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erfacial water structure on a p-
nitrobenzoic acid specifically adsorbed Au(111)
surface†

Yuan Fang, a Ren Hu, b Jin-Yu Ye,b Hang Qu,c Zhi-You Zhou, b Sai Duan, a

Zhong-Qun Tian b and Xin Xu *ad

The detailed structure of the water layer in the inner Helmholtz plane of a solid/aqueous solution interface is

closely related to the electrochemical and catalytic performances of electrode materials. While the applied

potential can have a great impact, specifically adsorbed species can also influence the interfacial water

structure. With the specific adsorption of p-nitrobenzoic acid on the Au(111) surface, a protruding band

above 3600 cm−1 appears in the electrochemical infrared spectra, indicating a distinct interfacial water

structure as compared to that on bare metal surfaces, which displays a potential-dependent broad band

in the range of 3400–3500 cm−1. Although three possible structures have been guessed for this

protruding infrared band, the band assignment and interfacial water structure remain ambiguous in the

past two decades. Herein, by combining surface-enhanced infrared absorption spectroscopy and our

newly developed quantitative computational method for electrochemical infrared spectra, the protruding

infrared band is clearly assigned to the surface-enhanced stretching mode of water molecules

hydrogen-bonded to the adsorbed p-nitrobenzoate ions. Water molecules, meanwhile, are hydrogen-

bonded with themselves to form chains of five-membered rings. Based on the reaction free energy

diagram, we further demonstrate that both hydrogen-bonding interactions and coverages of specifically

adsorbed p-nitrobenzoate play an important role in determining the structure of the water layer in the

Au(111)/p-nitrobenzoic acid solution interface. Our work sheds light on structural studies of the inner

Helmholtz plane under specific adsorptions, which advances the understanding of structure–property

relationships in electrochemical and heterogeneous catalytic systems.
Introduction

Water molecules adjacent to a solid surface determine
signicantly the surface potential, surface tension, and reaction
rate, thus affecting the material's performances.1–4

Understanding the structure of the interfacial water layer is,
therefore, a longstanding and fundamental topic in
electrochemistry (EC), surface science, and catalysis.5–7 Surface-
enhanced infrared absorption spectroscopy (SEIRAS) and
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surface-enhanced Raman spectroscopy (SERS) with high
sensitivity and spatial resolution8–11 can provide detailed
ngerprint information about interfacial water structures. As
perfect model systems for studying electrochemistry and
electrocatalytic reactions, EC-IR and EC-Raman spectra of the
interfacial water layer on bare and atomically at noble metal
single-crystal surfaces have been measured successfully.12,13 A
broad OH stretching band in the wavenumber range of 3400–
3500 cm−1 was further scrutinized by using highly precise
computational tools, which revealed three characteristic
congurations of the interfacial water (‘parallel’, ‘one-H-down’,
and ‘two-H-down’ water).12 The proportions of these water
congurations can be tuned by the bias potential.

Besides the bias potential, the interfacial water structure is
oen inuenced by specically adsorbed molecules and ions
that are ubiquitous in EC systems and play a key role in
important EC reactions. Suitable adsorbates, for example, have
been regarded as cocatalysts in CO2 reduction, notably on gold
electrodes.14,15 The specic adsorption of p-nitrobenzoic acid on
Au(111) (Au(111)–PNBA, a classical EC system) above 0.44 V vs.
the standard hydrogen electrode (SHE) in a 1 mM PNBA and
0.1 M HClO4 aqueous solution results in the broad OH
Chem. Sci., 2023, 14, 4905–4912 | 4905
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stretching band fading and a sharp band appearing at
approximately 3630 cm−1, which was rst observed by the
Osawa group.16 The sharp band indicates a distinct interfacial
water structure. It is noteworthy that the PNBA molecule has
been extensively applied in fuel cells, catalysis, self-assembly,
photodetection, etc.,17–19 where it specically adsorbs as p-
nitrobenzoate (the PNBA− ion) on the Au(111) surface via the
oxygen atoms of carboxylate.20–22 Similar sharp bands at
approximately 3630 cm−1 were observed for other carboxyl-
containing adsorbates, such as glycine and uoroacetate.23,24

To understand the structural transformation of interfacial water
accompanied by the sharp band appearing, three possible
structures have been guessed: the formation of an in-plane
conned water layer under the ordered adsorption of the
PNBA− ions; some non-hydrogen-bonded water OH moieties
and isolated water molecules embedded in the adlayer; or water
molecules hydrogen-bonded to the adsorbed PNBA− ions.16,24,25

However, the assignment of the sharp band and the interfacial
water structure of this classical specic adsorption system
remain ambiguous in the past two decades.

