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Universitaŕia, Butanta, Sao Paulo, SP 05508-000, Brazil
∥Instituto de Física, Universidade de Saõ Paulo, Cidade Universitaŕia, 05508-090 Saõ Paulo, SP, Brazil
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ABSTRACT: Recent advances in operando-synchrotron-based X-ray techni-
ques are making it possible to address fundamental questions related to
complex proton-coupled electron transfer reactions, for instance, the
electrocatalytic water splitting process. However, it is still a grand challenge
to assess the ability of the different techniques to characterize the relevant
intermediates, with minimal interference on the reaction mechanism. To this
end, we have developed a novel methodology employing X-ray photoelectron
spectroscopy (XPS) in connection with the liquid-jet approach to probe the
electrochemical properties of a model electrocatalyst, [RuII(bpy)2(py)-
(OH2)]

2+, in an aqueous environment. There is a unique fingerprint of the
extremely important higher-valence ruthenium−oxo species in the XPS
spectra along the oxidation reaction pathway. Furthermore, a sequential
method combining quantum mechanics and molecular mechanics is used to
illuminate the underlying physical chemistry of such systems. This study
provides the basis for the future development of in-operando XPS techniques for water oxidation reactions.

The photo-driven water splitting reaction (2H2O → O2 +
2H2) has been considered as a promising pathway for

efficiently storing harvested solar energy by means of a photon-
to-chemical energy conversion involving two half electro-
chemical reactions, namely, (i) the oxygen evolution reaction
(OER, 2H2O → O2 + 4H+ + 4e−) and (ii) the hydrogen
evolution reaction (HER, 4H+ + 4e− → 2H2).

1,2 The
inspiration comes from the natural photosystem II (PSII), in
which the oxygen-evolving catalyst consists of a [Mn4CaO5]
cluster embedded in a protein environment and produces
oxygen at a rate of 100−400 s−1.3

The first reported molecular catalyst that can mimic the PSII
process is the so-called “blue dimer”, which is an oxo-bridged

dimeric RuIII complex.4 Despite the success with respect to
water oxidation activity, this system has produced a rather
small turnover number (TON) and a rather small turnover
frequency (TOF), namely, 13 and 0.004 s−1, respectively.
Thereafter, new molecular complexes have been developed
using different metals, e.g., ruthenium,4−12 iridium,13 cobalt,14

and iron,15 with improved TONs (>100000)12 and TOFs
(>300 s−1).9 Such advances have initially been achieved
through the modification of the bridging ligands. For instance,

Received: September 18, 2019
Accepted: November 20, 2019
Published: November 20, 2019

Letter

pubs.acs.org/JPCLCite This: J. Phys. Chem. Lett. 2019, 10, 7636−7643

© 2019 American Chemical Society 7636 DOI: 10.1021/acs.jpclett.9b02756
J. Phys. Chem. Lett. 2019, 10, 7636−7643

D
ow

nl
oa

de
d 

vi
a 

U
PP

SA
L

A
 U

N
IV

 o
n 

A
ug

us
t 5

, 2
02

0 
at

 2
2:

57
:2

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.9b02756
http://dx.doi.org/10.1021/acs.jpclett.9b02756


Sens et al.5 modified the Ru−O−Ru motif using a Hbpp ligand
[2,2′-(1H-pyrazole-3,5-diyl)dipyridine], which yielded a sig-
nificant improvement in TON (512) but still yielded a small
TOF (0.014 s−1). A substantial increase in the TOF came with
the development of mononuclear Ru complexes by Duan et
al.,7 where the proper design of axial ligands has led to TOF
values of >1000 s−1.12

A fundamental understanding of the underlying mechanisms
of O−O bond formation is actually essential for the design of
improved electrocatalysts. There are two main types of
mechanisms reported for such reactions, viz., water nucleo-
philic attack on a metal−oxo unit or the coupling of two
metal−oxo units.16 In both cases, the coordination compounds
must undergo several oxidation reactions to generate the
catalytically active high-valence states responsible for the
formation of the O−O bond. In the case of Ru complexes,
RuIVO and RuVO species are proposed to be the critical
catalytic active species leading to O−O bond formation
according to both mechanisms. The detection of such species
is a challenging task due to their high reactivity. In Figure 1a,
we illustrate the pathway involving the coupling of two metal−
oxo units considering the mononuclear complex investigated
by Duan et al.10 Recently, Pushkar et al.17 have characterized
the RuVO species by electron paramagnetic resonance and
in situ X-ray absorption spectroscopies.
Recent initiatives have moved toward in operando X-ray

