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ABSTRACT: We investigated the gas-liquid interface of aqueous solutions containing phenol and related aromatic compounds using
extreme ultraviolet laser photoelectron spectroscopy and molecular dynamics simulations. The interfacial densities of protonated and
deprotonated forms of phenol, aniline, and 4-nitrophenol were found to be primarily determined by their surface affinities and exhibit
similar concentration dependences to their respective bulk densities. Despite the distinct interfacial orientations of their permanent
dipole moments, these compounds monotonically decreased the surface potential at higher concentrations. The exception was sodium
phenolate, whose surface potential first increased and then decreased with increasing concentration. This behavior is attributed to the
opposing effects of the electric double layer formed by Na* and phenolate ions at the gas-liquid interface and the induced electronic

polarization of phenolate.

INTRODUCTION

The structure and dynamics of molecules at the gas-liquid inter-
face are of fundamental and practical importance in interfacial,
environmental, and atmospheric chemistry.!** These problems
have been extensively studied using nonlinear optical spectros-
copy methods such as second-harmonic generation (SHG) and
sum-frequency generation (SFG).>’ These methods have exclu-
sive selectivity for the gas-liquid interface, because nonlinear
optical responses do not arise from the bulk but only from the
interface where the spatial symmetry is broken. Although pho-
toelectron spectroscopy (PES) does not exhibit strict surface se-
lectivity, photogenerated electrons have an extremely small es-
cape depth (on the order of 1 nm or less) from the liquid surface
within the electron kinetic energy range concerned in this paper
(30-50 eV);¥!! this provides extremely high sensitivity toward
the gas-liquid interface. Furthermore, when this interface is
highly enriched with solute molecules, the photoelectron (PE)
signal from the bulk can be neglected, making PES an ideal tool
for investigating liquid surfaces. Recent developments in high-
order harmonic generation (HHG) have allowed the production
of intense extreme ultraviolet (EUV) radiation using tabletop
systems, paving the way for EUV-PES to become a powerful
analytical tool for gas-liquid interfaces.

To demonstrate the potential of EUV-PES, the present study ap-
plied EUV-PES and molecular dynamics (MD) simulations to
aqueous solutions of phenol and related organic compounds.
The molecular structures and permanent dipole moments of
these molecules are illustrated in Figure 1. First, we focus on
the electrostatic surface potential (¢p), more specifically the shift
(Ag) relative to the ¢ of pure water, and the molecular aggre-
gation structure. Thus far, ¢ and A¢ have been measured using

various electrochemical methods such as liquid flow,'? Kelvin
probe (vibrating plate capacitor),' and ionizing electrode meth-
ods.!* Despite these experimental efforts and theoretical calcu-
lations, the absolute value of ¢ for pure water remains under
debate.!> 1*2! Hence, the present study focuses on A¢ instead.
Secondly, we demonstrate how EUV-PES enables highly effi-
cient measurements of chemical equilibria at the gas-liquid in-
terface. As an example, we consider the long-standing problem
of acid/base (protonation-deprotonation) equilibrium at such an
interface.”>?* Eisenthal and coworkers performed a pioneering
vibrational SFG study on the equilibrium between phenol
(C6HsOH) and phenolate (CsHs0).% Here, we used EUV-PES
to investigate the protonation-deprotonation equilibrium for
phenol,?® aniline, and 4-nitrophenol (4-NP).

The fundamental principles of measuring A¢ through photoe-
mission are briefly explained as follows. When liquid water is
exposed to EUV radiation, an electron in the highest occupied
molecular orbital (HOMO) of liquid water is excited to the con-
duction band, leading to its emission through the gas-liquid in-
terface. Just outside the liquid in the vacuum, the emitted elec-
tron has a well-defined kinetic energy E,. As the electron trav-
els through the vacuum chamber to reach an electron detector,
it may experience some non-uniform electrostatic potential
and/or work function that shifts its kinetic energy. However,
such secondary effects can be calibrated using the cutoff
method to accurately estimate E,.2?° This measurement pro-
vides us with the energy required to promote a valence electron
to zero kinetic energy just outside the liquid, which is termed
the “vertical electron binding energy” (or vertical ionization en-
ergy for neutral species). The adsorption of a solute to the gas-
liquid interface creates a local electric field and the associated
potential. When the local field does not significantly alter the



electronic structure of the solute and solvent, their electron
binding energies are equally shifted with the associated poten-
tial (A¢p). Thus, for an aqueous solution, a different electron ki-
netic energy (eKE), E, will be found just outside the liquid.
When E is higher than E, it indicates that an electron in the
aqueous solution has a higher potential energy compared to that
in pure water, i.e. a lower electrostatic potential ¢ (since the
electron has a negative charge). Thus, the relation E = E, —
eA¢ holds. The potential significantly influences the kinetic en-
ergies of all electrons emitted from the liquid, irrespective of
the electron orbitals they are from. Thus, our EUV-PES exper-
iments explore the energy shifts of bound states with respect to
the vacuum level and Ag.

In addition to the photoemission signal of solvent water, A¢ can
also be estimated from the photoemission signal of a solute that
has segregated at the liquid surface. When the HOMO of a so-
lute has a lower electron binding energy than the HOMO of lig-
uid water, the former can be spectrally separated from the latter
for clear observation and analysis. Measuring A¢ using the so-
lutes is useful for examining whether the energy shift occurs
equally for all solutes and solvents. At a high concentration, the
solutes disrupt the hydrogen-bonding network of liquid water,
altering its electronic structure.’3? In such cases, it becomes
more complex or impossible to isolate the influence of A¢g on
the PE spectrum of liquid water.*> An independent measure-
ment of Ag using the solute becomes particularly important in
these cases.

For emission from the gas-liquid interface, an electron must
travel from inside the liquid to the interface, during which elec-
tron-molecule scattering can occur.® This scattering process en-
compasses electronic, vibrational, and rotational inelastic scat-
tering, depending on the degree of freedom that plays a role in
the molecular scatterers (primarily water molecules).>*>® The
scattering cross-sections have a common trend of decreasing at
higher electron kinetic energies, as reviewed by Itikawa and
Mason for electron-water collisions in the gas phase.’® When
the electron kinetic energy is below 10 eV, rovibrational inelas-
tic scattering plays a dominant role, resulting in continuous
electron energy loss and significantly distorting the PE kinetic
energy spectrum. Elastic scattering also has a large cross-sec-
tion at a low kinetic energy, increasing the effective path length
of an electron and enhancing its energy loss.’ In contrast, in the
energy range much higher than 10 eV, as in the present study,
electronic inelastic scattering becomes predominant, resulting
in a larger average energy loss. Consequently, the distributions
of electrons that have and have not undergone electronic inelas-
tic scattering become distinctly separated in energy. For elec-
trons with high kinetic energies, the influence of inelastic scat-
tering becomes practically negligible. That is why the PE band
of HOMO is generally the least influenced by the scattering ef-
fects. The photoemission of liquid water has been studied in de-
tail, and it was demonstrated that a constant electron binding
energy can be extracted across a wide range of photon energies
using the cutoff method.?* %’

One complication of the EUV-PES method is that it requires the
vacuum condition and a continuous flow of liquid.***' The lat-
ter is necessary to avoid evaporative freezing of the liquid and
to replenish the sample under EUV irradiation. However, dis-
charging a liquid from a nozzle causes streaming electrification,
which sometimes destabilizes the electrostatic potential of the

liquid.**** To mitigate this problem, a sufficient level of elec-
tric conductivity is maintained by adding a low concentration
of inorganic electrolyte.*** Consequently, the “pure water” in
PES studies using a flowing liquid actually contains dissolved
inorganic salt. Nevertheless, the influence of such trace
amounts (~30 mM) of inorganic salt on the PE spectrum of lig-
uid water has been confirmed negligible. A previous SHG study
showed that the change in ¢ is less than 10 mV in a concentra-
tion range of tens of mM.** In contrast, the A¢ values for aque-
ous solutions of organic molecules discussed in the present
study are much larger.

Theoretical simulation is essential for understanding the rela-
tion between A¢ and the gas-liquid interfacial structure. In
aqueous solutions of electrolytes, A¢ is strongly influenced by
the formation of an electric double layer (EDL) at the gas-liquid
interface. For example, aqueous solutions of Nal and tetrabutyl
ammonium iodide (TBAI) exhibit opposite signs of A¢, be-
cause the local electric field of the EDL is reversed between
them.>® *#7 On the other hand, the detailed mechanism of cre-
ating A¢ is much more subtle for aqueous solutions of neutral
organic molecules such as phenol, aniline, and 4-NP. These
compounds contain various hydrophilic functional groups and
the n-hydrogen bond,* and they assume different orientations
at the gas-liquid interface. It is of interest to see how Ag is cor-
related (or uncorrelated) with the dipole orientations of these
molecules. Sodium phenolate is an interesting hybrid between
an organic molecule and an inorganic electrolyte, because it is
ionized in water to create an EDL while the anion is an organic
molecule. As we will see later, sodium phenolate exhibits an
interesting behavior in terms of A¢. To describe these systems,
we found it necessary to perform polarizable MD simulations.
Nevertheless, because of the prohibitive computational time
(more than a month for a given bulk concentration), only a few
representative data points are presented in this paper.

In the following, we first describe the experimental and theoret-
ical methods and then discuss the general features of the PE
spectra of aqueous phenol, aniline, and 4-NP solutions at neu-
tral pH and the corresponding A¢ values. Next, we discuss Ag
for the sodium phenolate solution. Finally, the acid-base equi-
librium at the gas-liquid interface is discussed for phenol, ani-
line, and 4-NP.
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Figure 1. Molecular structure and permanent dipole moment of
phenol, aniline, and 4-NP. Red arrows show the dipole moment
vectors calculated using CCSD/aug-cc-pVTZ after geometry opti-
mization using MP2/aug-cc-pVTZ.



METHODS

Experimental Methods

A one-box Ti:sapphire regenerative amplifier (5 kHz, 35 fs, 800
nm, 10 W) was used as a driving laser for HHG.* The funda-
mental or the second harmonic (400 nm) was focused into an
Ar gas cell using a quartz lens (f= 300 mm). A single harmonic
was isolated using a time-preserving monochromator (500
grooves/mm).* A microfluidic chip made of borosilicate glass
discharged two liquid jets at a total flow rate of 1.2 mL/min (0.6
mL/min each), and the collision of the two jets generated a flat
liquid surface (Supporting Information (SI), Section A). A
sample solution of variable solute composition and concentra-
tion was supplied to the microfluidic chip using a gradient-flow
HPLC pump. The length and width of the leaf-like flat jet were
2.2 and 0.7 mm for liquid water at a flow rate of 1.5 mL/min,
respectively. However, these dimensions varied with the vis-
cosity and flow rate of the liquid. The typical thickness of the
flat jet was 0.7 um, while the rim was ~20 um in diameter.>
Because the electron escape depth is ~1 nm, the photoemission
signal intensity is independent of the thickness of the liquid. In
addition to possessing a large cross-section of the liquid target,
the flat liquid surface also allowed us to manipulate the inci-
dence angle of EUV radiation on the liquid surface and investi-
gate the photoemission induced by evanescent EUV radiation
(SI, Section B). The EUV laser propagation axis and the elec-
tron detection axis were perpendicular to each other. Photoelec-
trons emitted from the flat jet were measured using a magnetic
bottle time-of-flight electron energy analyzer described else-
where.’! The emitted photoelectrons were guided by a magnetic
field to the electron energy analyzer, so that they could be de-
tected regardless of their emission angle 6. The electron binding
energy (eBE) was determined from the difference between the
photon energy (hv) and the measured eKE. The procedures to
determine hv and eKE are described in SI Sections C and D,
respectively.

As a flat jet travels through vacuum, its temperature decreases
due to evaporative cooling.’*3* We adopted a model discussed
by Chang et al.> to estimate the temperature of our liquid sam-
ple at the EUV irradiation point to be 276.9 K. Details of this
temperature estimation are provided in SI Section F. To study
the acid-base (protonation-deprotonation) equilibria at the gas-
liquid interface, we adjusted the pH of aqueous phenol and 4-
NP solutions by adding NaOH and that of aqueous aniline so-
lution by adding HCIl. The pH and thermodynamic constants
such as pK, and pK,, were estimated for the temperature of a
flat jet, as described in SI Section G.

Theoretical Methods

We performed preliminary MD simulations with a non-polariz-
able model but obtained rather scattered predictions, indicating
that it is difficult to make reliable and consistent predictions.
These results are summarized in SI Section L. Therefore, de-
spite a considerably higher computational load, we performed
MD simulations with a polarizable force field, namely the
charge response kernel (CRK) model,** which accounts for
electronic polarization as a fluctuation of partial charges. How-
ever, the high computational load limited these calculations to
a restricted number of conditions. The CRK model

characterizes partial charge variations in response to an external
electric field, and the instantaneous charges are obtained by
solving the equation for intermolecular electrostatic interactions
in a self-consistent manner during the simulations. The CRK
model has been used in classical MD simulations™ to describe
the density, enthalpy of evaporation, diffusion coefficient, and
IR/Raman and SFG spectra. CRKs for water, Na*, and phenol
have already been developed.’**>*¢ The CRK model is appro-
priate for describing surface structures where electronic polari-
zation is induced by an asymmetric solvation environment. Fur-
thermore, the partial charges and CRK parameters were deter-
mined to reproduce the dipole moment and polarizability ob-
tained from quantum chemical calculation, which are important
for the quantitative evaluation of the surface potential.