In this study, the EC-IR spectra of the Au(111)/p-nitrobenzoic
acid solution interface were measured by in situ SEIRAS under
conditions of attenuated total reection (ATR) with a chemically
deposited and annealed Si prism/Au lm working electrode,26

which is less surface contaminated and closer to the bulk metal
electrode than a vacuum-evaporated electrode.16 Our newly
developed computational method of EC vibrational spectra that
simultaneously takes the electried surface and implicit
solvation model into account has been successfully applied to
high coverage adsorption systems such as Au(111)(O3×O7)–
SO4

2− and Pt(111)(2 × 2)–3CO,27,28 which are, nonetheless, only
slightly inuenced by the interfacial water layer. To further
accurately interpret the experimental EC-IR bands related to the
interfacial water, explicit water layers were introduced into the
solvation model of the computational method here in this
work.5,29,30 By comparing the calculated vibrational frequencies
and Stark tuning slopes of possible explicit water congurations
Fig. 1 Probing atomistic structures in the Au(111)/PNBA solution interfac
solution. Scan rate: 50 mV s−1. (b) The measured STM image at 0.66 V vs
5)–2PNBA− adstructure at 0.69 V. (d) Experimental EC-IR spectrameasur
reference to clearly characterize the entire adsorption process of PN
approximately 14 Å (a axis) and 8 Å (b axis), respectively, which corresp
indicating a Au(111)(3 × 5) unit cell. Image (b) adapted from ref. 22 with

4906 | Chem. Sci., 2023, 14, 4905–4912
in the Au(111)(3 × 5)–2PNBA frame with the corresponding
measured results, we assigned the sharp band related
interfacial water structure, and found that the interfacial water
molecules prefer to self-assemble as hydrogen-bonding chains
of ve-membered rings and partially hydrogen-bond with the
adsorbed PNBA− ions. Finally, we sketched a reaction free
energy (DGre) diagram by calculating the potential-dependent
Gibbs free energies Gads(V) of all congurations to further
conrm the energetic preference of the adstructure and reveal
the mechanism of structural stability of the water layer under
the specic adsorption of the PNBA− ions.
Results and discussion

A cyclic voltammetry (CV) curve for 1 mM PNBA in 0.1 M HClO4

at the Au(111) electrode was measured from 0.44 to 1.14 V vs.
SHE away from the characteristic voltages regarding hydrogen
or oxygen evolution processes. In Fig. 1a, a pair of reversible
current spikes appear at 0.77 and 0.73 V corresponding to the
adsorption and desorption processes of the PNBA− ions, which
is consistent with observation in the literature.16
Determining the adsorption frame of Au(111)(3 × 5)–2PNBA
in the Au(111)/PNBA solution interface

The high-resolution scanning tunneling microscopy (STM)
image of PNBA− adsorbed on the Au(111) surface, measured by
the Wan group (Fig. 1b),22 showed that the angle between a pair
of the elongated blobs was approximately 120° in a (3 × 5) unit
cell. To interpret the measured STM image, we compared it with
the calculated EC-STM images of three possible Au(111)(3 × 5)–
2PNBA− congurations (Fig. S1†). In these Au(111)(3 × 5)–
2PNBA− congurations, the PNBA− ions vertically adsorbed on
top of Au atoms by O atoms of the carboxylate group; a PNBA− at
the corner of the (3× 5) unit cell was rotated by angles of q= 0°,
60°, or 120° from the a axis; the dihedral angle was 120°
between the planes of both PNBA− ions.
e. (a) A CV curve of Au(111) in a 0.1 M HClO4 and 1 mM PNBA aqueous
. SHE.17 (c) The corresponding calculated STM image of the Au(111)(3 ×

ed by SEIRAS at 0.84–1.14 V vs. SHE, using the spectrum at 0.34 V as the
BA− ions. In (b), repetition lengths along two h110i directions are