spectroscopy experiments at synchrotron facilities,18 using
sophisticated measurement setups under realistic physico-
chemical conditions, at higher pressures and temper-
atures.19−21 Such spectroscopies have proven to be powerful
approaches for probing the electronic structure of molecular
and solid-state systems in different chemical environments due
to their element specificity and high resolution. Furthermore,
the liquid microjet technique allows investigation of the solid−
liquid interfaces and solvated molecular systems22,23 with two
main advantages compared to other sample handling methods

in aqueous systems. (1) Radiation damage is not an issue, even
for fragile molecular compounds such as the ruthenium
complexes, and (2) the sample surface remains free of
contamination due to continuous sample renewal.
To develop in operando spectroscopy approaches to

investigate proton-coupled electron transfer reactions, it is
essential to assess the sensitivity of the spectroscopy
techniques to resolve the catalytic active species. Accordingly,
we have investigated the X-ray photoelectron spectroscopy
(XPS) properties of [RuII(bpy)2(py)(OH2)]

2+ (bpy = 2,2′-
bipyridine, and py = pyridine), in an aqueous environment,
under different redox and pH conditions. [RuII−OH2]

2+ (py
and bpy will be omitted throughout the text for the sake of
clarity) has been chemically oxidized generating specific
intermediate species, and the resulting solution was injected
into the liquid jet while controlling the protonation state of the
aqua ligand via the pH of the solution. The investigated
reaction pathways in our model system are illustrated in Figure
1b, and the structure of the model complex is shown in Figure
1c. The primary result is the identification of the XP spectral
fingerprint of the high-valence ruthenium−oxo complex
[RuIVO]2+. A sequential hybrid quantum mechanics/
molecular mechanics (S-QM/MM) approach,24,25 employing
Monte Carlo simulation and first-principles spectroscopy
calculations, has been developed to improve our understanding
of the physical chemistry of these systems.
The experimental XPS spectra of the Ru 3d and C 1s region

are displayed in Figure 2a−d. [RuII−OH2]
2+ will be considered

as a reference for the subsequent discussions. Its spectrum
(Figure 2a) displays a peak (I) at 286 eV, which corresponds
to the Ru 3d5/2 orbital binding energy (BE), and a second
broader peak (II) around 290−291 eV. The latter is a mix of
the partially overlapping C 1s and Ru 3d3/2 states. The spin−
orbit coupling (SOC) of ∼4.2 eV for the Ru peaks26 is part of
its spectral fingerprint.

Figure 1. (a) Scheme of a water oxidation reaction mechanism proposed for the [RuII(bda)(pic)2] (H2bda = 2,2′-bipyridine-6,6′-dicarboxylic acid
and pic = 4-methylpyridine) complex.10 (b) Reaction pathway for activation of a model system investigated in this work whose structure is shown
in panel c.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.9b02756
J. Phys. Chem. Lett. 2019, 10, 7636−7643

7637

http://dx.doi.org/10.1021/acs.jpclett.9b02756


The spectrum for RuIII complexes is presented in Figure 2b.
We have measured pKa values of 10.8 and 1.3 for the aqua
ligand in the RuII and RuIII complexes, respectively, which
display good agreement with previous results for similar
complexes.27 The significant reduction of pKa is due to a
decrease in the Ru d-valence orbital energy, which increases its
electron-withdrawing character. Thus, the so-called proton-
coupled electron transfer (PCET) reaction should take place
for pHs in the interval from ∼1 to ∼11. In fact, one-electron
oxidation generates the [RuIII−OH]2+ species at pH 3.
Interestingly, one could observe only a minor variation of
the BE and the shape of both Ru 3d5/2 (peak III) and
overlapping Ru 3d3/2−C 1s (peak V) levels as compared to
peaks I and II, respectively. However, there is an additional
peak (IV) at ∼287 eV, which is mainly associated with [RuIII−
OH2]

3+, and its relative amount depends on the solution pH.
In fact, that peak has been enhanced upon acidification of the
solution to pH 1.3 (see peak IV′ in Figure 2b′) while peak III
faded (now peak III′ in Figure 2b′) as expected due to the

presence of a much higher concentration of the protonated
[RuIII−OH2]