The partial charges and CRK parameters for aniline, 4-NP, and
C¢HsO™ were newly determined at the B3LYP/aug-cc-pVTZ
level of theory, and the Lennard-Jones parameters were ob-
tained from the general AMBER force field (GAFF).>” The Len-
nard-Jones interactions were treated using the Lorentz-
Berthelot combining rule. The Coulombic interactions were cal-
culated using the smooth-particle-mesh Ewald method.>® The
simulation box had dimensions of 25 A x 25 A x 150 A and
contained either 1200 water molecules for the sodium phenolate
solution or 600 water molecules for phenol, aniline, and 4-NP
solutions and 25 solute molecules or ion pairs. More details are
provided in SI Section M.

The electric potential ¢p(Z,) was then calculated using the fol-
lowing formulas:

Zo
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where E;(Z) and p,(Z) are the surface-normal component of
the electric field and the charge density at location Z, respec-
tively, and g, is the dielectric permittivity of vacuum. Z = 0
corresponds to the Gibbs dividing surface, and Z = oo refers to
a location in vacuum at an infinite distance from the surface un-
der the field-free condition. The reference surface potential is
taken as ¢p(0) = 0.

The surface potential in the bulk region of the liquid, Z = Z,, is
expressed by the following equation,
1 Zo
oz = [ 4z pi2)
0 M 3)
- QZZ (ZO)}

where P, and @, indicate the electrostatic dipole and quadru-
pole densities, respectively. The dipolar term is determined by
the integral over the surface region, while the quadrupolar term
is a bulk quantity. The quadrupole contribution is closely re-
lated to the electric potential inside a molecule, and it is ex-
cluded when calculating the “electrochemical” surface poten-
tial.'” In the present study, the gas-liquid interface is highly en-
riched with solute molecules, and the difference A¢ in the bulk
potential is well expressed by only the difference (AP;) in the
dipolar term between a solution and pure water:
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AP, is composed of the dipole density of the solute and the di-
pole distribution change of water induced by the solute. In our
previous study, we found that the sign of A¢ for the TBAI so-
lution surface is determined by the solute contribution.* In the
present study, based on our MD simulation results, we argue
that the direction of shift is not predicted only by the solute con-
tributions in general.

RESULTS AND DISCUSSION
Aqueous Solutions of Phenaol, Aniline, and 4-NP

Experimental results

Figures 2(a), (d) and (g) show representative EUV-PE spectra
of aqueous solutions of phenol, aniline, and 4-NP, respectively.
These spectra are aligned at the 1b; (HOMO) band for water to
illustrate the variation in the band intensities as a function of the
concentration. The solute bands are seen in the eBE region be-
low 1b; (11.3 €V).* * The PE intensity for phenol steadily in-
creases with increasing concentration up to 0.2 M® and satu-
rates at higher concentrations. The water band intensity de-
creases with increasing phenol concentration. (A reduction in
the PE intensity of water due to surface adsorption of the solute
is also seen for the O(1s) signal of water; see Figure S9 in SI
Section J.) The intensity variation can be expressed using the
Langmuir isotherm equation,® providing the free energy
change of adsorption (-A,45G°) of 15.7 = 0.8 kJ mol™! that is in
fair agreement with the values of 14.7 + 0.4 kJ mol™' in Ref. [*?]
and 15.8 £ 0.4-16.7 + 0.3 in Ref.[*].

When solute molecules are segregated at the surface, the solute
signal arises exclusively from the top layer and becomes pro-
portional to pioF (C)d, where poh . (C) is the density of so-
lute molecules in the top layer for a bulk concentration C, and d
is the thickness of the layer. The PE signal from the solvent,
Isowent (C), arises from solvent molecules in the top layer with
a density pstgl’;ent(C ) and the PE flux due to the solvent mole-
cules in deeper regions. If a bulk solvent molecule density
Psowent 18 assumed, then Igyp,en: (C) can be expressed as

°° D
Isowent (€) < pstglzzient (©)d + F(C) f Psotvent €XP [_ _] abD
d 2(0)

~ Pstgﬁ,ent(c)d + F(C)psolventl(o)
where F(C) is an attenuation factor associated with electron
scattering by organic molecules in the top layer. A(0) is the
electron attenuation length for pure water, and was estimated to
be ~1 nm for eKE ~ 30 eV.*!! 1(0) is much smaller than the
penetration depth (~25 nm) for 40.0 eV EUV radiation in liquid
water and also the penetration depth (<15 nm) for evanescent

waves under total internal reflection conditions (see SI Section
B). Thus, A(0) determines the probing depth of EUV-PES.

F(C) is considered to be proportional to p'oP . (C). If the top
layer is completely occupied by phenol molecules at a high con-
centration, the photoelectrons giving rise to the water 1b; band
originate from the lower layer and are scattered by this phenol
monolayer. Then, the experimental results imply that F(C) =
0.5, and A(C) is approximately the thickness of a phenol mon-
olayer (<1 nm). This crude estimate is close to the estimated
value (~1 nm) for A(0), suggesting that electron scattering by
organic molecules is not significantly different from that by wa-
ter molecules.

The maximum coverage of the liquid surface (f;,,,) With a so-
lute is estimated as follows. The surface density I' of the solute
is estimated from the PE intensity and surface tension data®% ¢
62 (see SI Section I). The f value is calculated as the ratio of T
with respect to the surface density Iy, of a pure solute.*

A

2
Namely, [,ye = (%)3, with p representing the bulk density

of the solute compound and M representing its molar mass. The
calculated f;,,q, values are summarized in Table 1. The value of
fmax 18 close to unity for phenol and aniline, indicating that the
interface is almost fully covered by these solutes. (Note: the sur-
face concentration of organic molecules typically increases
with the addition of electrolytes, provided that the surface con-
centration is below saturation. This phenomenon is commonly
known as the specific ion effect’ (see SI Section K).

Table 1 Estimation of Absolute Surface Coverage

p Dpure Fimax
(gem3) | (10" cm?) (10" cm?) fmas
Phenol 1.05% 3.6 2.8 0.78
Aniline 1.022 3.5 3.6 1.0
4-NP 1.48° 3.4 1.6 0.47

a: From Ref. [*]

Figure 2(b) shows the same spectra as in (a) but normalized us-
ing the intensity of the 1b; band for water (11.3 eV)*>** without
energy alignment. The accurate binding energies are summa-
rized in Table 2. The literature values of the vertical binding
energy (VBE) for aqueous phenol and aniline were corrected by
referencing an inaccurate VBE value of water 1b; (11.16 eV®-
% versus the more accurate value of 11.3 eV*#?), so that they
were systematically shifted by 0.1-0.2 eV. The PE spectra shift
to lower eBE with increasing phenol concentration, as shown in
Figure 2(c), and the H,O 1b; and solute bands shift similarly
(Figure 8). The decrease in eBE corresponds to a negative sign
of Ag.



Table 2 Two Lowest VBE Values for Aqueous Solute Molecules (eV)

phenol CeHsO" aniline 4-NP 4-NP-
Band 1 Band2 | Band1 | Band2 | Band 1 Band2 | Band1 | Band 2 | Bandl | Band2
Thiswork 1 g0y | 87203 | 730 | 8700 | 7748 | s83G3) | 7.8(1) | 890 | 6901y | 8.71)
40.0-56.5¢vV | ' ' ' : ' ' ' ' '
XPS
7.80 8.6° 700 | 85 | 749 | 8620
200 eV
EUV-PES
7.4¢ 8.5¢
29.5eV

a: Ref. [**] measured for 0.75 M solution.
b: Ref. [**] measured for 0.127 mol/kg solution.
c: Ref. [*] measured for 0.09 M solution.

Figure 2(d) shows the concentration dependence of the PE spec-
tra of aqueous aniline solutions. Similar to the case for phenol,
the aniline band intensity increases with concentration while the
water 1b; band intensity decreases. The PE spectra also gradu-
ally shift to lower eBE with increasing aniline concentration;
this concentration dependence is stronger than that for phenol,
as shown in Figures 2(e) and 2(f). 4-NP is structurally similar
to phenol, and the results of previous SHG spectroscopy studies
suggested that 4-NP takes an OH-down orientation at the inter-
face.%> %6 Here, “down” indicates pointing to the bulk liquid;
however, this suggested OH-down orientation is actually incor-
rect, as will be discussed later. Figure 2(g) shows the concen-
tration dependence of the PE spectra of aqueous 4-NP solutions,

Phenol

Aniline

and Figures 2(h) and 2(i) show the corresponding spectral shifts.
4-NP induces a PE energy shift in the same direction as that for
phenol and aniline, although the shift is considerably smaller
despite the larger permanent dipole moment of 4-NP (Figure 1).

Figures 2(b), 2(e), and 2(h) reveal a rather strong concentration
dependence of the spectral features in the eBE region of 11-20
eV. This is attributed to an overlap between the PE signals from
the solute and the water bands. In the present paper, we do not
discuss the solute and solvent bands in this region owing to the
considerable spectral overlap.

4-Nitrophenol
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Figure 2. (a, d, g) PE spectra measured with 40.0 eV pulses for different concentrations of phenol, aniline, and 4-NP, respectively. The
spectra are aligned at the H2O 1b; band position. Inset: PE intensity for the H2O 1b: (black) and solute (red) bands. The intensities of both
H20 and solute bands are normalized to their respective maximum intensities. The solid lines represent the best fits obtained using the
Langmuir isotherm.®! (b, €, h) Same PE spectra as in (a, d, g), respectively, but with their intensity normalized by the 1b1 peak for H20. (c,
f, i) Dependence of the VBE for H20 1b; on the solution concentration. The shaded area represents the standard deviation (+16) calculated
from three independent measurements. To highlight the different concentration ranges, the tick labels for 0.1 M are colored in red.



MD Simulation

We performed polarizable MD simulations using CRK models.
Figure 3 summarizes the calculated A¢ in the bulk for different
solutions (see SI Section N for details). The calculated signs of
A¢ are negative for the phenol, aniline, and 4-NP solutions,
which are consistent with the experimental results. As will be
shown later (Figure 6), ¢ becomes constant in the region deeper
than 0.5 nm; consequently, the measured A¢ will not strongly
depend on the probing depth of liquid PES.

0.1 Phenol
0.0

-0.1 \\?\

* Exp.
0.2 > MD calculation

-0.3

0.1 Aniline
0.0
-0.1 2
-0.2

Ag(V)

-0.3

0.1 4-NP

0.0

-0.1

0,000
02 ""\

-0.3

Surface Conc. (10™ cm=2)

Figure 3. Comparison of A¢ estimated from the PE band of water
1b1 and from the MD calculations. The black circles and green sym-
bols indicate data measured experimentally and calculated using
the CRK model, respectively. The horizontal axis is the surface
concentration of solute molecules, which was estimated from the
PE band intensity for the solutes and surface tension data®® %> at a
certain bulk concentration (see SI Section I). The inset shows an
enlarged view of A¢ for 4-NP.

To understand the origin of Ag, we need to examine key phys-
ical quantities at the interface. Figure 4(a) shows the calculated
density distributions of the solute species near the interface.
These calculations confirm the enhanced concentrations of so-
lute molecules at the gas-liquid interface. These results imply
surface-active characters of these aromatic species, even though
they are soluble in liquid water. Figure 4(b) shows the density-
weighted orientation profiles of solute species at the surface,
which are represented as the product of the number density p
and the mean orientation (cos8). The calculated results
of p(cos 0) indicate a noticeably large negative region at the
surface z = 0 for aniline compared to other solute molecules,
indicating that the dipole moment of aniline clearly points to the
liquid phase. Since the dipole of aniline is oriented from the ar-
omatic ring to the amino group in the molecule-fixed coordi-
nates, the negative p(cos 6) in Figure 4(b) indicates that the hy-
drophilic amino group of aniline tends to point to the liquid
phase at the interface. One might predict that such a dipole ori-
entation of aniline would lead to a positive potential shift Agp
according to Eq. (4). However, this simple prediction is incon-
sistent with the experimental and calculated results of negative
A¢ in Figure 3. It is noted that the sign of A¢ is determined by

not only the direction of the dipole moment of the adsorbed so-
lute but also other factors, such as the orientation of water mol-
ecules and the electronic polarization of the solute and solvent.
We further analyze the mechanism of the potential shift in SI
Section N.