ond to five and three times the lattice constant of the (1 × 1) surface,
permission, copyright (2011) American Scientific Publishers.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Au(111)(3 × 5)–2PNBA combined with four proposed 1st WL
configurations: (a) water molecules self-assemble as hydrogen-
bonding chains of six-membered rings and partly hydrogen-bondwith
the adsorbed PNBA− ions, denoted as Ion-6MW; (b) water molecules
self-assemble as hydrogen-bonding chains of five-membered rings
and partly hydrogen-bond with the adsorbed PNBA− ions, denoted as
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The calculated STM pattern (Fig. 1c) of Au(111)(3 × 5)–
2PNBA− (q = 60°) (Fig. S1b†) matches perfectly the measured
one. The elongated blob deriving from the cross-section of the
vertically adsorbed PNBA− charge density near the Fermi level
EF is 5.47 Å (approximately 5.43 Å in the measured STM pattern)
away from another elongated blob in the (3 × 5) unit cell. Pairs
of elongated blobs are aligned to form wheat-like stripes
extending along the h110i direction of the underlying substrate.
Other STM patterns (Fig. S1d and f†) from the congurations of
Au(111)(3 × 5)–2PNBA− (q = 0°) and (q = 120°) can be excluded
because of the different blob alignments along the h110i
direction and longer distances between the adjacent blobs of
6.72 and 6.80 Å than the measured one of 5.43 Å. Therefore, the
structure or the frame of Au(111)(3 × 5)–2PNBA discussed
below refers to the conguration in which the PNBA ion or
molecule at the corner is rotated by q = 60° from the a axis.
Ion-5MW; (c) water molecules and the adsorbed PNBA− ions assemble
together as hydrogen-bonding flakes of six-membered rings, denoted
as 6M-Ion&W; (d) water molecules self-assemble as hydrogen-
bonding chains of five-membered rings and partly hydrogen-bond
with adsorbed PNBA molecules, denoted as Mol-5MW. Gold, brown,
pink, red, and blue balls denote Au, C, H, O, and N atoms, respectively.
Interfacial water molecule is simplified as a stick model. Dashed black
and blue lines denote the PNBA ion(molecule)–water hydrogen bonds
and water–water hydrogen bonds, respectively.
Building possible combined congurations with the
interfacial water

Limited by the adsorbed PNBA− ions, it is difficult for EC-STM
to probe water molecules in the Au(111)/PNBA solution
interface. On the other hand, EC-SEIRAS can sensitively probe
the chemical structures of the EC interface including the
interfacial water. As shown in Fig. 1d, the sharp band associated
with the interfacial water at 3647 cm−1 is also observed in our
measured EC-IR spectra at 0.94 V vs. SHE, which shis to
3629 cm−1 at 1.14 V, in good agreement with that reported in
the literature.16 Besides, there are two negative-going bands at
approximately 3506 and 1642 cm−1, associated with the
interfacial water as well.31 All three bands are sensitive to the
bias potential, and their Stark tuning slopes (STSs) are large,
being −104.15, 149.61, and 141.31 cm−1 V−1, respectively.
Different from these bands, the absolute STSs of the bands
related to adsorbed PNBA− at 1525, 1386, 1355, and 1118 cm−1

are small and approximately 13 cm−1 V−1 as shown in Table S1.†
To precisely interpret the measured EC-IR spectra related to

the interfacial water by the computational methods, explicit
water molecules, especially the rst-nearest water layer (1st
WL), should be introduced into the Au(111)(3 × 5)–2PNBA
frame. We started from four possible combined Au(111)(3 × 5)–
2PNBA congurations with the 1st WL as shown in Fig. 2, based
on the following considerations: (i) as the average density of
liquid water32 is around 1.00 g mL−1 under ambient conditions,
the 1st WL (3 Å thickness) should contain nine water molecules
in the frame of Au(111)(3 × 5)–2PNBA. (ii) Based on the
experiments of surface probe microscopies,33–36 the hydrogen-
bonding network of interfacial water should consist of ve- or
six-membered rings. (iii) The difference of the chemical
environment induced by the water molecules self-assembling
and water bonded with adsorbed PNBA− ions assembling as
multi-membered rings should be taken into account.
Additionally, the combined conguration of the adsorbed PNBA
molecules is also included in Fig. 2 to systematically consider
the possible adsorbates in the Au(111)/PNBA solution interface.

