplementary Fig. 23). In different hexamers, one, two or three of the six H-bonds exhibit
signatures of proton delocalization. Across a total of 56 cases, the mean fraction of non-classical
H-bonds is ~40% (see Supplementary Note 3).

Unravelling proton delocalization via PIMD simulations
To examine the influence of NQEs on proton ordering in the Bl hexamer, we performed ab initio
molecular dynamics simulations using both conventional and path-integral schemes
(AIMD/PIMD)*® at 50 K. Compared to AIMD, which considers nuclei as classical particles, PIMD
treats both electrons and nuclei quantum mechanically, providing a more accurate description of
proton behaviours’#4. To simplify the system, we modelled a gas-phase BI dimer (L3-L4) with
its initial geometry extracted from the optimized —8.5°-L-hexamer/Ag(111) (Supplementary. Fig.
24a; see also Methods). Figure 4a depicts the probability distributions of a proton between two
nitrogen atoms—N (donor) and N’ (acceptor)—as a function of reaction coordinates RC derived from
PIMD and AIMD calculations. The RC is defined as

RC = (Rnu — RnH)/(RNH + RnH) (1)



where Rny and Rnw are the instantaneous NH and N'H distances, respectively (see inset in Fig.
4a). The PIMD calculations reveal that the proton is delocalized between two nitrogen atoms, in
stark contrast to the AIMD results, where the proton remains covalently bonded to the donor atom
(Fig. 4a,b). Free energy is calculated from

AF =-kg T InP(RC) (2)
where P(RC) is the probability distribution of RC and kg is the Boltzmann constant. Under full
quantum description, the free energy profile features a double-well valley at RC ~-0.18 and 0.16,
separated by a small free energy barrier of ~ 6 meV at RC = 0 (Fig. 4b). This may considerably
enhance proton tunneling, leading to the occurrence of proton delocalization (see a snapshot from
the PIMD simulations in Fig. 4a). Conversely, the AIMD-calculated free-energy profile displays
a single valley at RC =~ -0.18, indicating that thermally activated proton transfer is rare. This is
consistent with the relatively large classical reaction energy barrier (= 32 meV) computed for
proton transfer in the H-bond of the BI dimer using the climbing image nudged elastic band (ClI-
NEB) method with zero-point energy (ZPE) correction (Supplementary Fig. 24b).

We further analyzed the temporal variations of NN’ distance and RC (Fig. 4c) to reveal the
connection between NN'-distance distribution and proton delocalization. At the quantum
mechanical level with PIMD, the averaged NN’ distance decreases moderately from~ 2.7 to ~ 2.6
A, accompanied by the occurrence of proton delocalization, where the averaged RC approaches
zero (orange-highlighted region in Fig. 4c). For AIMD calculations, the NN’ distance oscillates
around an equilibrium value of =~ 2.7 A (upper plot in Supplementary Fig. 24c). Intriguingly, the
time-dependent RC evolution obtained from quantum simulations reveals a change in the sign
(lower plot in Fig. 4c), corresponding to a proton tunneling process from N to N’, which is absent
in the AIMD calculations (lower plot in Supplementary Fig. 24c). Within the timescale (10s) of
the quantum simulation, proton tunneling from N to N’ only occurs once due to the low free energy
barrier (= 8.5 meV), which corresponds to a transfer rate on the scale of 108 s based on the
quantum transition state theory method applicable to water tetramer®®. Accordingly, we infer a
rapid back-and-forth dynamic behavior of delocalized protons, which underlies the nearly
overlapped F(z) spectra recorded at two nitrogen sites of the non-classical H-bonds (orange-
highlighted plots in Fig. 3g and Supplementary Fig. 15). Since line-FS integrates over time, it

reflects the time-averaged proton positions.