Figure 4(b) also shows a slightly positive p{cos ) for 4-NP at
the surface, indicating that the NO, group of 4-NP points
slightly to the liquid phase. As mentioned earlier, the orienta-
tion of 4-NP at the water surface is not amenable to intuitive
prediction, and it has been studied by SHG measurement.’’
However, the SHG results do not agree with the NO,-down ori-
entation of 4-NP proposed here. The reason of this discrepancy
is discussed in detail in SI Section O; it is suggested that there
was an error in the previous analysis of the SHG signal.

84 (a)
s 9 — phenol
= 4] — aniline
Q — 4-NP

p{cosdy (M)

Z(A)

Figure 4. (a) Calculated density profiles of three solutes: phenol
(red), aniline (blue), and 4-NP (green). Z = 0 is the Gibbs dividing
surface. (b) Density-weighted orientation profiles for each species.
6 is defined as the angle between the permanent dipole of the solute
molecule and the surface normal. The inset shows a magnified view.

Reversal of A¢p in Aqueous Sodium Phenolate Solution
Experimental results

Figure 5(a) shows the concentration dependence of the PE spec-
tra of aqueous sodium phenolate solutions measured at a photon
energy of 56.5 eV. In Figure 5(b), the Na*(2p) signal increases
with increasing C¢HsO" signal intensity. Strikingly, the direc-
tion of the 1b; band shift reverses with increasing phenolate
concentration: according to Figure 5(c) it initially shifts to a
higher VBE (A¢ >0), and then in the opposite direction at
above 0.5 M. An aqueous Nal solution creates an EDL with I"
closer to the surface and Na* on the bulk side, which causes a
monotonic increase in the VBE*® %2 (or increase in ¢) with in-
creasing concentration. In contrast, an aqueous TBAI solution
creates an EDL with positive TBA™ ions on the top layer and I
on the bulk side, and hence, the VBE** 333 (or ¢) decreases
with increasing concentration instead. For Nal or TBAI, no re-
versal in the sign of A¢p was ever observed.
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Figure 5. (a) Concentration dependence of PE spectra of sodium
phenolate solutions measured with 56.5 eV pulses. (b) Comparison
of the PE intensity for liquid water (gray), C¢HsO" (black), and
Na*(2p) (pink). The intensities for water and C¢HsO" are arbitrarily
scaled for comparison. (¢) Dependence of the VBE shift of H2O 1b:
on the solution concentration. The shaded area indicates the stand-
ard deviation (+10) calculated from the results of three independ-
ent measurements.

MD simulation

We performed MD simulations to understand the mechanism
for the reversal of A¢ in aqueous sodium phenolate solutions.
Non-polarizable MD simulations cannot reproduce the sign re-
versal of Ag observed at high sodium phenolate concentrations
(see SI Figure S13). Therefore, we analyzed A¢ using the CRK
model. Figure 6(a) is a snapshot of the sodium phenolate solu-
tion at a bulk concentration of ~0.4 M. The formation of an EDL
is evident. Figure 6(b) compares the density profiles of CcHsO"
calculated using polarizable and non-polarizable models, both
assuming polarizable water. The polarizable model (solid
curves) predicts a gas-liquid interface that is more enriched with
ions than the non-polarizable model (dashed curves). As al-
ready seen in the snapshot in Figure 6(a), the C4 and O atoms
of C¢HsO  reside closer to the gas-liquid interface than Na™. The
peak C4 density (carbon in the para position from C-O) is lo-
cated on the vacuum side, indicating that C¢HsO™ takes an O-
down orientation. Figure 6(c) displays the potential profiles
¢(Z) obtained using the polarizable (blue curve) and non-po-
larizable (light blue curve) models, which are compared with
that for pure water (black curve). The polarizable model shows
a small negative shift of ¢p, while the non-polarizable model
shows a positive value. The former is consistent with the exper-
imental result. In Figure 6(d), we decompose ¢ (Z) calculated
using the polarizable model into contributions from the solutes
(Na" and phenolate ion) and solvent. The contribution from the
solutes is further divided into two components: the contribution
(pink) from the original charge distribution (calculated in the

gas phase) and the correction (green) induced by electronic po-
larization in the solution. The positive contribution from the so-
lute can be understood based on the orientation of the EDL (Fig-
ure 6(b)), where the anions are closer to the surface than the
cations. The potential shift due to solute polarization is domi-
nated by the polarization of C¢HsO, since the polarizability of
Na' is much smaller than that of C¢HsO". The strong polariza-
tion of C¢HsO" is a result of the electric field generated by the
asymmetric hydration of C¢HsO" at the surface. The polarization
is not strongly affected by the counter ions (Na*) because the
electric field produced by Na' is largely shielded by hydration.
Consequently, the induced intramolecular polarization of
CeHsO" also helps screen the electric field associated with the
EDL. The slightly negative potential shift A¢ is a consequence
of strong screening of the field generated by the ion distribution,

o
3 i (®)
g :
= : — polarizable
@ 61 Y | - - non-polarizable
a 4
z
2 J
S |too-==
=z 0
01 non-polarizable (©)
ure water
0.0
-0.1
-0.2
03
= i
= 10 solute H (d)
(original H
51 charge) H
1
total
solute
olarization !
-5 ]
water !
-20 -10 0 10 20

Z(A)

Figure 6. Calculated structure and potential for the surface of so-
dium phenolate solution. (a) Snapshot of the gas-liquid interface
during MD simulation. The H, O, C, and Na atoms are indicated in
white, red, cyan, and blue, respectively. (b) Density profiles for O
(red) and C4 (light blue) atoms in C¢HsO™ and for Na* (blue). The
solid and dashed lines show the cases with and without polarization,
respectively. (c) Surface potentials calculated with (blue) and with-
out (light blue) molecular polarization, and that for pure water
(black). (d) Potentials decomposed into the contribution from water
(red), contribution from the original charge distribution (pink), and
the correction induced by electronic polarization in the solution
(green). Note that the total potential (blue) is the same as that in the
case with polarization (blue) in (c).

Here, we construct a theoretical model that qualitatively ex-
plains the reversal of A¢p. Our MD analysis revealed that the
EDL, dielectric screening of ions, and solute polarization are
important for determining A¢. For the EDL, we assume that the
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surface density of C¢HsO™ molecules, ng,¢, is expressed by the
Langmuir isotherm,*!
ac
Ngurf = ———
surf b+ Co (6)

where ¢, is the bulk density of C¢HsO, and the parameters a =
0.012 A2 and b = 1.2 M are determined by least squares fit-
ting of the experimental results (see Figure S8 in SI Section I).
The counter ions are drawn to the surface to form the EDL, and
the potential shift in the bulk is assumed to follow the Gouy-
Chapman model:%®

agcc = _ Hal

sinh™1 <7_ensurf )
v/ 8ecoksT

(M

_ 2kgT sinh-1 —e (@ — Ngur)Msurs
e /8ekyT b

where kg, T, e, and ¢ represent the Boltzmann constant, temper-
ature, elementary charge, and permittivity of the solvent, re-
spectively. In the second line of Eq. (7), ¢, is replaced with
Ngyre Using Eq. (6). The dielectric screening of solvent mole-
cules is included in Eq. (7). The polarization of C¢HsO™ provides
the potential shift in the bulk as

_ nsurf(ﬂz) (8)

£
where (u;) is the Z component of the mean dipole for a single
C¢HsO ion at the interface. The polarization of water is de-
scribed by the bulk permittivity €. The induced dipole of
C¢Hs0' is determined by asymmetric hydration at the interface,
and (u,) takes a constant value of 4.1 a.u. obtained from the
MD simulation by placing the origin of the coordinates at the
center of mass of the molecule. Then, Ag4P°lar hecomes pro-
portional to ng,¢. Figure 7 shows the potential shift as a func-
tion of ng,r estimated using Eqs. (7) and (8), which qualita-
tively reproduces the reversal of potential shift, even though the
maximum value of A¢ is smaller than the experimental value.
The plot indicates that the reversal is caused by competition be-
tween the EDL and the solute dipole.
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Figure 7. Surface potential shift due to the EDL (red curve) esti-
mated using the Gouy-Chapman model, field-induced dipole mo-

ment of interfacial CcHsO" (blue curve), and their sum (black curve).

The experimental results (black circles, same data as in Figure 5)
are also plotted. The gray area indicates the estimated errors. The
green open diamond indicates A¢ calculated by the MD simulation
with the CRK model. The horizontal axis is the surface concentra-
tion of solute molecules estimated from the PE band intensity for

the solutes and surface tension data?® at a certain bulk concentration
(see SI Section I).

Comparison with Other Studies

Attempts have been made to measure ¢ or A¢ using different
experimental methods!>!'% 1 44 ¢ including nonlinear optical
spectroscopy.** % As mentioned earlier, SHG or SFG arises ex-
clusively from the interfacial region where the isotropic spatial
symmetry is broken. However, this is the case when they occur
only with the second-order nonlinear susceptibility x@ of a
material. In the presence of a local static electric field, optical
wave mixing can also occur through the third-order susceptibil-
ity ®, generating SHG or SFG signals from a wider depth re-
gion that are sensitive to the local field.”’ The contribution of
x® has been confirmed in the nonlinear optical spectra of
aqueous solutions containing salts, surfactants, or lipids.** 7"
 For example, Wen and colleagues utilized vibrational SFG to
estimate ¢ in salt solutions, discussing minute ¢ values on the
order of meV at a low concentration.** A clear advantage of
such nonlinear methods over PES is that they are applicable to
hidden interfaces such as that between two liquids. On the other
hand, nonlinear optical signals depend on the nature of hyperpo-
larizability of the molecules and the interference effects, which
possibly complicate the analysis. Drier et al. have studied the
lipid—water interface using the Kelvin probe (vibrating plate ca-
pacitor method) and nonlinear optical spectroscopy.” They
showed that the former is sensitive to the EDL and orientation
of the carbonyl group in a lipid, while the SHG intensity exhib-
its a nonlinear dependence on the interfacial charge. These re-
sults indicate that the experimental measurement of A¢g remains
highly challenging. EUV-PES is a complementary approach to
this difficult problem, although one of its limitations is that it
can only detect relatively large A¢.

The measurement of A¢g of aqueous solutions using PES is a
relatively new research topic, and there has been discussion us-
ing different terminologies such as the work function.?*3% 33
When a local electric field is generated by adsorbed molecules
at the gas-liquid interface, the electric potential of the liquid
shifts with respect to the vacuum level. This shift affects all en-
ergy levels, including the valence and conduction bands of lig-
uid water and the energy levels of an impurity (solute) in the
liquid. In solid state physics, the energy shift near the interface
of a material is known as band bending. When discussing band
bending, the (hypothetical) highest occupied electronic level of
a material is invoked as the Fermi level, and the energy differ-
ence between the Fermi and vacuum levels is called the work
function. The Fermi level is also defined for a liquid. At elec-
trochemical equilibrium, the Fermi level is a constant in the lig-
uid and the containing wall. When a surface potential is gener-
ated at the gas-liquid interface, the energy levels shift near the
interface, also changing the local work function. Thus, the
change in the surface potential is generally equivalent to the
change in the work function. The present study aims to compare
the observed PE band shift in EUV-PES with the charge distri-
bution or surface potential predicted using MD simulations.
Therefore, we employed the more familiar term "surface poten-
tial" instead.

Note that when solutes dissolve in water at a high concentration,
the electronic structure of water itself may change.’*3? As a re-
sult, the energy shifts of the valence and conduction bands of
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water may occur in a complex manner and differ from the elec-
trostatic potential change at the surface, making the shift in the
PE band distinct from the potential change. Pugini et al. con-
cluded that 75% of the observed energy shift in the PE spectrum
of TBAI aqueous solution is due to a change in the work func-
tion, and 25% of it is due to a change in the electronic state of
water.*> The change in the electronic structure is primarily at-
tributed to the disruption of the hydrogen-bonding network of
water and strong interactions with ions. It is generally difficult
to quantitatively estimate the influence from the electronic
structure of water, especially for the molecular solutes dis-
cussed here, because the PE spectrum of the solute is congested
and overlaps with that of water. However, the experimentally
observed shifts in the PE bands for the solute and solvent mol-
ecules generally agree with each other (Figure 8) within the rel-
atively large error range of PES. These findings led us to con-
clude that the shifts in the PE bands are primarily due to changes
in the surface potential at the interface. This conclusion is con-
sistent with the claim by Pugini et al. for an aqueous TBAI so-
lution.*®

While a fully quantum mechanical calculation of the electronic
structure at the gas-liquid interface would be ideal, the compu-
tational cost is prohibitively high. Even with the CRK method
employed in this study, which incorporate molecular polariza-
tion, calculations for a single system can exceed one month,
limiting our simulation. Nevertheless, our simulation semi-

quantitatively explained the shifts observed in PES experiments.

Although the change in the electronic structure of liquid water
cannot be ruled out and likely occurs at high solute concentra-
tions, the energy shift of the PE spectrum is primarily attributed
to Ag.
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Figure 8. Comparison of A¢ estimated from the 1b; band shift for
H2O (black circles, same as Figures 3 and 7) and HOMO of solute

bands (red triangles) for phenol, aniline, 4-NP, and sodium pheno-
late solutions. The error bars for the solutes are similar to those for
H20 1b1.

