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ABSTRACT: Interfaces between water and materials are ubig- RN - e
uitous and are crucial in materials sciences and in biology, where Q\E&}f\:\\% >
investigating the interaction of water with the surface under [35 & v ¥
ambient conditions is key to shedding light on the main processes RSt N

occurring at the interface. Magnesium oxide is a popular model Mg —— A
system to study the metal oxide—water interface, where, for 7N

24.305 j‘:(:‘
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sufficient water loadings, theoretical models have suggested that

Joas™

reconstructed surfaces involving hydrated Mg*" metal ions may be ¢ ;i tf v ,.I;‘ -~
energetically favored. In this work, by combining experimental and r@‘@»é i
theoretical surface-selective ambient pressure X-ray absorption SR Q/. I

spectroscopy with multivariate curve resolution and molecular
dynamics, we evidence in real time the occurrence of Mg**
solvation at the interphase between MgO and solvating media
such as water and methanol (MeOH). Further, we show that the Mg** surface ions undergo a reversible solvation process, we prove
the dissolution/redeposition of the Mg** ions belonging to the MgO surface, and we demonstrate the formation of octahedral
[Mg(H,0)4]*" and [Mg(MeOH)4]*" intermediate solvated species. The unique surface, electronic, and structural sensitivity of the
developed technique may be beneficial to access often elusive properties of low-Z metal ion intermediates involved in interfacial
processes of chemical and biological interest.
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1. INTRODUCTION

Achieving accurate chemical knowledge on the mechanisms of
surface processes is of considerable interest both for
fundamental understanding and for applications. Surfaces, in
fact, provide unique platforms for the success of desirable
reactive or nonreactive pathways, for instance by acting toward
them as efficient energy-dissipating heat baths and by altering
their symmetries significantly if compared to those in the gas
or condensed phases.' As a consequence, interfaces display

on the MgO(001) surface water forms a layer where 1/S and
1/3 of the water molecules are dissociated at low (100—180 K)
and higher (185—221 K) temperatures, respectively, for water
coverages beyond a monolayer, the picture is less definite.'® In
the latter case the standard model” of a fully hydroxylated
MgO(001) surface, where OH™ and H' ions form by
dissociated adsorption of one water molecule per MgO surface
pair and coordinate the surface Mg®* and oxygen ions,
respectively, has been put into question. The extent of

uncanny properties that may greatly differ from those of the
bulk, and innovative experimental and theoretical methods are
required to disentangle the intricate mechanisms involved in
surface science.

The metal oxide—water interface is of paramount
importance in catalysis, materials science, biology, corrosion,
geochemistry, and interstellar and atmospheric chemistry.”*
Magnesium oxide has been frequently investigated as a model
system, being one of the simplest oxides in terms of geometric
and electronic structure. The interaction of a number of MgO
surfaces with water’® has been studied both experimentally
and theoretically at various temperatures and pressures in the
range between high vacuum and ambient conditions, with the
MgO(001) slab being one of the most popularly evaluated by
researchers.”’ ™' While it is known that for low water coverage
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MgO(001) surface hydroxylation has not in fact been settled
by the numerous experiments conducted at ambient water
conditions,”'® and recently it has been found that
reconstructed surfaces, involving hydrated/hydroxylated Mg**
ions above the MgO(001) surface, are more stable than the
fully hydroxylated ones.'® It appears therefore natural to resort
to surface-specific advanced experimental techniques to
address the question of which is the prevalent Mg** species
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at the MgO—water interface in ambient pressure conditions. In
principle, the molecular-level rationalization of the interactions
established by the metal oxide surface with water requires (i)
quantitative structural details, and (ii) information on the
electronic states of the arising surface species.” Among the
cutting-edge experimental techniques that may simultaneously
provide such information, X-ray absorption spectroscopy
(XAS) set itself apart as an advanced tool that offers insights
into the local structural and electronic environment of a
selected photoabsorbing atom with an unrivaled degree of
accuracy. *~*° However, to date, the use of XAS to probe the
intermediate species formed at low-Z metal oxide surfaces
when these interact with water and other organic solvents has
been quite limited by the requirement of soft X-rays (~400—
2000 eV), that need tailored experimental setups.'”>' XAS in
the hard X-ray regime has been widely employed for the
investigation of the properties of 3d transition metals and
operando XAS experiments with hard X-rays are routinely
performed.’” On the contrary, the application of XAS in the
soft X-ray regime (soft-XAS) to study the interfacial properties
of metal ions has been severely hampered by the need of high
vacuum conditions. Very recently, specific cells have been
designed that allow soft-XAS to be carried out at atmospheric
pressure under operando conditions,””~> a technique referred
to as ambient pressure near-edge X-ray fine structure
spectroscopy (AP-NEXAFS). In this case soft-XAS is operated
in total electron yield (TEY) detection mode which renders
the technique surface sensitive due to the low electron escape
depth which limits the thickness of the probed sample. Here,
we use soft-XAS operando experiments in combination with
state of the art chemometric and theoretical analyses to
investigate the MgO surface upon interaction with water and
methanol (MeOH). We found that Mg*" ions are reversibly
hydrated (solvated)/dehydrated (desolvated) at the interface,
and we developed a novel experimental approach able to
follow in real time the evolution of low-Z metal ion-based
interfaces.