The Ion-6MW conguration can be excluded rst, given that
it is unstable at 0.84–1.14 V vs. SHE, which transforms into the
© 2023 The Author(s). Published by the Royal Society of Chemistry
Ion-5MW conguration during the structural optimization.
Other congurations, Ion-5MW, 6M-Ion&W, and Mol-5MW, are
all plausible by comparing their calculated EC-STM images
(Fig. S2†) with the measured result. These patterns are nearly
consistent, although there is a slight brightness segregation of
the elongated blobs for the Mol-5MW conguration.
Assignment of the sharp EC-IR band related to interfacial
water at approximately 3647 cm−1

In order to conveniently compare and reference the calculated
EC-IR spectra for the combined congurations of Au(111)(3 ×

5)–2PNBA with the 1st WL, the EC-IR spectrum of the 1st WL
with six-membered rings on the bare Au(111)(2O3 × 2O3)
surface (i.e., the pure WL conguration in Fig. S3†) was simu-
lated rst at 0.34 V, and is shown in Fig. 3a (the gray dashed
curve). The calculated broad OH stretching band of the pure WL
conguration at 3200–3800 cm−1 can be resolved into two
distinct components: a higher wave number (∼3600 cm−1, the
red ake in Fig. 3a) component is associated with non-
hydrogen-bonded (NHB) water OH moieties (nNHB(OH) in
Fig. S4a†), while the main component is associated with water
molecules hydrogen-bonded with themselves (nW/W(OH) in
Fig. S4b†). The latter contribution for the broad OH stretching
band is far more signicant than the former one.

By comparing the calculated EC-IR spectrum of the Ion-5MW
conguration with the measured one at 0.94 V (Fig. 3a and S5†),
it is found that the calculated band at 3654 cm−1 agrees well
with the measured sharp band at 3647 cm−1, which is assigned
to the OH stretching mode of water hydrogen-bonded to the
adsorbed PNBA− ion (nPNBA

−/W(OH) in Fig. S6a†). Moreover, we
Chem. Sci., 2023, 14, 4905–4912 | 4907
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Fig. 3 Calculated EC-IR spectra for the combined configurations of Au(111)(3 × 5)–2PNBA with the 1st WL at 0.94 V vs. SHE (a) from 3000 to
3800 cm−1; and (b) from 1000 to 1800 cm−1. The calculated EC-IR spectra have been referenced by the EC-IR spectrum of the pure WL
configuration at 0.34 V. Blue curves in (a) and (b) denote the measured EC-IR spectra at 0.94 V. Red, orange, cyan, and gray flakes in (a) denote
the contribution of the OH stretching mode n(OH) of non-hydrogen-bonded water OH moieties, water molecules hydrogen-bonded with
themselves, water hydrogen-bonded to the PNBA− ions, and the hybridization of the above three types of vibrations, respectively.
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can exclude the other hypothetic structures that the sharp IR
band is associated with the in-plane conned water layer
induced by ordered adsorption of PNBA− or the non-hydrogen-
bonded water OH moieties. In contrast to the former
hypothesis, the vibrational frequency of the nW/W(OH) mode of
Ion-5MW (Fig. S6b†) is found to be located at 3449 cm−1, which
is close to the corresponding vibrational frequency of the pure
WL 3434 cm−1, and is not evidently shied to a higher
wavenumber by the in-plane connement. As opposed to the
latter one, the vibrational frequency of the nNHB(OH) mode of
Ion-5MW is shied to a higher wavenumber around 3743 cm−1

and its spectral intensity is almost two orders of magnitude
lower than those of the band counterparts of nPNBA

−/W(OH) and
nW/W(OH). Additionally, the measured negative-going bands
related to the interfacial water at 3506 and 1642 cm−1 are found
to be derived from the contributions of the nW/W(OH) mode
and the bending mode for water hydrogen-bonded with
themselves (i.e., dW/W(W) in Fig. S6c†), respectively.