Acid-base Equilibria
To investigate the protonation-deprotonation equilibrium for
phenol/C¢HsO", we measured the PE spectra at different pH lev-
els while maintaining the total bulk concentration [phe-
nol]+[CsHs0] at 0.025 M. Figure 9(a) shows the PE spectra
aligned at the 1b;, band for liquid water. The intensity of the
solute bands monotonically decreases with increasing pH, be-
cause phenol molecules are converted into C¢HsO" species that
tends to reside in the bulk. To analyze the PE spectra at inter-
mediate pH levels, we obtained PE spectra of phenol at pH 7.4
and C¢HsO" at pH 12.6, as shown in Figure 9(b). Using the PE
spectra of phenol and C¢HsO", we decomposed the spectra
measured at intermediate pH levels to estimate the interfacial
concentrations of phenol and C¢HsO" (Figure 9(c)). Their con-
centrations become equal at pH 10.7, which is higher than the
bulk pK, (10.3 at 277 K). However, the individual curves for
phenol and C¢HsO exhibit midpoint PE intensities at pH levels
of 10.2 and 10.0, respectively, both of which are close to the
bulk pK,,.
The acidity constant K, is defined as follows,
Ayz0* " Aa- [H;0*][A7] ©)
ana [HA]
where ay denotes the activity of species X, [X] is the concen-
tration of X, and HA denotes the acid that dissociates into
the conjugate base A~ and a hydrogen ion H*. At pH = pK,, the
relation ay- = ayp holds. If the activity coefficients are con-
sidered to be unity at low concentrations, this relation implies
that [A™] = [HA]. Assuming [A~] + [HA] = Ciotai» [HA] be-
comes almost equal to Ciy:q; at a low pH, approximately
(1/2)Crotar at pH = pK,,, and almost zero at high pH. The op-
posite behavior is expected for [A™]. A notable feature of these
pH dependences is that half of the asymptotic concentration is
achieved at pH = pK,. Note also that [HA] and/or [A~] in the
interfacial region can deviate considerably from C;,q,; OWing to
the surface affinity of these species. Specifically, if HA has a
high surface affinity, it will become concentrated at the inter-
face, while A" may be depleted, and vice versa. This behavior is
dictated by the adsorption isotherm for individual species. Con-
sequently, the relation [A~] = [HA] is unlikely to hold in the in-
terfacial region at pH = pK,. However, the midpoint of the pH-
dependent concentration in the interfacial region should occur
at the bulk pK, value, because the chemical equilibrium be-
tween HA and A" is dictated by the bulk. Thus, the interfacial
concentrations of phenol and C¢HsO™ are primarily determined
by the acid-base equilibrium in the bulk and the affinity (ad-
sorption isotherm) of the solute molecules for the liquid surface.

K, =

Our quantum chemical calculations for protonated aniline in the
gas phase predict VBE > 13 eV, which is in a spectral region
containing intense water bands, making other protonated form
undetectable. The pH dependence of the spectra of aniline so-
lutions is shown in Figure 9(d). Figure 9(e) compares the spec-
trum obtained at pH 7.8 in the present study to that reported by
Tentscher et al.®® The integrated band intensities obtained here
are shown in Figure 9(f), revealing that the midpoint intensity
occurs at pH 5.41, which is comparable to the pK, value (pH
5.3 at 277 K) in the bulk. The two lowest VBE values for 0.025
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M aqueous aniline are determined to be 7.74 + 0.04 and 8.83 +
0.03 eV (Table 2).

Figure 9(g) shows the pH dependence of the PE spectra for a
0.025 M aqueous solution of 4-NP. Figure 9(h) presents the PE
spectra of 4-NP and 4-NP- measured at pH 5.5 and 8.1,

respectively, which enabled the estimation of the relative inten-
sities for 4-NP and 4-NP- (Figure 9(i)). The midpoint intensity
for 4-NP is at pH 7.41, which is close to the bulk pK, value of
7.4 at 277 K. The midpoint intensity for 4-NP" is at pH 6.91.
Thus, the interfacial concentrations of 4-NP and 4-NP- are bal-
anced at pH 8.00. The VBE values are summarized in Table 2.

Phenol Aniline 4-Nitrophenol
pH @\ 7(fé) \\\ (@)
—1d Z&9 55
9.4 — 64 — 8.3
9.8 6.1 6.7
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Figure 9. PE spectra of aqueous 0.025 M (a) phenol, (d) aniline, and (g) 4-NP solutions at different pH levels. The spectra are aligned at the
1b1 band for liquid water. (b) PE spectra of phenol and CsHsO" measured at pH 7.4 and 12.6, along with those reported by Ghosh et al.%* (e)
PE spectrum of aniline at pH 7.8 along with that reported by Tentscher et al.%® (h) PE spectra of 4-NP and 4-NP- at pH 5.5 and 8.1. The
contribution from the water signal at >9 eV was subtracted in (b), (e), and (h). pH dependence of the PE intensities extracted for (c) phenol
and C¢HsOr, (f) aniline, and (i) 4-NP and 4-NP-. The solid lines are best fits obtained using sigmoidal functions. The error bars in (c) and (i)
are the estimated standard deviations of the fitting coefficients (see SI Section H). The relatively large error estimated for 4-NP is attributed
to a large spectral overlap of the solute band and H20O 1b: band. The pH is corrected for the temperature dependence of pK, and pK,, (SI

Section G).

CONCLUSION

We studied the gas-liquid interface of aqueous solutions of se-

lected aromatic molecules using EUV-PES and MD simulations.

Because the electron escape depth in EUV-PES is on the order
of 1 nm and the solute molecules are highly concentrated at the
gas-liquid interface, EUV-PES acts as a selective probe for in-
terfacial molecules. The PE bands of solute and solvent (water)
exhibited similar energy shifts, and the magnitudes of these
shifts paralleled the predictions from MD simulations. For all
neutral molecules studied here, the surface potential (¢p) de-
creased with increasing concentration, even though the perma-
nent dipole moment of the solute molecules had different orien-
tations at the interface. Specifically, the dipole moment of ani-
line pointed toward the bulk, while that of 4-NP pointed toward
the vacuum. The complex relationship between the dipole and
A¢ illustrates the difficulty in intuitively predicting A¢ based
solely on the orientation of the solute dipole. For aqueous so-
dium phenolate solutions, a reversal of A¢p was observed at high
concentrations, which is attributed to opposite contributions
from the EDL and the solute polarization. The result clearly

indicates the importance of polarization of solutes in determi-
nation of the surface potential. The acid-base titration curves for
individual species exhibited midpoints at pH levels within 0.5
units from the respective bulk pK,, indicating that the chemical
equilibrium is dictated by the bulk, and that the interfacial con-
centrations of neutral and ionic species are strongly affected by
their surface affinities.

The present study demonstrates the effectiveness of EUV-PES
for probing the electronic structure and potential at gas-liquid
interfaces. Comparative analyses between PES on liquid jets
and nonlinear spectroscopy on stationary liquids hold promise
for future investigations. A particularly interesting topic is ex-
ploring the consistency between different methods for the same
solutions. Another important extension of this study is time-re-
solved measurements of photo-induced surface reactions, and
efforts in this direction are currently underway in our laboratory.
The computational modeling of liquids is essential for extract-
ing atomistic information on solute-solvent interactions and
specific structural and dynamics properties of gas-liquid inter-
faces of aqueous solutions. Simulations based on machine
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learning will reduce the computational load and are expected to
be useful in future studies.
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A. Liquid target and electron detection

We describe the detailed design of the microfluidic device to create the flat liquid jet' and the electron
detection method. The flow channels were designed based on an earlier study on liquid-liquid collision.” A crossing
angle of 70° was chosen between the two jets, and the liquid-liquid collision point was located at 0.1 mm down-
stream from the end of the microchip. The two flow channels were mirror images of each other to ensure well-
balanced liquid flow rates between the two microjets. A rectangular-shaped flow channel was fabricated with two
exits each having the dimensions of 20 pm x 20 um. The liquid film was created as a chain of “leaves” that were
mutually orthogonal, and the first (and largest) leaf was used for photoelectron spectroscopy (PES) measurements.
The size of the first leaf grew upon increasing the liquid flow rate, from 0.3 mm % 1.0 mm at 1.0 mL/min to 0.7
mm % 2.2 mm at 1.5 mL/min. These sizes are much larger than the laser focal spot size. When the flow rate was
1.5 mL/min, the liquid film in the middle of the first leaf had a thickness of 0.7 um, whereas the rim of the leaf was
much thicker. The traveling speed of the flat liquid jet was estimated to be over 20 m/s at the total flow rate of 1.5
mL/min.

The flat liquid jet was discharged in a vacuum, as shown in Figure S1(a). The dimensions of this jet varied
with the viscosity and flow rate of the liquid. The chip body was coated with graphite and electrically connected to
a power supply to provide a bias voltage. The bias voltage (—70.0 V) increased the kinetic energy of photoelectrons
emitted from the liquid and separated their energy distribution from that of the photoelectrons from the evaporated
gas from the sample. The chamber pressure during operation was 10~10~4 Torr. Figure S1(b) shows a top view of
the experimental geometry, with the extreme ultraviolet (EUV) laser propagation axis and electron detection axis
perpendicular to each other. Photoelectrons emitted from the liquid film were measured using a magnetic bottle
time-of-flight (MBTOF) electron energy analyzer described elsewhere.> A magnetic field was employed to guide
the emitted photoelectrons to the electron energy analyzer, so that they can be detected regardless of their emission
angle 6. Consequently, the obtained photoelectron (PE) spectra represent an average across all electron takeoff
angles. The flight tube of the MBTOF analyzer was separated from the photoionization region by a skimmer cone
with a hole (diameter: 0.5 mm), and the pressure was maintained below 3 x 10°® Torr. All electrons were decelerated
in the flight tube by applying a retarding potential of —60.0 V to reduce the pass energy and improve the energy
resolution. The overall resolution including the EUV radiation bandwidth was estimated to be 0.3 eV. For the 56.5
eV experiment, we increased the bias and retarding voltages to —30.0 and —20.0 V, respectively, to prevent sinus-
oidal intensity fluctuation of the PE spectra. This fluctuation is caused by the kinetic energy-dependent transmission
efficiency of the MBTOF analyzer.* High-energy electrons with large cyclotron radii can be intercepted by the
skimmer cone, leading to variations in the detected electron signal.

(a) pure 4 7.0M f (b)
water Nal Top view

Je

_ Liquid film

MBTOF
analyzer

Laser

Figure S1. (a) Photographs of flat jets of pure water and 7.0 M Nal aqueous solution at a flow rate of 1.2 mL/min. The size
and shape of the liquid film vary with the solution composition. (b) Experimental geometry for PES measurements.

B. Angular dependence of photoemission and short electron attenuation length

The short electron attenuation length makes EUV-PES highly surface-selective. As an example, Figure
S2(a) shows the PE spectra measured for an aqueous phenol solution under 40.0 eV radiation at various incidence
angles relative to the liquid film surface. The integrated intensity is plotted in Figure S2(b). Based on inelastic X-
ray scattering data obtained by Hayashi et al.,” the refractive index of water at 40 eV was estimated to be 0.92.
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When the refractive index is less than unity, the radiation is totally reflected at incidence angles larger than a critical
value, which in this case is 66.9°. Beyond this angle, radiation can penetrate the liquid water as an evanescent wave.
Figure S2 clearly shows that photoemission can occur with such an evanescent wave. The penetration distance for
an evanescent wave was estimated using the following equation:

A

d= S1

21\ 2sin%60; — n,2 SU
where A is the radiation wavelength, n, is the refractive index in region 1 (vacuum in this case), 8 is the radiation
incidence angle on the liquid surface, and n, is the refractive index of the aqueous phase (liquid water in this case).
For 8; > 66.9°, d becomes less than 15 nm. Considering the extinction of EUV light by liquid water, the penetra-
tion distance becomes shorter than 10 nm for 8; > 66.9°. There is no abrupt change in the observed photoemission
intensity at 66.9° because the estimated electron escape depth is only ~1 nm. The incidence angle dependence of
the photoemission intensity was found to be the same for irradiation at 27.6 and 40.0 eV.

Intensity (arb. units)
. »

Simulation

27.6eV

05

Intensity (arb. units)

0.0

0 10 20 30 40 50 60 70 80 90
6, (degrees)

Figure S2. (a) PE spectra measured for aqueous 0.025 M phenol solution using 40.0 eV radiation at various incidence angles
(6,) relative to the liquid film surface. The spectra are vertically offset for comparison. (b) Relative intensity of the 1b; band
for liquid water as a function of 8,. Black solid circles and red triangles denote the results measured using 40.0 and 27.6 eV
radiation, respectively. The blue curve represents the simulated 8, dependence, which was calculated by considering only the
region of overlap between the laser spot and liquid film.