Notably, in BR-AFM images non-classical H-bonds appear shorter than classical ones
(Supplementary Fig. 25), consistent with PIMD findings (Fig. 4c) and prior theoretical
predictions**. However, such geometrical effects cannot be reproduced at the DFT level
(Supplementary Fig. 26). To capture the coexistence of localized and delocalized protons in cyclic
H-bonds (Fig. 3c,g), we performed PIMD simulations of a constrained Bl-hexamer/Ag(111)
surface at 5 K using the reaction force field*® (Methods; Supplementary Fig. 27). Starting from the
DFT-relaxed —8.5°-L hexamer (Fig. 3b), the N---N distances of L3-L4 and L4-L5 were shortened
slightly relative to other N---N spacings (Fig. 4d; Supplementary Fig. 27a). The resulting proton
probability distributions and free-energy profiles for L3-L4 and L4-L5 are presented in Fig. 4e,f.
First, proton delocalization occurs only in shortened H-bonds (= 2.4 A)*?, whereas for N---N =
2.8 A the proton remains localized at the donor atom (Fig. 4d). Second, L3-L4 and L4—L5 display
unequal proton probability distributions and corresponding asymmetric free-energy profiles. In the
gas-phase dimer (Fig. 4a), removing one proton yields two mirror-symmetric configurations that
interconvert via proton tunneling, producing a symmetric probability distribution. In the hexamer,
however, L5 retains a localized proton on its left side, whereas L3 is proton-deficient on its right
side. Proton tunneling could therefore transiently generate a benzimidazolium cation at L5 and a
radical BI species at L3. Although such fleeting states are not resolved in time-averaged FS

measurements, they may account for the suppressed proton delocalization in L3-L4 and L4-L5.

Controllable transitions among four proton-ordering states

We demonstrate that a single Bl hexamer can reversibly interconvert among four distinct proton-
ordering states: two ground states containing non-classical H-bonds and two intermediate states in
which classical H-bonds prevail (Figs. 1, 5). At liquid nitrogen temperature, STM scans induce
conformational change of hexamers between two equivalent adsorption configurations
(Supplementary Fig. 8, Supplementary Movie 1). This implies that a single hexamer can switch
between two enantiomorphic structures when the chirality of the cyclic H-bonds is reversed
through collective transfer of all six protons (cf. Supplementary Fig. 11). To verify this
assumption, we performed tip manipulations on hexamers at 5 K (Supplementary Figs. 28, 29;
Supplementary Movie 2). Figure 5a presents an AFM image of a —8.5°-L hexamer in its ground
state (state 1; cf. Fig. 3c). After tip manipulation, the hexamer rotated 17° around its center (Fig.

5b). Line-FS analysis of this configuration (+8.5°-L) reveals that the clockwise H-bonding



directionality persists, while non-classical H-bonds are significantly suppressed in this
intermediate state 2, as evidenced by the downshift of the AFmin values for L3-L4 and L4-L5
relative to state 1 (shaded area in Fig. 5h). Intriguingly, +8.5°-L can be transformed into +8.5°-R
(state 4) via multiple proton transfer induced by inelastic tunneling electrons*’. The CO-tip was
positioned above the NH site of a Bl molecule (green dot in Fig. 5b), and the bias voltage was
ramped from zero to 0.5 V while keeping the feedback-loop open. A sudden jump in the Af(V)
curves was observed at 0.36 V (Fig. 5g and Supplementary Fig. 30), matching the NH stretching
mode energy (Supplementary Fig. 31). This operation re-established the non-classical H-bonds,
yielding +8.5°-R ground state (Fig. 5¢ and Supplementary Fig. 32b,f). The reverse transition (state
4 to state 1) follows a similar pathway (Figs. 1, 5d-f; Supplementary Figs. 33, 34), proceeding via
intermediate state 3. Importantly, multiple-proton transfer could not be triggered in states 1 and 4,
indicating that ground-state proton ordering of hexamer is interlocked with its adsorption
configuration.

To rationalize why classical H-bonds dominate in states 2 and 3 (Fig. 5h,i), we performed
additional DFT calculations (Supplementary Fig. 35). We found that, in states 2 and 3, three
pyridine-like nitrogen atoms in the hexamer occupy top sites on Ag(111) (highlighted in yellow in
Supplementary Figs. 32c, 33c), whereas in states 1 and 4, all pyridine-like nitrogen atoms reside
at the hollow sites (Supplementary Fig. 11). This indicates a stronger interaction between the
proton-acceptor nitrogen atom and the substrate in the intermediate state configuration, which is
corroborated by electron-density-difference analysis,

Ap = pag+hexamer — PAg — Phexamer @)
where p represents electron density of each component. Ap cross sections along the H-bond
(+8.5°-L) indicate greater electron-density redistribution beneath the top-site proton-acceptor
nitrogen atom (N’) than that beneath its hollow-site counterpart (cf. dashed rectangles in
Supplementary Fig. 35b,d). Strong electronic hybridization causes a pronounced tilting of the N’
atom’s o orbital (lone pair) out of the in-plane geometry (a black arrow in Supplementary Fig. 35d),

thus disfavoring proton tunneling.