2. EXPERIMENTAL METHODS

We provide a brief description of the experimental method, while the
details and theoretical background concerning the data processing,
multivariate curve resolution (MCR) analysis, density functional
theory (DFT) cluster optimization, molecular dynamics (MD)
simulations, and NEXAFS calculations are reported in the Supporting
Information (SI). The experiments were carried out at the APE High
Energy beamline at the Elettra Synchrotron radiation source
(Basovizza, Italy). AP-NEXAFS operando measurements were
enabled by the use of a specially designed reaction cell. The samples
inside the reactor cell can be heated from room temperature to
approximately 400 °C and can be exposed to a flux of different gases
at a pressure of 1 bar. Figure Sla shows the 3D rendering of the
operando NEXAFS reaction cell designed at the APE-HE beamline.
On the top of the cell, a Si;N, membrane is mounted (orange circle in
Figure Sla), which separates the volume of the reactor cell at
atmospheric pressure (labeled with 1 in Figure S1b) from the
ultrahigh vacuum (UHV) environment of the beamline, while
allowing the passage of the soft X-rays. The sample is positioned
inside the reactor, normal to the incident X-rays (2). Two pipes (inlet
and outlet) are connected to the reactor (3), allowing the circulation
of gas inside the reactor (also during spectra acquisition). The heating
of the sample is possible thanks to a ceramic heater installed below
the sample, outside the reactor (4). The NEXAFS spectra are
recorded in the TEY mode: two electrical contacts (one on the 100
nm thick Si;N, membrane and one on the sample holder) allow one
to polarize the membrane (positively to accelerate the electrons away

from the sample) and measure the drain current of the sample
through a picoammeter. The measurements were performed through
the picoammeter, keeping the sample grounded and applying a
positive bias voltage of 40 V to the membrane.

MgO was purchased from Sigma-Aldrich. The powder was fixed on
a titanium sample holder and pressed in a pit located onto the holder.
The cell was mounted in the UHV chamber coaxially with the X-ray
beam. The MgO starting sample was pretreated at a temperature T =
250 °C in flowing He at SO standard cubic centimeters per minute
(SCCM), after which the working temperature was lowered to T = 50
°C. The experiments were performed collecting the Mg K-edge
spectra in the energy range 1275—1355 eV at T = 50 °C and under
flowing gas mixtures of 3% H,0/He or 17% MeOH/He, in both cases
at S0 SCCM and 1 bar. Each operando AP-NEXAFS spectrum was
recorded in approximately S min.

3. RESULTS AND DISCUSSION

The newly developed AP-NEXAFS technique is a powerful
method to unveil the structural properties and the processes
occurring at the surface of a material during exposure to water
or organic solvents, due to its surface sensitivity. In this work
we applied this innovative experimental method, in combina-
tion with a state of the art theoretical approach to investigate
the MgO—water and MgO—methanol interfaces at ambient
pressure. Our experimental procedure was divided into four
consecutive steps:

1. Initially, a clean MgO sample (pretreated in He at 250
°C to eliminate superficial impurities) was exposed to
water vapor for 95 min using He as a carrier gas at a
working temperature of 50 °C.

2. In the second step, the water flux was interrupted and
the temperature was increased up to 250 °C with a 3.3
°C per minute rate while exposing the sample to He.

3. To investigate the superficial interaction of MgO with an
organic solvent, the same sample was then exposed to
methanol vapor (with He acting as a carrier gas) at a
temperature of 50 °C for 85 min.