C. Photon energy
The EUV photon energy was determined by analyzing the PE spectra of Ar and Kr measured using mul-
tiple orders of high harmonics with the following formula:

VBE! = nhv — (At;;'z + EO) (S2)

where n is the order of the harmonic, VBE" is the known vertical binding energy (VBE) of sample gas i, t}, is the
corresponding peak position in the time-of-flight spectrum observed using the n-order harmonic, A is a calibration
parameter related to the effective flight length for electrons, and E, is the energy offset due to a stray electric field
or other apparatus-specific sources. hv is the photon energy (3.1 e¢V) of the driving laser. We employed Kr (VBE
= 14.00 and 14.66 eV)” and Ar (VBE = 15.76 €V)? with the harmonic orders of 7, 9, 11, and 13, and performed
least-squares fitting to determine hv, A, and E. From the fitting results, we determined the driving laser photon
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energy to be hv = 3.08 + 0.06 ¢V and the photon energy of the 13™ harmonic to be 40.0 = 0.8 eV. The estimated
error (0.8 eV) for the latter is rather large; however, it does not significantly impact the precision of our A¢ meas-
urement. For the sodium phenolate solution, we employed two different photon energies of 40.0 and 56.5 eV and
obtained consistent results. The main source of experimental errors in eBE is the day-to-day fluctuation of the PE
spectra, which amounts to tens of meV.

D. Energy calibration and cutoff method

The cutoff energy is widely used as the absolute energy reference in the PES analysis of condensed mat-
ter.”!! The details of the cutoff method can be found, for example, in Ref. [11], and we only briefly describe it here.
The PE spectra of liquids exhibit an intense low-electron kinetic energy (eKE) tail, known as LET, which is pri-
marily caused by low-energy electrons generated in inelastic scattering events (some are from the secondary elec-
tron impact ionization etc.). The intensity of the LET must be zero at eKE = 0, which is referred to as the cutoff
energy. Because electrons with zero kinetic energy never reach the detector, a negative bias voltage must be applied
to the liquid to accelerate the electrons.!! Moreover, note that the detection efficiency of a magnetic bottle photoe-
lectron spectrometer drops for eKE < 0.5 eV.!? Therefore, we applied a bias voltage of =10 V to the liquid to ensure
that all electrons have an eKE higher than 10 eV. In the numerical analysis used to determine the cutoff energy, the
tangent method is commonly employed.'!!* This method identifies the cutoff energy as the crossing point between
the tangent drawn from the inflection point of the LET and the baseline of the PE spectra.

EUV-PES has a low energy resolution due to the use of a broad-band femtosecond laser and time-of-
flight energy analysis. Therefore, we tested how the energy resolution influences the cutoff method. Figure S3
shows the PE spectrum of liquid water measured with He(II) radiation and a hemispherical energy analyzer'* (HEA,
with the best instrumental resolution being 0.06 eV), as well as the convolution of this spectrum with a Gaussian
having a full-width-at-half-maximum (FWHM) of 0.1-0.5 eV. The spectral slope in the cutoff region becomes
more gradual at a lower energy resolution. We applied a standard procedure of the cutoff method, by calculating
the inflection point in the slope and then drawing a tangent to find the crossing point with the baseline. Using this
procedure, we found that a low spectral resolution shifts the cutoff energy lower than the true value, leading to a
higher eKE or lower electron binding energy (eBE). The shift is almost linear with regard to the FWHM of the
instrumental resolution, as shown in the inset of Figure S3. Based on this relation, we calibrated the cutoff energy.
More specifically, the spectral shape of our LET is well described using an energy resolution of 0.3 eV, so that the
cutoff energy was obtained by adding +0.085 eV to the value determined using the tangential method. The instru-
mental resolution primarily arises from the bandwidth of our EUV pulses and does not change throughout the
experiments.

The cutoff method is currently the most reliable method for energy correction. However, the physics
behind PE emission in the low-energy region is not fully understood. For example, the shape of the LET is known
to be influenced by the presence of solutes. Figure S4 shows the concentration dependence of the LET shape for
Nal solutions and tetrabutyl ammonium iodide (TBAI) solutions. The peak position of the LET shifts in the opposite
direction as the concentration changes. This reversal in direction coincides with the polarity reversal of the electric
double layer (EDL) at the interface. Therefore, the shape of the LET reflects the change in the surface potential.
Despite the variation of LET profile, Credidio et al. showed that the shape near the low kinetic energy region below
the LET peak remains unchanged regardless of the concentration,'® ensuring the validity of the cutoff method for
aqueous solutions of different concentrations. Currently, the cutoff method is a pragmatic solution in energy cali-
bration. Understanding the relationship between the surface potential and the LET shape remains a subject for
future investigation.
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Figure S3. PE spectra of liquid water. The spectrum indicated as “0.06 eV” (red) is the He(Il) PE spectrum of liquid water,
and the others are simulated spectra obtained by convoluting it with Gaussian having an FWHM of 0.1-0.5 eV. The horizontal
axis is aligned at the peak position of the H,O 1b; band. (a) LET region. The intensity is normalized at the peak intensity of
the LET. Dashed colored lines are tangents of the LET waveforms at their inflection points. The crossing points of the tangent
and baseline (black dashed line), indicated by filled circles, are the cutoff energies. (b) Water valence band region. The inset
shows the eKE corresponding to the cutoff energy at several energy resolutions.
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Figure S4. PE spectra of the LET region measured for (a) Nal and (b) TBAI aqueous solutions at several concentrations. The
photon energy was 27.5 eV. The intensity is normalized at the peak position.

During the energy calibration of the PE spectra, we determined A and E in the relation eKE = At™2 +
E using the PE spectrum of a 50 mM NaCl aqueous solution. Independently from measurements of the gaseous
species, A and E; were determined through least-squares fitting of t; and eKE;, where t; is the measured flight time
and eKE; is the expected eKE for t; . We employed the following equations: eKE; = hvy; —
VBE(H,0 1b,),eKE, = hv;3 — VBE(H,0 1b,), eKE; = E,;, where hv, 5 represents photon energy of the 13®
harmonic (40.0 eV), and E_,; is the cutoff energy (—0.085 eV in our case). Once A and E, were determined, A was
kept constant for the other solutions, while E, was adjusted for each solution to align the cutoff position with that
of the 50 mM NacCl solution. A depends on the bias voltage applied to the liquid and the retarding potential of the
flight tube. The eBE value was determined from the difference between the photon energy (hv,3) and measured
eKE.

E. Analysis of VBE values of H,O 1b; and solute bands

Figure 2 and Table 2 show the VBE values of H,O 1b; and the two highest orbitals of solutes estimated
using least-squares fitting with multiple Gaussian functions. We performed the fitting in the eBE region < 13.5 eV
employing a total of four Gaussians: two for HO 1b; and 3a,L bands,'¢ and another two for the solute bands. The
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ratio of the bandwidths of the H,O 1b; and 3a;L bands was fixed at the literature value'® (The 3a; band is the
HOMO-1 band of water, which splits into two bands due to interactions through hydrogen bonding, and L in 3a,L
denotes the band with a lower binding energy.!”) We employed the ratio of the width, rather than the width itself,
because the width observed in our PE spectra is slightly larger than that in X-ray photoelectron spectroscopy (XPS)
due to the lower energy resolution of our instrument. The error bars on the peak positions in Figure 2 and Table 2
represent the standard deviation calculated from three independent measurements, and this standard deviation is
larger than the error of individual fitting.

F. Temperature of flat liquid jet

When a flat liquid jet is injected into vacuum, its temperature decreases due to evaporative cooling.
Here, we estimate its temperature following the method of Chang ef al."® The temperature change per unit length
of distance traveled (z) is described by!’

18-19

dT 2H
a2 g, (s3)
dZ NACli(Z) v,
where H,, is the evaporation enthalpy, N, is the Avogadro constant, C,,, is the molar specific heat, M is the molar
density, /, is the simplified mass flux evaporating from the liquid surface described by the Hertz-Knudsen equa-
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tion,***! and v, is the velocity of the liquid jet along the z axis. F(z) = 5 is a correction function for the geometric

properties of the flat jet, where € is a correction constant.

I(2) is the thickness of the flat jet estimated by the Hasson-Peck model as®?

I(z) = l;" +1, (S4)

which is slightly modified from that of Chang et al., since the actual sheet thickness of the flat jet converges to a
finite value I, instead of zero.'® The T-dependence of flux J, is described as'

I = 125
Y J2mmkgT

P, H Trer—T
_ 14 ref exp [_k Tv ( ref )] (SS)
Blref

2mmkgT T

where y is a unitless proportion constant, kp is the Boltzmann constant, T;..f is a reference temperature, m is the
molecular mass, and Py, is the vapor pressure at Ty, f. In the second line of the equation, the temperature depend-

ence of the equilibrium vapor pressure P, is replaced by the Clausius-Clapeyron equation.”® From these equations,
Eq. (S3) is written as

aT 2H
= —”]_VF(Z)
dz NyCuMl(2) v,

= —2ey

Hv Pref Hv Tref -T
exp |— (S6)
NACvaz(lo + lcz) 4/ ZﬂkaT kBTref T

In the original paper,'® 2ey was defined as a and determined to be 4.00 x 10~* m by fitting the experimental data
for the flat jet generated using liquid microjets discharged from the orifices (diameter: 18 um). Because our liquid
jet aperture has similar dimensions (20 um % 20 um), we used this value in our calculations.

By numerically integrating Eq. (S6), we estimated the temperature of the flat jet as a function of the z
position, as shown in Figure S5 with T,.r = 298.15 K. The temperature at the irradiation point (z = 0.5 mm) is
3.7°C (276.85 K). The parameters used in the calculation are listed in Table S1.
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Figure S5. Temperature of the flat jet as a function of the position
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Table S1. Parameters used for calculating the flat jet temperature.

H, c,, M v, ly l. Pres m Z2ey
(kl/mol) | (/mol*K) | oy | (is) | (1019m?) | (107 m) | kPa) | (10%g) | (10%m)
44.0° 753 5530 | 25.0° | 2.82° 4000 | 317" | 2.99¢ 2.00°

a: From Ref. 24

b: From Ref. 25

c: Calculated from a flow rate of 1.2 mL/min (0.6 mL/min for each aperture). Aperture dimensions: 20 um x 20 pm.
d: Best fitting result of Figure 1(d) in Ref. 1 using Eq. (S4).

e: Calculated from the molar mass of water (18.0 g/mol).?*

f: From Ref. 19

G. pK, and pH at the temperature of a flat jet

Thermodynamic constants such as pK, and the dissociation constant of water pK,, depend on the tem-
perature. Therefore, the pH of a solution also depends on the temperature. In our PES experiments, the liquid
temperature was lower than room temperature due to evaporative cooling. In this section, we calculate the thermo-
dynamic constants and pH at the flat jet temperature.

First, we calculate the pK, values at the estimated flat jet temperature (277 K) using the reported pK,
value at 298 K and enthalpy of deprotonation (AH,.). The temperature dependence of K, is described by the van’t
Hoff equation:?

dinK,  AH,
d(1/T) R

(87)

where R is the gas constant. By integrating Eq. (S7) from temperature T; to T, while assuming temperature inde-
pendence of AH,., we obtain the following equations:

AH, /1 1
InKq(T;) — InK,(Ty) = — R (T—2 - T_1)
AH. /1 1

Kq(Ty) = Kq(Ty) exp [— R (T_z - T_1)] (S8)

The parameters from the literature and calculated here are listed in Table S2. In all cases, pK, becomes higher at a
lower temperature.

The pH also depends on the temperature, as mentioned above. We measured the solution pH using a pH
meter (HORIBA, LAQUAtwin) in the air and at room temperature. Next, we need to consider the difference be-
tween room temperature (298 K) and the flat jet temperature (277 K). The pH of a solution can be calculated by
solving the following coupled equations:

(W %[Hg,]0+] x
[H;0*][OH"] = K,, (59)
[A7] + [AH] = Ctot

[A™] + [OH™] = [H30*] + Cnaon

where [X] is the concentration of chemical species X, Cy,; is the total concentration of the solute (25 mM in our
case), and Cy,0p 18 the concentration of added NaOH to adjust the solution pH. The third and fourth equations of
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(S9) describe the mass and charge balance, respectively. The pK,, at 276.8 K was estimated by interpolating the
reported values at 273.15 K (14.947) and 278.15 K (14.734).%

Figure S6 compares the measured (black dots) and calculated (black line) pH levels for aqueous phenol
solutions at room temperature. They agree well with each other. We also calculated the pH at 277 K using pK, and
pK,, (red line). The pH increased from that at 298 K by approximately 5% on average. The legend and horizontal
axis in Figure 9 in the main text are the pH levels after applying this correction.