To further verify the assignment of the sharp IR band, we
calculated the EC-IR spectra for the adsorption congurations
with the rst- and second-nearest water layers (1st + 2ndWL). By
comparing the EC-IR spectra for the congurations of the 1st
WL and 1st + 2ndWL (Fig. S8a and b†) with six-membered rings
in Fig. S9,† the main contribution of the spectral intensity
derives from the 1st WL, whereas the 2nd WL contribution is
almost one order of magnitude smaller, since the dipole
responses of vibrational modes are enhanced specically near
the surface. For the conguration of Ion-5MWwith the 1st + 2nd
WL (Fig. S8c and d†), its EC-IR spectrum approximates to the
combined conguration with the 1st WL and is slightly closer to
the measured spectrum in Fig. S10.† Therefore, accurate
description of the 1st WL structure is the key to realizing
a quantitative spectral prediction of the adsorption system with
the interfacial water. We would also like to point out that our
4908 | Chem. Sci., 2023, 14, 4905–4912
current computational method for predicting the EC-IR spectra
using a hybrid explicit/implicit solvationmodel has not yet been
able to accurately simulate and analyse the measured
asymmetric bands caused by the dynamic effect from the
interfacial water layer. This problem might be solved by
considering the molecular dynamics with efficient
computational analysis.37–39

Determining the interfacial water structure in the Au(111)(3 ×

5)–2PNBA frame

The EC-IR bands related to the interfacial water are structural-
sensitive to the hydrogen-bonding network of the adlayer. With
respect to the calculated spectrum of the Ion-5MW conguration
in Fig. 3a, a large interval of 232 cm−1 between the bands of nW/

W(OH) and nPNBA
−/W(OH) is associated with the clear difference

between the hydrogen-bonding interactions of W/W in the
5MW chains and those of PNBA−/W. When the adlayer forms
6M PNBA−/W akes in the 6M-Ion&W conguration, the
difference between the hydrogen bonds in W/W and PNBA−/
W is reduced, which results in the nPNBA

−/W(OH) band shied
from 3654 to 3517 cm−1. Besides changing the components of
multi-membered hydrogen-bonding rings, the carboxyl group of
the adsorbed PNBA molecules in Mol-5MW strengthens the
PNBA/W hydrogen-bond such that the contributions from the
modes of nPNBA/W(OH) and nW/W(OH) cannot be resolved
clearly, while the whole EC-IR band is slightly shied to a higher
wavenumber. By comparing all the calculated EC-IR spectra of
the combined congurations with the measured one in Fig. 3a
and b, the bands of nPNBA

−/W(OH), nW/W(OH), and dW/W(W) for
the Ion-5MW conguration are the most consistent with the
corresponding measured bands of 3647, 3506, and 1642 cm−1.
As a result, the structure of the interfacial water in the frame of
Au(111)(3 × 5)–2PNBA− should be the hydrogen-bonding chains
of 5MW.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The EC-IR bands related to the adsorbed PNBA ions or
molecules are also inuenced by the interfacial water due to
hydrogen-bonding interactions. Different from the degenerate
1340 cm−1 band of the Au(111)(3 × 5)–2PNBA− conguration
without water molecules being involved (Ion W/O W in Fig. 3b),
the corresponding IR band of the Ion-5MW conguration splits
into bands of 1546, 1389, and 1356 cm−1, which are assigned to
the anti-symmetric and the symmetric carboxylate stretching
modes of nPNBA

�
anti-symðCO2Þ and nPNBA

�
sym ðCO2Þ, and the symmetric

nitro group stretching mode of nPNBA
�

sym ðNO2Þ, for the adsorbed
PNBA− ions in Fig. S6d–f,† respectively, while the 1110 cm−1

band is assigned to the CN stretching mode of nPNBA
−
(CN) in

Fig. S6g.† These calculated EC-IR bands agree well with the
corresponding measured bands of 1525, 1386, 1355, and
1118 cm−1. Similar to the bands related to the interfacial water,
the bands of nPNBA

�
sym ðCO2Þ and nPNBA

�
sym ðNO2Þ for the 6M-Ion&W

conguration are slightly shied to a higher wavenumber as the
PNBA−/W hydrogen-bond strengthens. Meanwhile, the
Mol-5MW conguration can be excluded, because the pair of
asymmetric nPNBAasym (CO2) bands at 1610 and 1581 cm−1 for the
adsorbed PNBA molecules (Fig. S7†) caused by the decrease of
the molecular symmetry match poorly the single band at
1525 cm−1 in the measured EC-IR spectrum.