3+ species. Actually, the proper fitting of the
broader peak (IV and IV′) led us to identify a species that does
not match the features of either [RuIII−OH2]

3+ or [RuIV
O]2+. The peak is very unlikely to have originated from the
[RuIV−OH]3+ species, due to the very low pKa of the hydroxo
ligand in these species. The characterization of such species
will be the object of future studies. The fitting curves are
shown in Figure S6.
The similarities of [RuII−OH2]

2+ and [RuIII−OH]2+ spectra
(the main peaks in Figure 2a,b) could be understood by
considering the interplay of two counteracting effects. On one
hand, the removal of one electron increases the positive charge
on the metal center, increasing the core-level BE. On the other,
the OH− ligand transfers more electron density into the metal
center, due to much higher polarizability and greater electron-
donating character, which tends to diminish the BE. These
effects seem to largely cancel each other out in aqueous
solution.

Figure 2. (a−d) Measured Ru 3d and C 1s XPS spectra using the liquid-jet technique. (e and f) Calculated C 1s XPS spectra in the gas phase and
in aqueous solution, respectively. (g and h) Calculated Ru 3d5/2 XPS spectra in the gas phase and in aqueous solution, respectively.
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The high-valence [RuIVO]2+ species has been obtained by
two monoelectronic PCET oxidations of the starting complex
with cerium(IV) ammonium nitrate (CAN). The XPS
spectrum is presented in Figure 2c. In this case, both Ru
3d5/2 and 3d3/2 states as well as C 1s states (to a lesser extent)
have been shifted to higher BEs as compared to the previously
discussed species. Consequently, peak VII becomes broader
because the spectral overlap of the C 1s and Ru 3d3/2 features
decreases. These results are counterintuitive for isolated
molecules. The oxo ligand displays the strongest polar-
izability/donor character, leading to more electron density
being transferred into the metal center and, thus, compensating
for the higher positive charge (4+) obtained upon oxidation.
Therefore, one would expect only a small shift of the Ru 3d
levels compared to the reference species. This becomes more
evident by realizing that π-bonds are more voluminous and less
overlapping as compared to σ-bonds and typically transfer
much less electronic density. In fact, the XPS pattern of
[RuIVO]2+ species is driven by solvation effects.
We have also investigated the [RuII−OH]+ species generated

by deprotonation of [RuII−OH2]
2+ at pH 11 (see Figure 2d).

The Ru 3d5/2 peak (VIII) is shifted to a lower BE by ∼0.3 eV
as compared to peaks I and III. Such behavior is expected given
the higher electron density on the metal center as compared to
that on [RuII−OH2]

2+. However, the magnitude of the shift is
surprisingly small compared to those resulting from changes in
the net state of small molecules in aqueous solution.28,29 It
indicates that in complexes, not only the net charge but also
the oxidation state of the metal center is relevant in defining its
BEs.
Monte Carlo (MC) simulations started with the [RuII−

OH2]
2+ complex on the water−vacuum interface, and the

whole complex moved into the bulk region close to the surface
(∼10 Å immersed), being completely solvated. Two snapshots
of this simulation, the initial and final configurations, are
presented in panels a and b of Figure S1, respectively. The
equilibrium position of the Ru complex sampled during 4 ×
107 MC steps is shown in Figure S1c. These results support the
modeling of fully hydrated complexes in the quantum
mechanics calculations.
The calculated C 1s spectra of [RuII−OH2]

2+ and its PCET
oxidation species, in the gas phase, are presented in Figure 2e.
One can see that the BEs are mainly affected by the complex
net charge. Whereas the complexes with the same 2+ net
charge display BEs following the variation of the Ru oxidation
state indicating that the donating character of aqua, hydroxo,
and oxo ligands plays a minor role, such trends disagree with
the experimental findings and the correction comes upon

inclusion of the solvation effects (see Figure 2f). Figure S2
shows the average and simulation snapshot spectra of a fully
solvated complex. The screening of the net charge of the
complex by the water molecules decreases the energy of the
spectrum. This effect is charge-dependent, leading to less
resolved BEs in aqueous solution. The theoretical C 1s spectra
are formed by a main peak and a smaller peak (or shoulder in
some cases) at an ∼1 eV higher binding energy, which
originates from the contribution of the two different types of
carbon atoms, the C bonded to N with a higher BE and the C
bonded to two other C atoms at a lower bonding energy.
These contributions can be seen in detail in Table S1 and
Figure S3.
Figure 2g shows the calculated Ru 3d state in the gas phase