Discussion

We probed substrate dependence by depositing Bl on other single-crystal surfaces
(Supplementary Fig. 36a-d). Notably, on the more inert Au(111), Bl hexamers also form and



display a similar proton-ordering pattern with broken rotational symmetry, supporting the
generality of this phenomenon (Supplementary Fig. 36f-i). Furthermore, to assess isotope effects,
we synthesized deuterated Bl molecules (D-Bl) and carried out a series of experiments.
Deuteration was verified by reduced switching voltages for collective proton transfer in D-BI
hexamers relative to H-BI counterparts (Supplementary Fig. 37), consistent with the lower N-D
stretching energy?’. Line-FS measurements of cyclic H-bonds in ¥8.5°-L/R hexamers further
reveal both asymmetric and symmetric M-shaped Fmin(d) curves (Supplementary Figs. 38, 39).
DFT-based PIMD calculations of a D-BI dimer yields a deuteron probability distribution and free-
energy profile comparable to those of H-BI dimer (Supplementary Fig. 40). Our results are in
accordance with earlier studies revealing deuteron delocalization in Zundel cations (DsO2") under
both surface-adsorbed and gas-phase UHV conditions*#°, as well as in LBHB between amino
groups™°.

In summary, we introduced a line-FS based method that provides evidence consistent with H-
bonding directionality in Bl chains and the chirality of cyclic hexamers. We observe anomalous
rotational-symmetry breaking in proton ordering within cyclic H-bonds, stemming from the
coexistence of localized and delocalized protons. PIMD calculations show that the quantum
tunneling and fluctuation drives this delocalization. We further demonstrate reversible chirality
switching of a single hexamer by changing its adsorption registry coupled with collective proton
transfer. These results provide microscopic insight into how NQEs and local environment govern
proton ordering in surface-confined cyclic H-bonds, thereby paving the way toward engineering
exotic material phases and quantum states®. The cooperative motion of protons also offers great

opportunities for designing interfacial 2D organic ferroelectrics®?.

Methods

Sample preparation

Ag(111)/mica substrates were employed and the Ag(111) surface was prepared by repeated Ar*
ion sputtering at 0.9 keV and annealing at <700 K for several cycles. Benzimidazole (Sigma
Aldrich, 98%) was fully degassed and then evaporated at around 320 K onto the substrate
maintained at room temperature. At low coverage, the molecules favored the formation of
hexamers, whereas high coverage led to the formation of extended chains and closed rings.

Synthesis of 1H-benzo[d]imidazole-1-d
The synthesis of 1H-benzo[d]imidazole-1-d (deuterated at the N1 position) involves exchanging
the N-H proton with deuterium using a suitable deuterium source. To achieve selective N1-



deuteration of unsubstituted benzimidazole, we employed an acid/base-controlled, divergent
deuteration protocol specific to N-unsubstituted imidazoles, using trifluoroacetic acid-d (TFA-d)
as the deuterium source (Supplementary Figs. 1, 2)°2. This method enables selective labeling at
the N1 position without affecting the aromatic rings or the C2 position. The reaction was carried
out under acidic conditions with CFsCO:D (60 equivalents) at 130 °C for 12 h. The extent of
deuteration was confirmed by *H NMR spectroscopy, where the disappearance of the N—H proton
signal indicated successful incorporation of deuterium (for details see Supplementary Note 1).