EC-STS, a commonly used quantity for the identication of
the potential-dependent electroadsorption, is used to further
conrm the structure of the water layer in the Au(111)/PNBA
solution interface. Different from the small STSs of the EC-IR
bands related to the adsorbed PNBA− shown in Table S1,† all
absolute STSs for the measured bands related to the interfacial
water, i.e., sPNBA

�/W
n ðOHÞ, sW/W

n (OH), and sW/W
d (W), exceed

100 cm−1 V−1 at 0.84–1.14 V vs. SHE. The calculated STSs for the
relative ratios of sW/W

n ðOHÞ=sPNBA�/W
n ðOHÞ and

sW/W
d ðWÞ=sPNBA�/W

n ðOHÞ for the Ion-5MW conguration are
1.40 and 1.35 (Table 1), respectively, which are in good
agreement with the corresponding measured values of 1.44 and
1.36, conrming Ion-5MW as the suitable candidate structure
for the observed interfacial water. In this regard, the 6M-Ion&W
conguration is disproved, since the relative ratios for the
calculated STSs of sW/W

n ðOHÞ=sPNBA�/W
n ðOHÞ and

sW/W
d ðWÞ=sPNBA�/W

n ðOHÞ are 1.93 and 1.89, respectively, which
are too large as compared to the measured ones.

It is interesting to note from Table 1 that the STSs for the
nW/W(OH) and the dW/W(W) bands are positive (149.61 and
141.31 cm−1 V−1, respectively), while the counterpart of the
nPNBA

−/W(OH) band is negative (−104.15 cm−1 V−1), indicating
Table 1 STSs (cm−1 V−1) of the EC-IR bands related to interfacial
watera from 0.84 to 1.14 V vs. SHE

Modes nPNBA−/W(OH) nW/W(OH) dW/W(W)

Expt. −104.15 149.61 141.31
Ion-5MW −80.99 113.25 109.72
6M-Ion&W −56.60 109.33 107.24
Mol-5MW — 59.78 —

a Detailed vibrational modes of nPNBA
−/W(OH), nW/W(OH), and dW/

W(W) are listed in Fig. S6.

© 2023 The Author(s). Published by the Royal Society of Chemistry
that the OHW/W bond strengthens and the OHPNBA−/W bond
weakens as the potential increases. To understand the
molecular mechanism behind this trend, natural bond orbital
(NBO) analyses in the periodic implementation were carried out
to quantitatively relate the chemical-bonding response to the
applied potential.40 As can be seen in Fig. 4a and b, the NBO
occupancies of the OHW/W anti-bonding orbitals decrease as
the potential shis positively, which induces the strengthening
of the OHW/W bonds. In contrast, increasing the occupancies
of the OHPNBA−/W anti-bonding orbitals results in the
weakening of the OHPNBA−/W bonds. In addition, the variations
in the NBO occupancies of the OH anti-bonding orbitals are
more sensitive to the applied potential (Fig. 4b), since the
projected electronic density of state (pDOS) of OH anti-bonding
orbitals is close to the Fermi level of the specically adsorbed
PNBA− Au(111) surface (Fig. S11†). Therefore, the STSs of the
bands related to the interfacial water are determined mainly by
the occupancies of the OH anti-bonding orbitals of the water
molecules.
Reaction free energy diagram and structural stability of
combined congurations with the interfacial water

The potential-dependent reaction free energies DGre were
calculated to further determine the adstructure in the Au(111)/
PNBA solution interface in the potential range of 0.84–1.14 V vs.
SHE. As depicted in Fig. 5a, owing to more electrostatic poten-
tial energy at the potentials, the Au(111) surface prefers the
adsorption of the PNBA− ions over the PNBA molecules and
hydronium ions do not appear in the structural optimization of
the Mol-5MW conguration. Meanwhile, the Ion-5MW
conguration is still more stable than the 6M-Ion&W
conguration, as the difference of hydrogen-bonding energies
between both adlayers is above 0.22 eV per unit cell. To
understand the mechanism of structural stabilization for
different interfacial water layers, we further calculated the
potential-dependent energies of hydrogen bonds in W/W and
PNBA−/W for the combined congurations. Fig. 5b shows that
the most hydrogen-bonding energy is from the W/Whydrogen
bond, which can effectively stabilize the Ion-5MW
conguration. Furthermore, the hydrogen-bonding energies in
PNBA−/W are still less than those in W/W for the specic
Fig. 4 Potential-dependent NBO occupancies of the OH (a) anti-
bonding and (b) bonding orbitals for the combined configurations of
Au(111)(3 × 5)–2PNBA with the 1st WL. The OH orbital occupancies of
water molecules hydrogen-bonded with themselves and with PNBA−