4. Finally, the methanol flux was interrupted and the
temperature of the system was increased up to 250 °C
with a 6.6 °C per minute rate while exposing the sample
to an inert atmosphere.

Operando AP-NEXAFS spectra were collected at the Mg K-
edge every 5 min throughout the duration of the entire
experiment. Tables S1 and S2 of the SI list the temperatures at
which all the spectra were recorded during the exposure of
MgO to water and methanol vapors, respectively. The
measured XAS data were then subjected to a mathematical
decomposition procedure using a strategy belonging to the
MCR family. This method allows the rationalization of
operando spectroscopic data sets,”* " leading to the retrieval
of the spectral and concentration profiles of the key Mg>*
species contributing to the experimental signal. Finally, the
extracted Mg K-edge XAS spectra were quantitatively analyzed
through ab initio DFT NEXAFS calculations and MD
simulations.

Figures la and S3a present in two and three dimensions,
respectively, the operando Mg K-edge AP-NEXAFS spectra
recorded on the MgO sample during its exposure to water
vapor at 50 °C (green background, step 1) and after flux
interruption and temperature increase up to 250 °C (purple
background, step 2). The first and last XAS spectra are
highlighted by dark black lines (Figure 1a) and were measured,
respectively, on the pristine MgO sample prior to water
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Figure 1. Evolution of the operando Mg K-edge AP-NEXAFS spectra
upon MgO exposure to water (a) and methanol (b). Constant energy
cuts are drawn at 1305.7 eV (yellow dotted lines) and at 1310.2 eV
(gray dotted lines). The spectral scans recorded during the flux of
water and methanol at 50 °C and during the subsequent flux
interruption and temperature increase up to 250 °C are highlighted
using green and purple backgrounds, respectively. In both panels, the
AP-NEXAFS spectra recorded before the surface exposure to the
given flux and at the temperature of 250 °C after flux interruption are
evidenced in bold black lines.

exposure and at the final temperature of 250 °C after water flux
interruption.

Looking at Figure 1a, one may note that during the exposure
of the pristine MgO surface to water vapor, there is an
appreciable spectral variation. In particular, the feature at
1310.2 eV in the initial Mg K-edge spectrum of the pristine
MgO surface decreases in intensity while a feature located at
1305.7 eV appears, as evidenced by the constant energy cuts at
the same energy values. The intensity time evolution of these
spectral features is displayed in Figure 2a. Conversely, once the
water flux is interrupted and the temperature is progressively
increased to 250 °C (Figure la, purple background), the
intensities of the features located at 1310.2 eV and at 1305.7
eV rapidly increase and decrease, respectively, to their initial
values and the overall spectral appearance of the starting MgO
spectrum is fully recovered. Notably, the first and last AP-
NEXAFS experimental spectra are nearly superimposable,
thereby strongly suggesting the complete reversibility of the
temperature-assisted Mg**—water interaction at the MgO
surface. One may also observe in Figure 2a that, upon water
vapor exposure, the decrease in intensity of the characteristic
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Figure 2. (a) Intensity variation at 1305.7 €V (full yellow line) and at
1310.2 eV (full gray line) of the operando Mg K-edge XAS spectra
measured upon MgO exposure to water vapor. The intensities of the
starting XAS spectrum, of the XAS spectra recorded during the water
flux at S0 °C, and of those measured during the water flux
interruption and contemporary temperature increase are highlighted
by black, green, and purple backgrounds, respectively. (b, c) Results of
the decomposition of the Mg K-edge spectra. Extracted concentration
profiles and Mg K-edge NEXAFS spectra (panels b and ¢,
respectively). (d) Comparison between the NEXAFS spectrum of
the Mg®* intermediate species arising upon exposure of the MgO
surface to water and the theoretical average Mg K-edge NEXAFS
spectrum resulting from 500 MD snapshots of the fully hydrated Mg**
ion (full indigo line).

feature located at 1310.2 eV nearly mirrors the increase of
intensity of the one at 1305.7 eV. This finding qualitatively
suggests that two interconverting Mg2+ active species
contribute to the measured AP-NEXAFS data. To obtain
quantitative information on the number of pure chemical
species contributing to the experimental XAS spectra, the
percentage residual error committed in reconstructing the data
set with an increasing number of components was evaluated, as
shown in Figure S4a (refer to the SI for additional details).
One may note that the percentual error committed in
employing a number of principal components greater than
two to reproduce the data set decreases very slowly, and that
the percentual error committed in employing two components
to reproduce the AP-NEXAFS data is ca. 3%. These evidence
suggest the presence of two main components in the operando
Mg K-edge NEXAFS spectra measured upon exposure of the
MgO sample to water vapor.