Table S2. pK, calculated at the flat jet temperature.

pK,(277 K) pK,(298 K) AH,(kJ/mol)
Phenol 10.30 9.99* 22.9°
Aniline 5.29 4.87* 30.8°
4-NP 7.42 7.152 19.7¢
a: From Ref. 8
b: From Ref. 26
c: From Ref. 27
d: From Ref. 28
141

Added NaOH (mM)

Figure S6. Correction of pH for the temperature difference. Black dots and lines are the pH levels experimentally determined
and calculated using Eq. (S9), respectively. The red curve is the pH calculated at the flat jet temperature from Eq. (S9). Red
dots are the measured pH levels corrected for the temperature difference.

H. Decomposition of spectra measured at intermediate pH

To decompose the spectra measured at various pH levels into contributions from phenol (4-NP) and the
phenolate anion (4-NP"), we employed a least-squares fitting procedure. This fitting was restricted to the lower eBE
region (below 10 eV) and involved the following function:

S(eBE) = aphenolSphenol(eBE) + aphenolatesphenolate (eBE) + awaterswater(eBE) (SlO)

where S, represents the spectrum of species x normalized by its spectral area, and a,, is the corresponding ampli-
tude. S,,qter accounts for the background signal from the HO 1b; band centered at 11.3 eV.!" ¢ By assuming
identical photoionization cross-sections for phenol and phenolate, a, is directly proportional to the surface concen-
tration of the respective species. Both Sypener and Sppenorate Were modeled using a sum of two Gaussian functions:
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(S11)

i eBE — VBE;) 2
Sx(eBE) = Li_;bjexp| —4In2 + (TIM)

where b;, VBE;, and FWHM,j; represent the amplitude, VBE, and FWHM of each Gaussian component, respectively.
Figure S7(a) and Table S3 present the fitting results and parameters for the phenol solutions measured at pH 7.4
and 12.6. These parameters were fixed when fitting the spectra at intermediate pH levels. Figure S7(b) illustrates
the fitting result for pH 10.6 using Eq. (S10), demonstrating good agreement with the experimental data. The error
bars in Figure 9 in the main text are estimated from the standard deviations of the fitting coefficients
Aphenot AN Appenoiate» @S Well as the areas of Sppenor and Spnenoiate-

Table S3. Parameters of solute bands obtained by least-squares fitting using Eq. (S11).

b,/b, | VBE;(eV) | VBE,(eV) | FWHM, (eV) | FWHM, (eV)
Phenol 0.51(4) 7.90(4) 8.72(3) 0.92(1) 1.24(3)
Phenolate | 0.44(1) 7.3(1) 8.7(1) 0.96(1) 1.45(2)
4-NP 0.7(1) 7.8(1) 8.9(1) 1.01(2) 1.3(1)
4-NP- 0.32(2) 6.9(1) 8.7(1) 0.94(8) 1.6(2)
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Figure S7. (a) Fitting results of phenol (red, pH 7.4) and phenolate (black, pH 12.6) spectra. Experimental data are shown as
dots. Solid lines are the best fit, while broken lines indicate individual Gaussian components, with blue lines representing the
H>0 1b; contribution. The intensities are adjusted and offset for visibility. (b) Fitting result of the spectrum at intermediate pH
10.6. The green line shows the best fit, with the red, black, and blue curves representing the contributions from phenol, phe-
nolate, and water, respectively. The intensity is normalized to the peak height of the H,O 1b; band (not shown).

I. Surface concentration

The surface concentration of the solute molecules was calculated based on the bulk concentration depend-
ence of the PE band intensity for the solute and surface tension data for a certain bulk concentration. The relative
surface concentration can be estimated from the PE intensity, as discussed in the main text and in a previous pub-
lication,” whereas the absolute surface concentration is difficult to determine from the PE signal intensity. Hence,
the absolute surface concentration (I') was calculated from the bulk concentration dependence of the surface tension
using the Gibbs adsorption equation:*

po__ L dr (s12)
"~ mRTdInC
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where y, C, R, and T are the surface tension, bulk concentration, gas constant, and temperature, respectively. n is a
parameter that depends on the type of surfactant: n = 1 for a solution of neutral surfactant and n = 2 for that of a
monovalent ion pair. The absolute surface concentration and corresponding bulk concentration used for the estima-
tion are listed in Table S4. Figure S8 shows the relationship between the bulk and surface concentrations, which
agrees very well with that estimated from the surface tension data.

Table S4. Surface concentration (T') for phenol, aniline, and 4-nitrophenol solutions.

(10 ecm?)
Phenol 2.8 @200 mM Ref. 29
Phenolate 0.82 @1500 mM Ref. 31
Aniline 3.6 @200 mM Ref. 29
4-Nitrophenol (4-NP) 1.24 @75 mM Calculated from the surface tension in Ref. 32
4 -
Phenol Aniline . & 7 e
3] ) ® 0
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Figure S8. Relationship between bulk and surface concentrations estimated by EUV-PES (black circles). Red circles indicate
the values calculated from surface tension data. The solid red line for the sodium phenolate data was obtained by fitting using
Eq. 6 in the main text.

J. Electron scattering in XPS

Figure S9 shows the evolution of the XPS O(1s) profiles for liquid water under 600 eV radiation as the
sample solution is switched from 0.02 M TBAI to 0.03 M Nal. The experiment was conducted at Spring 8, BL17,
using the HEA. A detailed description of the experimental setup can be found in Ref. [16]. The sample solution
was injected into the vacuum chamber as a liquid jet at a flow rate of 0.5 mL/min using a gradient flow HPLC
pump (JASCO, PU-2089) in order to continuously alter the solution composition. It took several minutes for the
solution to fully change from one composition to another. Each spectrum, or sweep, was measured in approximately
6 s. Therefore, the spectra shown in Figure S9 represent the real-time evolution over a 10-min period. When
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hydrophobic TBA™ covers the liquid surface, the O(1s) signal is relatively weak, but it strengthens when the solute
is changed to Nal. Because the TBA™ molecular layer prevents water from evaporating from the surface, the O(1s)
signal for gaseous water is also smaller for the TBAI solution.

0.03M

Intensity (arb. units)

66
68
ke (e|/)

70

Figure S9. O(1s) XPS profiles of water measured at a photon energy of 600 ¢V when the sample solution is changed from
0.02 M TBAI to 0.03 M Nal. In the former solution, both TBA* and I ions are concentrated at the gas-liquid interface. The
bands at lower and higher eKE are due to gaseous and liquid water, respectively.

K. Specific ion effect

The solubility of organic molecules (especially their ions) in bulk solutions generally decreases upon add-
ing electrolytes, causing the enrichment of organic molecules at the surface. This is often referred as the specific
ion effect,® analogous to the precipitation of proteins from aqueous solutions by the addition of ions in the Hoff-
meister series. Figure S10(a) shows the dependence of the PE spectra of an aqueous 0.025 M phenol solution on
the concentration of added NaCl. The inset shows that the relative intensity of the phenol band increases slightly
with increasing NaCl concentration. The enrichment is negligible at 0.5 M (the NaCl concentration of sea water).
Figure S10(b) shows the results for similar measurements for a 0.2 M aqueous sodium phenolate solution (pH 11.6).
The CsHsO" signal increases more steeply with increasing NaCl concentration than in the case of phenol.
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Figure S10. NaCl concentration dependence of PE spectra measured for (a) 0.025 M phenol solution with 40.0 eV pulses and
(b) 0.2 M sodium phenolate solution with 56.5 eV pulses. The insets show the relative intensity of the solute signal as a function
of the NaCl concentration.

L. Classical (non-polarizable) MD simulations

In the main text, we described the results of polarizable MD simulations using the CRK. We also per-
formed non-polarizable MD simulations for phenol, aniline, 4-NP, and sodium phenolate solutions for comparison
with the experimental data, but the results lacked sufficient accuracy. Here, we describe the detailed settings used
for the non-polarizable MD simulations and summarize the calculation results. Non-polarizable MD simulations
were performed using the SPC/E** or TIP4P/2005 model for water,** and the general AMBER force field (GAFF)3¢
for phenol, aniline, 4-NP, and phenolate species. The partial charges shown in Table S5 were determined by fitting
the electrostatic potential calculated at the B3LYP/6-31G(d,p) or Hartree-Fock (HF)/6-31G(d) level of theory using
the restrained electrostatic potential (RESP).?” The force field for Na* was taken from the literature.*® We used a
rectangular simulation box (25 A x 25 A x 150 A) containing water and solute molecules in a slab geometry with
the interface parallel to the X-Y plane. Initially, the water and solute molecules were placed at random positions in
the central region of the cell and orientated using the PACKMOL package.*® The steepest descent method was
applied to remove the initial overlap between molecules. Newton’s equation of motion was solved using the leap-
frog algorithm*® with a time step of At = 2.0 fs under three-dimensional periodic boundary conditions. Bonds in-
volving hydrogen atoms were constrained using the LINCS algorithm.*! In the equilibration step, the NVT ensem-
ble with a constant volume and temperature (7' = 298.15 K) was considered with a Nose-Hoover thermostat.***
Long-range Coulombic interactions were treated using the particle-mesh Ewald method,**** with a separation pa-
rameter of 0.26 A= and a grid spacing of 0.016 A. The cutoff length for the Lennard-Jones (LJ) interactions and
the real-space part of the Ewald sum was set to 12 A. The equilibration run was performed for 50 ns to ensure that
the system reached a steady state, which was confirmed by monitoring the time evolution of the averaged physical
quantities. Subsequently, a 10 ns production run was conducted with 30 parallel computations starting from differ-
ent initial configurations, resulting in a total ensemble average of 300 ns. Trajectory calculations were carried out
using the Gromacs package (version 5.1.2).% The potential profile, denoted as ¢(Z), was computed using Egs. (1)
and (2) in the main text. These calculations correspond to bulk concentrations of 15-32 mM for phenol, 30—84 mM
for aniline, and 6-39 mM for 4-NP.

Table S5. Partial charges in the present model determined at the Hartree-Fock [HF/6-31G(d)] and DFT [B3LYP/6-
31G(d)] levels of theory. Values of the dipole moments are summarized in Table S6.
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Phenol

HF DFT
H1 0.3755 0.3540
o1 -0.5619 -0.4955
Cl 0.4612 0.3618
C2 -0.3515 -0.2685
C3 -0.0652 -0.0945
C4 -0.2207 -0.1544
C5 -0.0652 -0.0945
C6 -0.3515 -0.2685
H2 0.1809 0.1503
H3 0.1376 0.1212
H4 0.1422 0.1169
H5 0.1376 0.1212
Ho6 0.1809 0.1503
Aniline
HF DFT
N1 -1.0950 -0.9503
HI 0.4386 0.4041
H2 0.4386 0.4041
Cl 0.6683 0.4967
C2 -0.4083 -0.2864
H3 0.1575 0.1224
C3 -0.0241 -0.0830
H4 0.1343 0.1195
C4 -0.3227 -0.2243
H5 0.1533 0.1246
C5 -0.0241 -0.0830
H6 0.1343 0.1195
C6 -0.4083 -0.2864
H7 0.1575 0.1224
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4-Nitrophenol

HF DFT
C3 -0.2882 | -0.3062
H2 0.1750 0.1511
C2 -0.2743 | -0.1788

H2 Hl
HI 0.2035 0.1706

4 4

Cl 03892 | 0.2804 % \y d
01 -0.5463 | -0.4794 / 0 o 01
HS 03973 | 03752 N 1’_ @ o0
C6 202743 | -0.1788 < 3 4 J I
@ oo L 5o

H4 0.2035 0.1706 03 y : HS5
C5 202882 | -0.3062 }{3 Iﬁt
H3 0.1750 | 0.1511
C4 0.6052 | 0.5634
NI 0.0970 | 0.1102
03 02872 | -0.2615
02 02872 | 02615
Phenolate
HF DFT

0l 20.8185 | -0.7200
Cl 0.6601 0.5065
C2 204487 | -0.3334
C3 20.0398 | -0.1044
C4 204039 | -0.2999
Cs 20.0398 | -0.1044
C6 204487 | -0.3334
H2 0.1249 | 0.0861
H3 0.0882 | 0.0680
H4 0.1132 | 0.0806
H5 0.0882 | 0.0680
H6 0.1249 | 0.0861

Table S6. Dipole moment (Debye) for each monomer in the coordinate system (see the figures in Table S5) determined
at the HF/6-31G(d) level of theory.