ions are indicated by solid triangle and square points, respectively.
Error bars represent the standard deviations for all corresponding
calculated data, and points are the average values.
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Fig. 5 (a) and (b) Potential-dependent reaction free energies and
hydrogen-bonding energies of the combined configurations of
Au(111)(3× 5)–2PNBAwith the 1st WL from 0.84 to 1.14 V vs. SHE. Solid
and dashed parabolas in (b) denote the hydrogen-bonding energies in
the 1st WL and between the water molecule and the adsorbed PNBA,
respectively. The blue solid parabola in (b) is the regression curve for
both hydrogen-bonding energies of the Mol-5MW configuration with
a standard deviation of 0.02 KJ mol−1.
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conguration. The difference between hydrogen bonds in W/
W and PNBA−/W for the Ion-5MW conguration is more than
the counterpart for the 6M-Ion&W conguration, which agrees
well with the observation of the calculated EC-IR spectra in
Fig. 3a. Finally, by shiing potential positively, the hydrogen-
bonding energies in W/W and PNBA−/W can be effectively
tuned to reduce their difference. And the hydrogen-bonding
energies in W/W for the combined congurations decrease,
while the hydrogen-bonding energies in PNBA−/W increase.

To verify the contribution from hydrogen-bonding energy for
the formation of the Ion-5MW conguration and to further
consider the contribution from the coverage of specically
adsorbed species, the calculations of reaction free energies of
combined congurations with the 1st WL were extended to
different adsorbates: pyridine (Py), benzenesulfonate (the BS−

ion) and different adsorption frames: Au(111)(3 × 5)–PNBA−

and Au(111)(3 × 5)–BS− in Fig. S12.† For the selected
adsorbates PNBA−, Py, and BS−, the energies of the single Ion/
W hydrogen bond are 15.32, 21.45, and 28.94 kJ mol−1,
respectively. For the adsorption frames of Au(111)(3 × 5)–
2PNBA− and Au(111)(3 × 5)–PNBA−, –BS−, the coverages of
adsorbates decrease from 0.13 to 0.07. As the Ion/Whydrogen-
bonding energy increases in Fig. S13,† the interfacial water layer
prefers to transform the structure from Ion-5MW to the
6M-Ion&W conguration, which is consistent with the analyses
from the combined congurations of Au(111)(3 × 5)–2PNBA−.
Moreover, the interfacial water molecules with the decrease of
the coverage of adsorbates prefer to form the Ion-6MW
conguration under a low Ion/W hydrogen-bonding energy.
Therefore, in addition to the hydrogen-bonding energy, the
coverage of specically adsorbed species also makes an
important contribution to stabilizing the Ion-5MW
conguration in the Au(111)(3 × 5) unit cell.
Conclusions

By comparing the calculated vibrational frequencies and STSs
of the computational EC-IR spectra with those of the
experimental EC-IR spectra, we conclude that the adstructure at
0.84–1.14 V vs. SHE is the interfacial water layer of the 5MW
4910 | Chem. Sci., 2023, 14, 4905–4912
chains partially hydrogen-bonded with the Au(111)(3 × 5)–
2PNBA− frame. The hydrogen-bonding interactions and the
coverage of adsorbed PNBA− ions in the Au(111)(3 × 5) unit cell
determine the interfacial water structure. The discovery of this
interfacial water structure is made possible due to the
enhancement of the dipole response for the vibrational modes
near the surface, and the highly structural-sensitive nPNBA

−/

W(OH) stretching band at 3647 cm−1.
By considering the hybrid explicit/implicit solvation model

with a suitable structure of the rst-nearest water layer, our
computational method of the EC vibrational spectra can be
applied not only to high coverage adsorption systems, but also
to lower coverage and more general adsorption systems
including interfacial water molecules. The method can be
improved further by combining with the new development of
the DFT method,41–43 ab initio molecular dynamics and other
efficient computational methods for the EC vibrational spectra
to precisely consider the dynamic effect caused by the
interfacial water layer.37–39 It is anticipated that the applications
of more advanced spectroelectrochemical techniques, such as
tip-enhanced Raman spectroscopy and nanoscale IR
spectroscopy with ultrahigh spatial resolution, will provide
multi-view evidence for the interfacial water structures under
specic adsorption and deepen our understanding on the inner
Helmholtz plane.