To gain mechanistic and structural insights into the nature
of the interaction established by the surface Mg>* ions with the
fluxed water, the experimental AP-NEXAFS data were analyzed
using an MCR transition matrix (TM)-based decomposition
approach employing a number of significant components equal
to 2, a method fully discussed in the SI. Figures 2b,c show the
extracted concentration and spectral profiles, where the first
extracted spectral component (Figure 2c, gray curve) was
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Figure 3. Theoretical NEXAFS spectra (gray full lines) calculated from 500 MD snapshots of the Mg®* ion in water at 50 °C and converged
NEXAFS average (blue full line) of the 500 spectra (a) along with a selection of average NEXAFS spectra calculated with a variable number (N) of
spectra (b). The associated evolutions of the total absolute differences between averages of spectra computed with increasing N values are shown in
the insets of panel b. SN and S¥* are the averages of N and N* spectra, respectively, with N* immediately preceding the given value of N in the

evaluated sequence (e.g., N* = 250 if N = 500).

constrained to coincide with the AP-NEXAFS spectrum of the
pristine MgO surface (Figure 1a, initial dark black spectrum).
The MgO material possesses good thermal stability above 600
°C’! and has been thoroughly investigated by previous solid-
state XAS studies.”” ™"

The extracted MgO XAS spectrum is in excellent agreement
with previous MgO K-edge XAS measurements exhibiting a
transition at 1303.0 eV and two experimentally unresolved
features at 1308.0 eV and at 1310.7 eV, together with a broad
shoulder at 1320.6 eV.”*** The second XAS component
shown in Figure 2c (yellow curve) presents a single broad
feature centered at ~1305.7 eV and is assigned to the arising
Mg*" intermediate species due to the interaction of the Mg>*
surface ions with water. In fact, as shown in Figure 2b, the
fractional concentration of the latter component increases
rapidly during water flux, reaching values close to 75%, while
the fractional concentration of MgO is largely predominant
once the temperature reaches 250 °C, when water is expected
to be fully desorbed from the surface. Further, we have
observed an approximate S-fold decrease in spectral intensity
of the raw non-normalized XAS spectra during exposure of the
MgO surface to water vapor, and consequently we may
estimate the interaction between water and the interfacial Mg>*
ions to extend to the first few nanometers below the surface.
Interestingly, the XAS spectrum of the Mg** intermediate
species closely resembles the Mg K-edge XAS spectrum
previously reported for [MgCl,(H,0)4] in aqueous solution
and qualitatively assigned to that of a fully dissolved octahedral
hexaquo Mg?* ion.*® The presented evidence suggests that the
surfice Mg** ions do interact with the incoming water
molecules, as evidenced by the different electronic features of
the two intermediate extracted AP-NEXAFS components, and
that a surface MgZJr dissolution process occurs.

To test these hypotheses and to uncover the structural and
electronic properties of the Mg?*—water intermediate, an ab
initio DFT-based NEXAFS theoretical analysis was carried
out,”’ ~* with the support of MD simulations. First, to verify
the validity of the implemented framework, the theoretical
NEXAFS spectrum of MgO was calculated starting from the
available rock-salt crystal structure (space group Fm3m, and
lattice parameter of 4.21 AH Figure S5 reports the theoretical
spectrum calculated for the MgO crystal (full black line), along
with the calculated Mg- and O-density of electronic p states