with trends similar to those of the C 1s state. The spectra of
the hydrated complexes are shown in Figure 2h. One can see
that they also follow now the experimental trend. This can be
mainly explained by the interactions between solvent
molecules and specific sites of the complex, in analogy with
the interactions leading to solvatochromic effects. To check
this effect, we have first calculated the Ru 3d spectra using
snapshots explicitly considering only the water molecules
hydrogen bonded to the aqua ligand (or the hydroxo or oxo
ligand), and the trend was analogous to that in the gas phase
(see Figure S4). Indeed, to obtain the experimental trend, at
least the first solvation shell (70 water molecules) must be
considered in the calculation of the ensemble averaged spectra.
A comparison of the results in the gas phase and in aqueous
solution and experimental outcomes is presented in Table 1.
To further understand some of the competing effects, we

have used the snapshots generated in the MC simulations to
statistically test the following model for the core-level binding
energies (further justification in the Supporting Informa-
tion):30

q
q

r
BE

i

i

i
Ru 2 Ru 1

1

6

,Ru
0∑β β β= + +

= (1)

where qRu is the formal charge on the Ru ion, qi is the formal
charge on neighboring atom i, and riA is its respective distance
to the Ru center (bond length). All of these charges are
obtained from the Bader analysis. The coefficients β0 (285.51
eV), β1 (4.17 V Å), and β2 (1.06 V) have been determined
through ordinary least-squares (OLS) multiregression with the
Ru 3d BEs. These coefficients are found to be statistically
relevant with an R2 of 0.82. It should be pointed out that the
aqueous environment effect is indirectly taken into account. In
particular, the oxo ligand and the nitrogen in the pyridine

Table 1. Experimental and Theoretical Values of the Core-Level Binding Energies (BEs) in Electronvolts and Their Shifts in
Relation to the [RuII(OH2)(py)(bpy)2]

2+ Complex (ΔBE) in Electronvoltsa

theoretical

experimental vacuum solvated

Ru 3d5/2 BE ΔBE BE ΔBE BE ΔBE

[RuII(OH)(py)(bpy)2]
+ 285.7 (VIII) −0.3 289.6 −1.7 285.6 −0.4

[RuII(OH2)(py)(bpy)2]
2+ 286.0 (I) 0.0 291.3 [290.9] 0.0 [0.0] 286.0 0.0

[RuIII(OH)(py)(bpy)2]
2+ 286.0 (III) 0.0 292.6 1.3 286.0 0.0

[RuIII(OH2)(py)(bpy)2]
3+ 287.7 (IV′) 1.7 294.2 [294.0] 2.9 [3.0] 286.3 0.3

[RuIV(O)(py)(bpy)2]
2+ 288.2 (VI) 2.2 293.2 [293.2] 1.9 [2.3] 287.5 1.5

aThe theoretical values were shifted by −2.51 eV for better comparison with the experimental data. In parentheses are the labels of the peaks of
Figure 2a−d. In brackets are the values calculated including the complex and the explicit water molecules hydrogen bonded to the coordinated
OH2, OH

−, and O2− ligands.
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molecule displayed greater sensitivity to the solvation shell
configuration.
To improve our understanding of the ability of this simple

model to explain the trends obtained for the BEs in aqueous
solution, we show in Figure 3 the plot of qRu as a function of
the nearest-neighbor potential contributions. First, a clustering
of the snapshots (configurations) occurs with the trend of
increasing the average formal positive charge on the Ru ion as
the oxidation state is increased [RuIVO]2+ > [RuIII−OH]2+ >
[RuII−OH2]

2+ (following the x-axis), which increases the BEs
in this order. However, [RuIII−OH]2+ displays a more negative
point charge potential (values on the y-axis), primarily
connected to the charge on the pyridyl nitrogen atom, which
tends to decrease its BEs according to the model. Thus, a
compensation effect leads to similar spectra for [RuII−OH2]