STM/AFM measurements

The scanning tunneling microscopy and atomic force microscopy (STM/AFM) measurements
were conducted in a Polar STM/AFM system (Scienta Omicron) at 4.8 K with a base pressure of
better than 2 x 1071° mbar. The gPlus sensor used had a resonance frequency (fo) of 24.5 kHz, a
spring constant (ko) of 1800 N m™?, and a quality factor (Q) greater than 150000 at 4.8 K. An
etched tungsten (W) tip was used in the experiment, which was pulsed and poked into the metal
surface to ensure a clean, symmetric, and atomically sharp front edge. Oscillation amplitudes of
0.5 A were employed. All STM and AFM images were recorded in constant-current and constant-
height modes, respectively, using a CO-terminated tip unless otherwise stated. The bias voltage
was applied to the sample with respect to the tip. AFM images were acquired at a bias voltage of
0 V. The scanning height (z) of AFM images is relative to STM setpoint on the bare Ag(111)
surface, with z > 0 indicating an increase in the tip-sample distance, and z < 0 indicating a decrease
in the tip-sample distance. Image processing was carried out by using Nanotec WSxM software®,

Statistics and reproducibility

All STM and AFM measurements were repeated on multiple samples and with different tips,
yielding consistent results. The representative images shown in the main text were selected from
reproducible datasets obtained under similar experimental conditions.

BR-AFS measurements

Force spectroscopies [FS or F(z)] were measured with Us = 0 V. To perform line-FS on an H-bond,
a BR-AFM image was first obtained for the H-bond. Following this, FS measurements were
conducted along the bright line between the two molecules. Finally, another bond-resolved AFM
image was recorded after line-FS to ensure no noticeable drift had occurred. Short-range F(z) were
obtained by subtracting long-range FS recorded on Ag(111) and converting Af(z) to F(z) via the
Sader-Jarvis method®*.

Rotation and collective proton transfer via tip manipulation

Before manipulation, the tip was cleaned/sharpened by repeated pulsing/ poking on Ag(111). For
an as-grown hexamer (+8.5°-L/R), the tip was placed over one molecule at Us = 10 mV, It = 10
pA; feedback was then disabled and the tip lowered until It = 20 nA to enlarge tip-molecule
interaction. Lateral motion at 1 nm s rotated the hexamer into an intermediate state (+8.5°-L/R),
which preserves cyclic H-bond chirality. We then imaged the hexamer, positioned the tip at an NH
site, and ramped the bias until an abrupt Af change at |Us| =~ 0.35 V indicating collective proton
transfer; a follow-up AFM image confirmed the ground state (£8.5°-R/L). The protocol was
repeated > 30 times with high reproducibility.

DFT calculations and AIMD simulations



DFT calculations were performed using the Vienna ab initio simulation package (VASP)*>>°®, with
the projector augmented wave (PAW) pseudopotentials®”8, The exchange-correlation effect was
described by the Perdew-Burke-Ernzerhof exchange-correlation functional®® within the
generalized gradient approximation (GGA). The modelled adsorption structure consists of a Bl
hexamer adsorbed on the three-layer Ag(111) substrate of a 7 v 3>X 12 unit cell and the thickness
of the vacuum slab is larger than 11 A. During structural optimization, the substrate was fixed, and
the cutoff energy of the plane wave basis set was set to 520 eV. Due to the large scale of the
absorption model, the structural optimizations were considered converged when the maximum
force on each atom was less than 0.01 eV AL, Only the I point in the Brillouin zone was sampled.
DFT-D3 method with Becke-Johnson damping function®® was used to account for the van der
Waals interaction for the surface adsorption.

In ab-initio molecular dynamics (AIMD) based on the classical nuclear approximation and the
climbing image nudged elastic band (CI-NEB) calculations, the cutoff energy was set to 600 eV
and the degrees of freedom in z-direction were fixed. The maximum force on each atom was less
than 0.005 eV A after the CI-NEB calculation reaches convergence. The AIMD simulations were
performed for 1935 fs with a time step of 0.1935 fs at a temperature of 50 K. The canonical (NVT)
ensemble was sampled using the Langevin thermostat®%-2,

Ab-initio PIMD calculation

Ab-initio based PIMD simulations employing 8 beads were performed using the i-PI software®,
combined with the time-dependent ab initio package (TDAP)®%® implemented in Quantum
Espresso®”8, The SG15 Optimized Norm-Conserving Vanderbilt (ONCV) pseudopotentials® "
was used to describe the core electrons. The Perdew-Burke-Ernzerhof functional®® was adopted to
describe the exchange-correlation effect. The kinetic energy cutoff for wavefunctions and for
charge densities were set to 100 Ry and 400 Ry, respectively. The PIMD simulations were
performed for 385 fs with a time step of 0.1935 fs at 50 K. The canonical (NVT) ensemble was
sampled with the Path Integral Langevin Equation (PILE) thermostat’:. PIMD based on the force
field was performed using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)"? and the reaction force field*®.