Phenol Aniline 4-Nitrophenol

X -0.2459 1.5914 5.2444
y -1.4316 0.0000 -1.4343
z 0.0000 0.0000 0.0000
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Figure S11 summarizes the calculated depth profiles for representative atoms in the solute molecules,
orientation distributions of the solvent and solute molecules, and electrostatic potentials created by the solvent and
solute. The density distributions show that the solute molecules are well adsorbed to the surface. The depth profiles
for phenol in Figures S11(b) and S11(c) show that the C4 atom (for atomic labeling, see Table S5) is closer to the
surface than the O atom, implying that the dipole moment for a phenol molecule at the interface is directed toward
the bulk. Similarly, the dipole moment for an aniline molecule is directed toward the bulk, since its C4 atom is
closer to the surface than the N atom. For 4-NP, the direction of the dipole moment is not clear, but Figure S11(q)
indicates that the nitro group is located deeper than the hydroxyl group. The depth profiles and orientation distri-
butions for solute molecules are similar among the different methods. However, TIP4P/2005 predicts a higher
degree of orientation for water molecules at the interface than SPC/E. Figure S12 displays the calculated depth
profiles for solute molecules and the electrostatic potentials for 1.0 and 3.3 M sodium phenolate solutions. In both
cases, phenolate resides closer to the surface than Na*,

Table S7 lists the bulk surface potential difference (A¢) for aqueous solutions and pure water, calculated
using different combinations of water models (SPC/E or TIP4P/2005) and quantum chemical calculation methods
(DFT or HF) for the partial charges of solute molecules. The comparison with the experimental results is shown in
Figure S13. The SPC/E+DFT calculations fail to accurately predict the sign of A¢ (the direction of the energy shift).
On the other hand, the TIP4P/2005+HF calculations predict a negative value of A¢, in agreement with the experi-
mental results. However, they do not correctly predict the much stronger influence of aniline and the particularly
weak influence of 4-NP compared to other solutes.

TIP4P/2005 is a well-established rigid non-polarizable model for water, and its combination with HF
provides the correct sign of A¢ for non-ionic species. However, the A¢g values predicted by the non-polarizable
models contain a large degree of scatter. Furthermore, the experimentally observed negative A¢ of the concentrated
sodium phenolate solution is not reproduced even by the combined TIP4P/2005 and HF models, indicating a clear
limitation of the non-polarizable MD simulations.

The calculated potentials exhibit rapid changes within a spatial range comparable to the size of the solute
molecules. This is because the potential is obtained by integrating the Poisson equation over all partial charges for
the solute and solvent molecules. This rapid change is not directly related to any experimental observable, and the
values computed for the region below the top molecular layer are considered to be the surface potential ¢ in our
discussion. On the other hand, because the solute and solvent molecules have different depth profiles, the influence
of the potential on their PE bands is possibly different (see Section P).
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Figure S11. MD simulation results for aqueous phenol, aniline, and 4-NP solutions using different theoretical models. (a, g,
m) Snapshots at the gas-liquid interface. The H, O, C, and N atoms are colored in light grey, red, cyan, and blue, respectively.
The arrows indicate the orientation of the solute molecule. Depth profiles for specific solute atoms (b, c, h, i, n, 0) and orien-
tation distribution p(cos 6) for O-H in water (d, j, p) and solute molecules (e, k, q) calculated by SPC/E+DFT (black),
SPC/E+HF (red), TIP4P/2005+DFT (light blue), and TIP4P/2005+HF (green). A positive value of p{cos #) indicates that the
vector is directed toward the vacuum side. (f, 1, r) Electric potential calculated by the TIP4P/2005+HF model. The total potential
(black) is decomposed into contributions from solute (red) and water (blue) molecules. The numerical values represent the
surface potential for the solution. The zero on the horizontal axis indicates the Gibbs dividing surface, and negative and positive
values correspond to inside and outside the solution, respectively.
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Figure S12. Results of MD simulations for 1.0 and 3.3 M sodium phenolate solutions calculated using the TIP4P/2005+HF
model. (a, c) Depth profiles for specific atoms in the solute molecule. (b, d) Electric potential. The total potential (black) is
decomposed into contributions from solute (red) and water (blue) molecules. The numerical values represent the surface po-
tential for the solution. The zero on the horizontal axis indicates the Gibbs dividing surface, and negative and positive values
correspond to inside and outside the solution, respectively.

Table S7. Bulk surface potential calculated using different theoretical models. (Units: V)

SPC/E, DFT SPC/E, HF TIP4P/2005, DFT TIP4P/2005, HF

¢ A¢* ¢ A¢* ¢ A¢? (0] Ag®
water | -0.601(3) - -0.601(3) - -0.502(4) - -0.502(4) -

Phenol | -0.598(3) | 0.003 | -0.647(3) | -0.046 | -0.529(4) | -0.027 | -0.568(4) | -0.066

Aniline | -0.563(2) | 0.038 | -0.617(3) | -0.016 | -0.488(4) | 0.014 | -0.541(4) | -0.039

4NP | -0.488(3) | 0.113 | -0.536(3) | 0.065 | -0.477(4) | 0.025 | -0.520(4) | -0.018

NaC6H50
(1.0 M) -0.458(5) | 0.044
NaC6H5O
(3.3 M) -0.368(8) | 0.134

31



a: The difference in ¢ from the value for pure water.
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Figure S13. Comparison of A¢ obtained by EUV-PES measurements and non-polarizable MD calculations. The black circles
indicate the experimental values and the colored symbols indicate the values calculated using different theoretical models.

M. Details of CRK modeling and MD settings

We describe the parametrization procedure for the CRK model and details of the polarizable simulations.
The atomic sites in a phenolate molecule are labeled as shown in Table S5. The partial charges and CRK parameters
for aniline, phenolate, and 4-NP were obtained by DFT calculations using the B3LYP functional*’-*® and the aug-
cc-pVTZ* basis set. The obtained parameters are listed in Tables S8 to S13. The LJ parameters for aniline, pheno-
late, and 4-NP molecules were obtained from the GAFF, and the LJ interactions were treated using the Lorentz-
Berthelot combining rule.

For each system, 48 independent initial configurations were prepared, equilibrated for >20 ns, and sam-
pled for 10 ns, giving a total sampling time of 480 ns. Three-dimensional periodic boundary conditions were used.
The cutoff length for the LJ interactions and the real term in the Ewald method was set to 12 A. The equation of
motion was numerically integrated using RESPA* with time steps for inter- and intra-molecular interactions of 2
and 0.4 fs, respectively. The mass of the hydrogen atoms in the water molecules was set to three times the real
value to allow a large time step in the calculations. The temperature was maintained at 298.15 K by a Nosé-Hoover
thermostat.*> ' The splitting parameter in the Ewald method was set to 0.26 A=*. The grid interval for calculating
the reciprocal terms in the Ewald sum was ~1.6 A. The short-range damping parameter for avoiding a polarization
catastrophe™ was set to & = 0.7 A for aniline and phenolate, and & = 0.593 A for 4-NP, based on the CRKs for
fluoride™ and water,*? respectively. The internal configuration of the solute molecules was assumed to be rigid
using the RATTLE method,** except for internal rotations of hydroxyl, amino, and nitro groups. The water mole-
cules were treated as fully flexible. The torsional potentials of hydroxyl, amino, and nitro groups were obtained
from the GAFF. Here, space-fixed coordinates are expressed using uppercase letters (X, Y, Z), while molecule-fixed
coordinates are expressed using lowercase letters (x, y, z). Unless stated otherwise, the Z axis is along the surface-
normal direction, and the z-axis is along the C-O or C-N bond direction. The electrostatic potentials were calculated
using Egs. (1) and (2) in the main text with polarized partial charges.

Table S8. Partial charges for the isolated aniline molecule. (Units: e)
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N1 HI1/H2 Cl C2/C6 C3/C5 C4 H3/H7 H4/H6 H5
-0.4840 0.2452 0.0427 -0.0456 -0.1213 -0.0846 0.0751 0.0735 0.0719
Table S9. CRK parameters Ki;j for the aniline molecule. (Units: atomic units)

Jj=NI HI H2 cl 2 c3 c4 Cs C6 H3 H4 H5 H6 H7
i=N1| 38181  13.086  13.085 14400 2239  -3.A34  -1.093 3134 2239  -1.685 1262 1340 1262  -L.685
HI| 13.086  -6229 3766  -4183  -0.733 0870 0482 080  -0.733 0719  -0367  -0366 -0367 0719
H2 13.086 -3.766 -6.229 -4.183 -0.733 0.870 0.482 0.870 -0.733 0.719 -0.367 -0.366 -0.367 0.719
Cl| 14400  -4183 4183  -10.888 0078 3085  -0.846  3.085 0078 0948  -0981  -0.557 0981 0948
Cc2 2.239 -0.733 -0.733 0.078 -5.576 0.193 2.111 -0.803 1.794 1.922 0.626 -0.550 -0.200 -0.368
C3| 3134 0870 0870  3.085 0193  -5604 0260 1730  -0.803 0616 1846 068  -0393  -0.223
cal  -1093 0482 0482  -0.846 2111 0260  -553% 0260 2111  -0.638 0615 1814 0615  -0.638
C5 -3.134 0.870 0.870 3.085 -0.803 1.730 0.260 -5.604 0.193 -0.223 -0.393 0.689 1.846 0.616
c6| 2239 0733 0733 0078 1794  -0803 2111 0193 5576  -0368  -0.200  -0.550 0626 1922
H3 -1.685 0.719 0.719 0.948 1.922 0.616 -0.638 -0.223 -0.368 -2.450 -0.080 0.191 0.287 0.043
H4| 1262 -0367  -0367 0981 0626 1846 0615 0393 0200  -0.080  -2212  -0.147 0111 0287
HS| 1340  -0366  -0.366  -0.557  -0.550 0689 1814 0689  -0.50 0191  -0147 2232 0147 0191
Ho6 1.262 -0.367 -0.367 -0.981 -0.200 -0.393 0.615 1.846 0.626 0.287 0.111 -0.147 -2.212 -0.080
H7| 1685 0719 0719 0948 0368  -0223  -0.633 0616 1922 0043 0287  0.091  -0.080  -2450
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Table S10. Partial charges for the isolated 4-NP molecule. (Units: e)

Cl1 C2/C6 C3/C5 C4 H1/H4 H2/H3 () H5 N1 02/03
0.1884  -0.0814 -0.1521  0.1588 0.1086 0.1206  -0.4742  0.3783 0.4734  -0.3581
Table S11. CRK parameters Kij for the 4-NP molecule. (Units: atomic units)
j=Cl1 C2 C3 C4 C5 C6 H1 H2 H3 H4 Ol H5 N1 02 03
i=Cl -6.107 0.538 2.257 -1.481 2.257 0.538 0.426 -0.724 -0.724 0.426 2.647 -0.365 -0.221 0.266 0.266
c2 0.538 -4.850 -0.233 1.830 -0.883 1.648 1.626 0.861 0.028 -0.475 0.572 -0.164 -0.039 -0.229 -0.229
c3| 2257 0233 -5235 0771 1532 -0.883 0712 1889  -0254 -0.085 -0.683 0080 0898 -0383  -0.383
C4 -1.481 1.830 0.771 -4.790 0.771 1.830 -0.340 -0.032 -0.032 -0.340 -0.022 0.047 0.441 0.673 0.673
cs| 2257 0883 1532 0771 -5235 -0233  -0.085 -0254 1889 0712 -0.683 0080 0898 -0383  -0.383
Cc6 0.538 1.648 -0.883 1.830 -0.233 -4.850 -0.475 0.028 0.861 1.626 0.572 -0.164 -0.039 -0.229 -0.229
HI| 0426 1626 0712  -0.340 -0.085 -0475 -2.119 -0.194  0.87  0.150 -0.102 0177 -0.237  0.137  0.137
H2 -0.724 0.861 1.889 -0.032 -0.254 0.028 -0.194 -2.455 -0.044 0.187 0.171 -0.010 -0.166 0.372 0.372
H3| 0724 0028 -0254 -0.032 1889 0861  0.187 -0044 -2455  -0.194 0171  -0.010  -0.166  0.372 0372
H4 0.426 -0.475 -0.085 -0.340 0.712 1.626 0.150 0.187 -0.194 -2.119 -0.102 0.177 -0.237 0.137 0.137
Ol 2647 0572  -0.683 -0022 -0.683 0572 -0.102 0171 0171 -0.102 -5553 2678  0.I81 0078  0.078
H5 -0.365 -0.164 0.080 0.047 0.080 -0.164 0.177 -0.010 -0.010 0.177 2.678 -2.556 0.010 0.010 0.010
NI|  -0.221  -0.039  0.898 0441 0898  -0039 -0237 -0.166 -0.166 -0237 0181 0010 -6.628  2.653  2.653
02 0.266 -0.229 -0.383 0.673 -0.383 -0.229 0.137 0.372 0.372 0.137 0.078 0.010 2.653 -3.636 0.163
03| 0266 -0229 -0.383 0673 -0383 -0229  0.37 0372 0372 0137 0078 0010 2653 0163 -3.636
Table S12. Partial charges for the isolated phenolate molecule. (Units: e)
0l Cl C2/C6 C3/C5 Cc4 H2/H6 H3/HS H4
-0.7641  0.3594  -0.0592 -0.2184 -0.1204 -0.0095  0.0453  0.0088
Table S13. CRK parameters Kij for the phenolate molecule. (Units: atomic units)
j=01 Cl C2 C3 C4 cs c6 H2 H3 H4 H5 H6
i=01| -4.117 3.458 0.518  -0.921 0.109  -0.921 0.518 0.058 0.367 0.507 0.367 0.058
Cl 3458 -7.369 0.560 2385  -1.437 2.385 0.560 0.559  -0.724  -0211  -0.724 0.559
C2 0.518 0.560  -6.158 0.152 2333 -1.001 2.087 2.221 0.776 ~ -0.639  -0222  -0.627
C3| -0.921 2.385 0.152  -6.113 0.331 2362 -1.001 0.885 2.122 0.702  -0.600  -0.302
C4| 0109  -1.437 2.333 0331  -6.132 0.331 2333 -0.649 0.644 2.141 0.644  -0.649
cs5|  -0.921 2385 -1.001 2362 0331  -6.113 0.152  -0.302  -0.600 0.702 2.122 0.885
c6 0.518 0.560 2.087  -1.001 2.333 0.152  -6.158  -0.627 0222  -0.639 0.776 2.221
H2 0.058 0.559 2.221 0.885  -0.649 0302  -0.627 2942  -0.161 0.215 0.354 0.390
H3 0367  -0.724 0776 2.122 0.644  -0.600 0222  -0.161  -2.639  -0.141 0.224 0.354
H4| 0507 -0211  -0.639 0.702 2.141 0.702  -0.639 0215  -0.141 2714  -0.141 0.215
H5 0367 0724 0222 -0.600 0.644 2122 0.776 0.354 0.224 0141  -2.639  -0.161
H6 0.058 0.559 0627  -0.302  -0.649 0.885 2.221 0.390 0.354 0215  -0.161  -2.942
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N. Results of CRK calculations

This section describes supplementary calculation results for the phenol, aniline, and 4-NP solutions using
the CRK models.