2+

and [RuIII−OH]2+. It is interesting to observe that [RuIV
O]2+ does not exhibit the same behavior, where the average
potential contribution is much smaller and closer to that in
[RuII−OH2]

2+. This explains the higher 3d-state binding
energy in the oxo complex.
Further analysis of the solvation effect and interaction with a

water molecule is presented in the Supporting Information.
The main conclusion is that the map of intramolecular positive
and negative charge redistribution as a function of the formal
oxidation state of ruthenium ion, associated with the change in
the explicit solvation effect (dominated by hydrogen bond
interactions) and the dipolar interaction effects, explains the
difference in the energy profile when comparing the calculated
spectra in vacuum and in aqueous solution. However, there are
still some discrepancies between the experimental and
calculated quantitative core-level shifts, especially for the
more charged [RuIII−OH2]

3+ and higher-oxidation-state
[RuIVO]2+ species, in which the electron density redis-
tribution and/or potential contribution seems to be under-
estimated.
In summary, the spectroscopic properties along the

oxidation reaction pathway of the Ru complex in aqueous
solution have been investigated through a combined theory−

experiment approach comprising density functional theory,
inorganic synthesis, electrochemistry, and synchrotron-based
XPS measurements in an aqueous environment. [RuII−OH2]

2+

and its PCET oxidation species have been investigated.
We show that the [RuII−OH2]

2+ and [RuIII−OH]2+ species
display very similar core-level binding energies, which is
explained by the interplay between two counteracting effects:
(i) the increase in the formal positive charge on the metal
center, induced by the oxidation process, and (ii) the larger
amount of electron density transferred to RuIII, which is a
consequence of the much higher electron-donating character
of the hydroxo species.
A more remarkable result was obtained for the [RuIVO]2+

species, which is generated after two monoelectronic PCET
steps. Its Ru 3d5/2 state is significantly shifted to a higher
binding energy as compared to the species in other oxidation
states, implying that the reasoning considered previously was
not enough to explain this result. Such an energy shift was not
expected if considering only the formal charges on the oxo
ligand (2−) and the Ru center (4+) and the resulting total
charge of the complex (2+), which matches the total charge of
the other complexes investigated here, as well. Even the
increased level of transfer of electron density through the σ-
and π-bonds from the oxo ligand and from the pyridyl ligands
is not sufficient to compensate for the high charge on the metal
center.
To understand these results in detail, we have developed a

theoretical approach combining density functional theory,
Monte Carlo simulations, and XPS calculation methods. First,
we demonstrate through MC simulations that the aqua
complex tends to be completely solvated rather than being
segregated to the liquid−vacuum interface. The simulated XPS
spectra display excellent agreement with the experimental
trends. The [RuIVO]2+ species stands out with a precise
fingerprint in the experimental spectra. The observed chemical
shift turned out to be strongly influenced by the explicit
solvation effect, which induces a specific charge polarization on
the complex.

Figure 3. Plot of the point charge potential, induced by the atoms in the first coordination shell, as a function of the formal charge on the Ru ion.
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■ THEORETICAL AND EXPERIMENTAL METHODS

Theory. The ground-state geometry and electronic structure of
the Ru complexes in the gas phase were obtained within a
density functional theory (DFT) framework. These geometries
were used to support the reparametrization of the Ru atom
force fields used in the Monte Carlo simulations. The latter
generated molecular configurations of the solute−solvent
system that were used for the ensemble average of the
calculated XPS spectra.
DFT calculations in the gas phase were carried out in the

Jaguar code31 using the B3LYP hybrid functional32 with
molecular orbital expansion given by the 6-311G33 set of atom-
centered basis functions for carbon, oxygen, hydrogen, and
nitrogen atoms and the LACV3P34 pseudopotential for the
ruthenium atom. The starting Ru complex, [RuII−OH2]

2+,
adopts a pseudo-octahedral molecular geometry with the
coordinated water molecule in the cis position related to the
pyridine ligand. This d6 complex is stabilized in a low-spin
multiplicity state that results in a closed shell electronic
configuration, as corroborated by the determination of the
Gibbs free energies (G) of the first two states.
Monte Carlo simulations were carried out for each of the Ru

complexes surrounded by 4000 water molecules in a cubic box
with an initial side length of ∼50 Å, which gives a density of
∼1 g/cm3. During the simulations, the Ru complex was held
fixed in the equilibrium geometry, except for the coordinated
water molecule in the aqua complexes, [RuII−OH2]