The BI dimer was derived from the optimized—8.5°-L structure and pre-optimized in the gas phase
prior to AIMD/PIMD simulations. In the calculations, one proton was removed from the Bl dimer,
resulting in a negatively charged species. This modification places the remaining proton in a
symmetric environment, which promotes quantum delocalization within the intermolecular

hydrogen bond. At each time step, the reaction coordinate, defined as RC = W, was
NH N/H

determined by independently extracting the positions of N, N’, and H from all beads, and all
possible combinations were enumerated. The resulting probability distribution and free energy
profiles of the reaction coordinate were smoothed using a 3-point discrete convolution kernel with
a weight of [0.2, 0.6, 0.2] across 200 intervals, followed by a sliding rectangular window filter
spanning 9 bins.

PIMD simulation based on force field

Force field-based PIMD simulations were performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)2" and the reaction force field*. The normal mode
path-integral driver’® implemented within LAMMPS were used to carry out the simulations. A



Nose-Hoover massive chain thermostat’ was used to sample the canonical (NVT) ensemble of 32
beads at a temperature of 5 K. The total duration of the simulations was 20 ps with a time step of
0.2 fs. During the simulations, the molecular backbone (C and N atoms) and the substrate (Ag
atoms) were fixed. The probability distribution and free energy profiles of the reaction coordinate
were smoothed by applying a 3-point discrete convolution kernel with a weight of [0.1, 0.8, 0.1]
across 200 intervals. The simulated Bl-hexamer on Ag(111) surface exhibited an asymmetric
structure (Fig. 4d and Supplementary Fig. 27), where the threefold rotational symmetry was broken
by rotating molecules L2, L3, L5, and L6 by ~ 4.8° towards L4 around the center of the hexamer.

AFM simulations

AFM images and force—distance spectra were simulated with the open-source probe-particle
model®®%°. Parameters: the effective lateral stiffness k = 0.50 N m™, radial stiffness = 30 N m™;
oscillation amplitude A = 100 pm. The CO-functionalized tip was modeled as a d,2-like charge
quadrupole®! with Q = —0.10 e (where e denotes the elementary charge). Tip—sample interactions
combined Lennard-Jones potentials with DFT-based electrostatics computed for Bl hexamer on
Ag(111).

Data availability
The data that support the findings of this study are available from the corresponding authors upon
request. Source data are provided with this paper.
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Fig. 1| Identification and control of proton ordering in a chiral cyclic Bl hexamer. The —8.5°-
L (state 1) and +8.5°-R (state 4) configurations are the two ground states, each hosting cyclic H-
bonds with coexisting localized and quantum-delocalized protons. Rotating (denoted as Rot) the
ground-state hexamer by £17° changes the adsorption registry and yields the intermediate +8.5°-
L (state 2) and —8.5°-R (state 3) configurations, in which proton delocalization is suppressed. A
collective six-proton transfer (CPT) converts 2 to 4 or 3 to 1, reversing the cyclic H-bonding
directionality and restoring the delocalized protons. For clarity, only the imidazole ring of Bl is
shown: N (blue) and H (red). R and L denote the chirality of the cyclic H-bonds. PIMD calculations
reveal asymmetric proton sharing in non-classical H-bonds (blue shading), contrasted with
localized protons in classical H-bonds (pink/orange shading).