For aqueous solutions of aniline and phenol, non-polarizable MD simulations using the TIP4P/2005 and
HF methods provided a sign of A¢, consistent with the experimental results. Does this mean that polarization is
unimportant for an aqueous phenol solution? To address this, the influence of the polarization in an aqueous phenol
solution was evaluated using the CRK model. Figure S14(a) shows the calculated ¢(Z) profiles for an aqueous
phenol solution (surface concentration ~2 x 10'* cm) (blue) and pure water (black). The calculated A¢ value is —
0.13 V, in fair agreement with the experimental value of —0.06 V. The solid light blue line shows the case in which
the polarization of phenol is not considered; the A¢ value is similar to that for polarizable phenol. This is because
the local electric field is too weak to induce an appreciable polarization of phenol.

Figure S14(b) shows the decomposition of ¢p(Z) into contributions from water (red) and phenol (green).
In the present results, the contribution from water (difference between the black and red lines) is larger than that of
phenol, and it produces a negative shift in total. The calculated orientation profile of the C4-O vector of phenol is
shown as p cos8¢c_g (Z) in Figure S14(c). The negative p cos O¢c_g (Z) band near the interface at Z = 0 indicates
that the aromatic ring tends to point toward the gas phase. Since the permanent dipole vector of phenol is nearly
perpendicular to the C4-O vector as shown in Figure 1 of the main text, the dipole vector of phenol does not provide
a large polarization along the Z axis. The integral of p cos 8 is slightly negative, and therefore, the solute contribu-
tion to Ag is positive.
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Figure S14. (a) Potential profile ¢(Z) for the phenol solution (blue and light blue) and pure water (black). The dashed blue
line shows the profile averaged over the size of a single molecule. The light blue curve is the profile obtained by neglecting
polarization in the MD simulations. (b) Decomposition of ¢(Z) into contributions from water (red) and phenol (green). The
blue and black curves are the same as those in (a). (c) Product of the number density p and cos 6._q for phenol as a function
of Z, where 6¢_g is the tilt angle between the vector from C4 (carbon in the para position of OH) to the O of phenol and the
surface normal.

Aniline solution

The electric potential profile calculated using the CRK model for aniline at a surface concentration of ~2
x 10" ¢cm™ is shown in Figure S15(a). There is a negative shift in the electric potential (A¢p~ — 0.08 V), which is
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consistent with the experimental value A¢p~ — 0.1V (see Figure 3 of the main text). The decomposition to the spe-
cies displayed in Figure S15(b) shows a similar behavior to that of the phenol solution. It indicates that the solute
makes a positive contribution to A¢, while the solvent contribution overcompensates the solute contribution to
produce the negative shift in total.
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Figure S15. (a) Potential profile ¢(Z) for the aniline solution (blue) and pure water (black). The dashed line is the profile

averaged over the size of a single molecule. (b) Decomposition of ¢p(Z) into contributions from water (red) and aniline (green).
The blue and black curves are the same as those in (a).

4-NP solution

A noteworthy feature of 4-NP is a much smaller magnitude of A¢ than those of phenol and aniline, even
though 4-NP has a larger permanent dipole moment (Figure 1 in the main text). Figure S16(a) presents ¢(Z) for an
aqueous 4-NP solution (surface concentration ~2 x 10'* ¢m2) calculated using Egs. (1) and (2) in the main text.
A¢ is much less than 0.1 V, in agreement with the experiment. The dashed line shows the effective ¢(Z) estimated
by coarse-graining for each molecular thickness, considering the insensitivity of EUV-PES to changes in A¢ within
a single molecule. The potential is ~0.1 eV for the top layer but nearly zero below it. We decomposed the calculated
¢(Z) into contributions from the solute and solvent water (Figure S16(b)) using the charge density p,(Z). Both, the
solute and solvent, provide positive A¢ at the top layer, but the influence of the solute almost vanishes below it,
leaving a very similar ¢ to that of pure water. Figure S16(c) shows the product of the number density p and the
orientation cos das a function of Z. The value of p cos 8 (Z) is a good index of the degree of anisotropic molecular
orientation.>>® As shown in Figure 4 in the main text, the polarization density of 4-NP is much lower than that of
aniline and oscillates at the surface. Consequently, the integrated value of the polarization density is much lower
than that of aniline, and the solute contribution to A¢ is small. In a previous SHG study, the orientation of 4-NP
was determined to be nitro-up, i.e., the nitro group points to the gas phase.’” To compare with the previous result,
we calculated the orientation distribution of 4-NP at the surface, and the result is shown in Figure S16(c). Here, 8
is defined as the angle between the C4-O vector and the surface normal axis. In the figure, p cos 8 > 0 indicates a
NO»-down orientation, which is apparently inconsistent with Ref. [57]. Therefore, we performed further calcula-
tions of the nonlinear susceptibility and have described the details in the next section.
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Figure S16. (a) Potential profile ¢(Z) for 4-NP solution (blue) and pure water (black) as a function of the normal coordinate
Z. The dashed line shows the profile averaged over the size of a single molecule. The origin of the potential ¢(Z) = 0 is in the
asymptotic vapor as Z — oo. (b) Decomposition of the ¢(Z) profile for the 4-NP solution (blue) into contributions from water
(red) and solute (green). (c) Product of the number density p and cos Oy_q for 4-NP as a function of Z, where Oy_g is the tilt
angle between the vector from the nitrogen atom to the oxygen atom in the hydroxyl group of 4-NP and the surface normal.

O. Orientation and hyperpolarizability of 4-NP
Orientation distribution

Figure S17(a) illustrates the molecule-fixed coordinate system (x, y, z) used in the simulations, where the
4-NP molecule is on the x-z plane and the z axis is along the vector from the nitrogen atom to the oxygen atom in
the hydroxy group. Figure S17(b) shows the Euler angles («, 8,1) describing the orientation of a 4-NP molecule
with respect to the liquid surface; here, Z is defined relative to the surface normal. Z = 0 indicates the Gibbs dividing
surface, and Z > 0 (Z < 0) refers to the vapor (liquid) phase. Figure S17(c) displays the orientation distribution for
4-NP molecules at the water surface calculated using CRK. Because the distribution is symmetric around the angle
a, it can be represented using the two-dimensional probability density function, P(cos 8 ,1)), which is normalized

according to f_ll dcos@ fon dyP(cos6,y) = 1. The results indicate that the regions of maximum probability are

located at cos 8 = 0 and iy = 0 and &. Therefore, the N-O axis is nearly parallel to the liquid surface and the phe-
nyl ring is perpendicular to the surface. It should also be noted that the regions of maximum probability are slightly
shifted to positive values of cos 0, indicting a slight NO,-down orientation with a mean tilt angle (8) =~ 78°. This
result is qualitatively consistent with the non-polarizable calculations shown in Figure S11(q).
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Figure S17. Orientation of 4-NP molecules at the aqueous solution surface. Panels (a) and (b) show molecule-fixed coordinates
and Euler angles (o, 6, y) in space-fixed coordinates, respectively. a is the azimuthal angle about Z, 8 is the angle between
the surface-normal axis Z and the molecular axis z, and 1 is the dihedral angle between the molecular plane and the plane
containing the surface normal and the molecular z axis. (c) Probability distribution for molecular orientation, P(cosé, w), for
4-NP molecules at the aqueous solution surface.

Interpretation of previous SHG results

Why did the previous SHG study and our simulations infer opposite orientations for 4-NP? In the SHG
measurements, the angular frequency w of the incident light was doubled as a result of the nonlinear susceptibility
x@, which is non-zero at an interface with broken inversion symmetry. The molecular orientation determined by
SHG measurements is related to the sign of the imaginary component of y?. Higgins et al. reported that the sign

of the imaginary )()((ZX)Z component is positive in a pre-resonance condition for 4-NP at w = 2 eV.’” We evaluated

1@ from the orientation distribution shown in Figure S17(c). )(I(JZQ)R is given by
X—Z
2
XIS’Q)R = ns(Bror) = s z {DppDoqgDrr)Bpar (S13)
p.qar

where the suffixes P, O, and R respectively denote X, Y, and Z in the space-fixed coordinates while p, ¢, and r
denote the corresponding molecule-fixed coordinates. ng is the number density of molecules at the interface, and
D indicates the rotation matrix from the molecule-fixed coordinates to the space-fixed coordinates. B4, is the mo-

lecular hyperpolarizability given by the following sum-over-state expression,*®
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where h is the Dirac constant, <a|up |b> and w,, are respectively the transition dipole moment and the angular fre-
quency for the transition from |b) to |a), and I, is the decay constant. |g) denotes the electronic ground state,
while |m) and |n) are intermediate states in the perturbation expansion. We note that the hyperpolarizability given
in Eq. (1) of Higgins ef al.”’ is the complex conjugate of the present definition.

To evaluate B4, in Eq. (S14), we calculated the transition dipole moments and the excitation energies by time-
dependent DFT* using the B3LYP functional*’-*® with the aug-cc-pVTZ basis set* for C, O, and N, and cc-pVTZ*
for H. All matrix elements of the decay constants were set to I';;, = 2000 cm™! based on the experimentally meas-
ured electronic spectrum.’” We performed the summation over 100 electronically excited states to confirm conver-
gence. The calculated B4, and the statistical samples of orientation D in Figure S17(c) were used to derive 1@ in
Eq. (S13).

Figure S18 summarizes the hyperpolarizability calculated in the present study together with the previously
reported results. Figures S18(a) and S18(b) show the two dominant elements of the molecular hyperpolarizability
tensor, f..- and f..., in the molecule-fixed coordinates, respectively. Between the present results (solid curves) and
those obtained by Higgins et al. (dashed curves), the signs of the real parts agree while those of the imaginary parts

are opposite to each other. This discrepancy originates from the different definitions of complex hyperpolarizability.

Based on the hyperpolarizability tensor and the orientation, X)((x)z was calculated using Eq. (S13) as shown in Figure

S18(c). Our MD simulations based on the NO»-down configuration predicted a positive imaginary »®, which agrees
with the experimental result obtained by Higgins et al. Thus, the orientation distribution of 4-NP determined in the
present study explains the SHG result well. It is highly likely that the different conclusions by Higgins ef al. origi-
nate from their confusion in the analysis of hyperpolarizability.
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Figure S18. Hyperpolarizabilities (a) f.. and (b) f... for 4-NP as functions of the input frequency w. Solid lines are calculated
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P. Rapid change in electrostatic potential at the interface

The theoretical ¢ values presented above exhibit unrealistic rapid oscillations even on a length scale
smaller than a single molecule. This is because ¢ is obtained by integrating the Poisson equation over the assumed
partial charges of solute and solvent molecules. However, EUV-PES is insensitive to such short-range changes in
¢. Therefore, we present the effective ¢ values in Figures S14, S15, and S16 by averaging over the molecular scale.
We observe that ¢ is possibly different for organic molecules segregated at the interface and the water molecules
below them. This implies that different A¢ values may be obtained from the energy shifts of the PE bands for the
solute and solvent molecules (1b; for water). Because the solute molecules are concentrated in the top molecular
layer, their effect cannot be completely counteracted by the solvent molecules. However, the response of water
molecules is highly effective in deeper regions. As seen in Figure 8 in the main text, for neutral organic solutes, the
sign of A¢ is always the same for the solute and water molecules, although the magnitude is larger for the former.
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