Computational section

The metal surfaces were modelled as p(3 × 5) and p(2O3 × 2O3)
Au(111) slabs with a lattice constant of 4.21 Å and a thickness of
7 layers in a periodic box of 79.45 Å (themiddle three layers were
frozen in the bulk position). The Au(111)(2O3 × 2O3) slab was
used in the pure interfacial water system, and the Au(111)(3× 5)
slab was used in specic adsorption systems for PNBA− and BS−

ions, PNBA and Py molecules. In the adsorption systems, the
adsorbates were symmetrically coordinated with each side of
the metal slab. The rst-principles computations were
performed using the Vienna ab initio simulation package (VASP)
with projector augmented wave (PAW) pseudopotentials.44,45

The exchange-correlation energies were calculated using the
alternative revision of the Perdew–Burke–Ernzerhof (RPBE)
functional with the generalized gradient approximation
(GGA).46,47 The dispersion correction was applied in all
calculations with the Becke–Johnson damping D3 method of
Grimme, which was found to provide a more accurate and
reliable description for various properties of water.48

We considered a 550 eV plane-wave energy cut-off and sampled
the surface Brillouin zone only with the G point. The
self-consistent eld procedure was repeated until reaching
a precision of 1 × 10−9 eV in the total energy. All geometries
were optimized to reach residual forces on all atoms lower
than 0.01 eV Å−1. The calculated STM images were
constructed on the basis of Tersoff–Hamann theory with a bias
voltage of −0.09 V and were visualized using the p4vasp
program.49

To simulate the EC-IR spectra, VASPsol implementation was
employed to mimic the surface solvation effect.50 The relative
© 2023 The Author(s). Published by the Royal Society of Chemistry
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permittivity 3re and ionic strength I were set to 78 and 0.1 M
(corresponding to a Debye screening length l of 9.5 Å),
respectively. The surface tension was set to zero (no
cavitation energy). The nite difference method was employed
to simulate the IR spectra. The differential step size of Cartesian
coordinates Dx was set to 0.01 Å. The detailed computational
method of EC-IR spectra was summarized in ref. 27 and 51.
Other computational details are provided in the ESI.† The
calculated potential of zero charge (PZC) of the pure WL
conguration is 0.51 V vs. SHE, which is close to the measured
PZC, 0.56 V.52

Experimental section

We employed a Kretschmann ATR conguration to do the in situ
EC-SEIRAS experiment.8,26 Infrared radiation from a Nicolet
8700 spectrometer was shaded from the prism side at an
incident angle of 60° and the totally reected radiation was
detected with a liquid-nitrogen cooled MCT detector. Spectra
were acquired sequentially under potential step conditions. The
spectral resolution used was 8 cm−1. All experimental EC-IR
spectra were shown in absorbance units dened as −log(I/
Iref), where I and Iref represent the intensities of the IR radiation
at the sample and reference potential (0.34 V vs. SHE). A three-
electrode spectroelectrochemical cell was employed for the
EC-SEIRAS experiment. A gold wire was used as a counter
electrode and a saturated calomel electrode (SCE) was used as
a reference electrode. A chemically deposited and annealed Si
prism/Au lm electrode (20 nm thick) was used as the working
electrode.53 All potentials in this work, unless otherwise
specied, were quoted against the SHE, for comparison with
data from rst-principles calculations. The p-nitrobenzoic acid
electro-adsorption experiment was performed in a 0.1 M HClO4

and 1 mM p-nitrobenzoic acid aqueous solution. Other
experimental details are provided in the ESI.†

Data availability

The ESI† contains the computational details, calculation of the
reaction free energies and hydrogen-bonding energies of the
combined congurations with interfacial water, experimental
details, calculated STM patterns of possible adsorption
congurations, vibrational modes of possible adsorption
congurations, calculated EC-IR spectra of adsorption
congurations with the 1st + 2nd WL, calculated Stark tuning
slopes of vibrational bands related to adsorbed PNBA−, and
literature references.
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