2+ and
[RuIII−OH]2+, that was treated freely as any other solvent
molecule. The isothermal−isobaric ensemble was employed at
1 atm and 298.15 K. Thermalization was achieved after 8 × 108

MC steps, while the production part of the simulation
considered 16 × 108 MC steps. Standard procedures35 such
as the imaging method, periodic boundary condition, cutoff
radius, and long-range correction of the energy were adopted.
All interactions were computed inside a cutoff radius of ∼22 Å.
The MC simulations were performed with the DICE code.36

The interatomic interactions were described by the Lennard-
Jones (LJ) and Coulomb potentials. The LJ parameters for N,
C, and H atoms were extracted from the OPLS-AA force
field,37 and the TIP3P model38 was adopted for water
molecules. For the Ru atom, the LJ parameters were adjusted
to correctly describe the QM energy profile between the Ru
and the coordinated water molecule in the aqua complexes,
favoring the equilibrium distance and the binding energy. The
atomic charges that composed the Coulomb term of the
potential interaction were obtained from the fitting of the QM
polarized electrostatic potential using the CHELPG proce-
dure.39 The polarization of the complex due to the aqueous
environment was included in the polarized continuum model
(PCM).40 Both QM calculations were performed using the
B3LYP functional and aug-cc-pVDZ basis set41 (with
pseudopotential for the Ru atom42) as implemented in the
Gaussian 09 code.43

Twenty statistically uncorrelated configurations of each
complex44 were selected for the subsequent QM calculations
and the ensemble average of the core-level binding energies to
compose the calculated XP spectra. These configurations
explicitly included the Ru complex and the solvation shell with
70 water molecules on average, which were obtained with the
minimum distance distribution function (MDDF).45 These
functions are presented in Figure S5.

The core-level binding energies (BEs) were calculated using
the Slater−Janak transition-state method:46,47

i
k
jjj

y
{
zzzBE ( ) d

1
2i i i i i

0

1
∫ ε η η ε= ≈

(2)

where ( )i
1
2

ε is the Kohn−Sham eigenvalue energy of the core-

level state with half-occupation. Such energies were calculated
using the projected augmented wave (PAW) method48 as
implemented in the Vienna Ab-initio Simulation Package
(VASP).49 A cutoff energy of 700 eV and a Perdew−Burke−
Ernzerhof (PBE) functional were used. The molecular
structures comprised of the coordination complex and the
solvation shell molecules were embedded in a vacuum region
of approximately 10 Å, and the Brillouin zone was sampled
with the Γ point only. The combination of different codes was
necessary in this project due to the high computational costs to
assess the XPS spectra of the complex molecular structures
from first-principles theory.
The ensemble average was determined with 20 statistically

uncorrelated configurations and considering the first solvation
shell, including 70 water molecules. For each calculation, we
carried out an average potential correction based on the
vacuum level in [100], [010], and [001] directions and Bader
charge analysis to infer the electronic charge distributions. For
the Ru 3d state, we considered only an average 3d core-level
shift, because the spin−orbit coupling is not implemented in
VASP. It was shown in previous works50 that the 3d core-level
shifts of a Rh surface could be described well with this
approach, and our results corroborate these conclusions. The
spin−orbit splitting was introduced into our calculations by
using the experimental value. The XPS signatures are
represented as discrete core-level energies and fitted with
Gaussian curves with a full width at half-maximum of 0.6 eV.
Experiment. X-ray photoelectron spectra were recorded with

a liquid-jet injection system at the SOL3PES endstation at
beamline U49-2-PGM1 at the synchrotron facility BESSY II.19

The sample solutions were injected into the experimental
chamber through a quartz glass nozzle (25 μm diameter
opening), where they intersected with the monochromatic X-
rays from the beamline. All sample solutions were prepared on
site (see Synthesis in the Supporting Information) and fed into
the liquid jet through an injection loop within 2 h of their
preparation. Spectra were recorded with a Scienta HIPP-219

hemispherical electron analyzer. The binding energy scale of
the spectra was normalized by using the liquid water 1b1 level
at 11.31 eV.51 Note that this normalization method yields
binding energies only on a relative energy scale and not an
absolute one.52 The synthesis protocols along with the
methodology for pKa measurements are presented in the
Supporting Information.
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