Fig. 2 | Force spectroscopy characterization of NH and N sites on a single Bl molecule and a
linear chain. a, Ball-and-stick models of BI molecules. r and | denote the NH site on the right and
left side, respectively. Color code: C, grey; H, white; N ,blue. b, Overview STM image of Bl
assemblies on Ag(111). Setpoint: Us =100 mV, Iy =10 pA. c,d, STM (c) (setpoint: Us = 100 mV,
It =10 pA) and AFM (d) images of a single BI molecule on Ag(111) measured with a CO-tip. e,
Line-FS along the dashed arrow in (d), extracted Fmin(d) curve (left projection; orange) and two
F(z) curves recorded at peak positions (right projection). f, Bond-resolved AFM image of a Bl
chain. g, Zoomed-in image of (f) with scaled molecular models superimposed. h, Line-FS along
the dashed arrow in (g), extracted Fmin(d) curve (left projection; orange) and two F(z) curves
recorded at peak positions (right projection). All the AFM images were recorded at a tip height of
z = -30 pm relative to the STM setpoint (Us = 20 mV, It =5 pA) above the bare surface. Source
data are provided as a Source Data file.



Fig. 3 | Elucidating H-bonding directionality and proton ordering in a hexamer. a-c, Bond-
resolved AFM image (a), DFT-optimized structure (b), and proton-order-resolved AFM image (c)
of the —8.5°—L hexamer on Ag(111). d,f Simulated AFM images at z’ = 4.40 A (d) and 2’ =5.10 A
(f). e, Electrostatic potential map at 1.52 A above the topmost atoms corresponding to (b). g,
Experimentally obtained Fmin(d) curves (black solid dots) for six H-bonds, ordered clockwise
(dashed arrow in a). Red and blue curves are site-dependent F(z) spectra taken at two peak
positions. h, Concatenated simulated Afmin(d) profiles along six H-bonds, corresponding to colored
arrows in d). i,j, Zoom-in of a representative Afmin(d) profile showing two maxima (i), and
simulated Af(z) spectra at the N and NH sites extracted at those maxima (j). Experimental AFM
images were recorded at z = —30 pm (a) and z = 25 pm (c) relative to the STM setpoint (Us = 20
mV, It = 5 pA) above Ag(111). Orange shading in (g) marks H-bonds assigned as non-classical.
AFM imaging heights (experimental and simulated) in (a,c,d,f) are indicated by dashed lines in
the corresponding force-spectroscopy plots (g,j). Source data are provided as a Source Data file.



Fig. 4 | Nuclear quantum effects and proton delocalization in a Bl hexamer. a,b, Probability
distributions (a) and free-energy profiles (b) for the proton along the reaction coordinates in the
Bl dimer at 50 K, obtained from PIMD (red lines) and AIMD (blue lines) simulations. Inset:
representative PIMD configuration with a delocalized proton (red spheres). ¢, Time traces of NN’
distances and RC of Bl dimer obtained from PIMD simulations. The variation of the average NN’
distance (red line) and RC with time and their quantum fluctuations (grey shading) are shown in
(c). Orange shading marks intervals with RC~0 accompanied by shortened NN’. d, Representative
LAMMPS-PIMD snapshots of the —8.5°-L-hexamer on Ag(111) surface showing coexisting
localized and delocalized protons (red spheres). e,f, Proton probability distributions and free-
energy profiles along RC in L3-L4 (e) and L4-L5 (f) within the hexamer at 5 K. Source data are
provided as a Source Data file.



Fig. 5| Tip-induced transitions among four proton-ordering states in a single Bl hexamer. a-
f, Proton-order-resolved AFM images (top) and simplified chemical-structure models (bottom; N,
blue; H, red) for the four states. All AFM images were recorded at z = 25 pm relative to the STM
setpoint (Us = 20 mV, |t = 5 pA) above Ag(111). Non-classical H-bonds (|AFmin| < 1 pN) are
shaded blue to emphasize asymmetric proton sharing. GS: ground state; InS: intermediate state;
Rot: rotation; CPT: collective proton transfer. g, Typical Af(V) curves recorded at the green
markers in (b,e), indicating the occurrence of CPT. Arrows indicate bias sweeping direction. h,i,
Comparison of AFmin = Fmin(NH) — Fmin(N) values for six H-bonds in states 1 vs. 2 (h), and 3 vs.
4 (i). Orange shading highlights suppression of delocalized protons. Source data are provided as a
Source Data file.



Detecting proton arrangements and quantum behavior at the atomic level is a challenge. Here,
the authors use atomic force spectroscopy to reveal symmetry breaking in the proton
arrangement in cyclic hydrogen bonds caused by nuclear quantum effects.
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