(DOS), compared to the experimental MgO spectrum
obtained from the multivariate analysis (full gray line). One
may note that both Mg p- and O p-states contribute through
hybridization to the four main calculated features A;, A,, A;,
and A,, whose energy positions and relative intensities are in
excellent agreement with those of the features in the
experimental MgO spectrum. Having established the reliability
of our theoretical approach, to explore its sensitivity to the
local structural properties of the Mg*" ion, we performed
theoretical NEXAFS simulations on DFT-optimized [Mg-
(H,0),1** molecular clusters (with n = 4, 6),"*~** where the
oxygen atoms coordinate the central metal cation in a
tetrahedral and octahedral geometry, respectively. Previous
investigations have reported structural features on hydrated
Mg both from experiments and from computer theoretical
simulations, thereby providing reliable findings on which to
benchmark our approach. In aqueous solution, an octahedral
hexaquo Mg®" has been evidenced through Raman spectros-
copy,” proton NMR,* and an X-ray diffraction experiment
conducted by difference methods,”” and results were
confirmed by Monte Carlo,"® MD, and ab initio quantum
mechanical/molecular mechanical (QM/MM) MD simula-
tions.”” ™' The average Mg—O bond distances of our DFT
octahedral [Mg(H,0),]*" structure was found to be equal to
2.10 A, as listed in Table S3, and is in very good agreement
with the previously reported bond length of 2.110 A.>* The Mg
K-edge theoretical spectra calculated for the [Mg(H,0),]*
and [Mg(H,0),]** complexes are shown in Figure S6a and
S6b, respectively (full black lines), along with the associated
Mg p- and O p- DOS. The overall shape of the two spectra is
very different, and this shows how sensitive this technique is to
the coordination of the Mg photoabsorber. In particular, the
theoretical convoluted NEXAFS spectrum of the [Mg-
(H,0),]** complex exhibits two clearly distinguishable
transitions, By; and By, while that of the [Mg(H,0)¢]*"
species possesses a single main transition (Bo,) together with a
less pronounced high-energy shoulder (Bp,). The latter
spectrum bears significant resemblance to the MCR-extracted
XAS spectrum of the Mg®" species interacting with water
(Figure 2c¢, full yellow line) and with previous Mg K-edge
spectra attributed to the fully hydrated Mg>* ion in aqueous
solution, both of which present a single broad main
transition.*®
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For poorly ordered systems as in the case of the Mg**
hydrated species formed on the MgO surface, the NEXAFS
signal originates from the average over all the possible
configurations adopted by water molecules around the ion,
and a single cluster cannot be used to correctly reproduce the
NEXAFS spectrum.” > To overcome this problem and to
properly account for thermal and structural fluctuations
occurring at 50 °C, we performed a quantitative analysis of
the NEXAFS spectra starting from the microscopic description
of the system derived from the MD simulations. This
combined method is very powerful, as disorder effects due to
the dynamic distortions of the coordination shells are properly
included in the calculation of the NEXAFS theoretical
spectrum. In particular, classical MD simulations of the Mg**
ion in water were performed and details are discussed in the SI.
In water an octahedral geometry with coordination number
(CN) of 6 and a Mg—O bond length of 2.10 A were obtained
for the first hydration shell molecules, as evidenced by the
Mg—O radial distibution function and its corresponding
running integration number (see Figure S7a). Next, an
averaged NEXAFS theoretical spectrum has been calculated
starting from the structural configurations obtained from 500
MD snapshots, and the resulting spectra are shown in Figure
3a. In all cases, the NEXAFS spectra calculated from each MD
snapshot present detectable differences in all the energy range,
showing the sensitivity of NEXAFS to geometrical changes and
fluctuations of the Mg** hydration clusters and the importance
of making a proper sampling of the configurational space.

Figure 3b presents the NEXAFS theoretical spectral averages
for the dissolved Mg** ion system computed with a variable
number (N) of spectra, where N belongs to a monotonely
increasing sequence. One may note that the theoretical
averaged NEXAFS present very small differences for N > 50
(see Figure 3b) and that they are well-converged for N = 500
(inset of Figure 3b). The NEXAFS converged average
spectrum is compared in Figure 2d to the experimental
NEXAFS spectrum of the intermediate Mg species arising at
the MgO surface upon its exposure to water vapor at S0 °C.
The agreement between the theoretical and experimental
curves is quite good, and the former spectrum shows a certain
degree of the experimentally observed configurational broad-
ening if compared to the NEXAFS calculation performed on
the DFT-optimized [Mg(H,0)4]*" cluster (Figure S6b, full
black line). These findings strongly corroborate the picture
that within our experimental conditions Mg>* ions are partially
released from the MgO surface and are coordinated at the
interface in an octahedral geometry by water molecules, as
described by our theoretical framework.

This hypothesis is further supported by the subsequent
operando experiment performed by exposing the same MgO
sample to methanol vapor at 50 °C (step 3). Figures 1b and
S3b show the operando Mg K-edge AP-NEXAFS spectra
measured upon MgO exposure to methanol in 2D and 3D,
respectively. Also in this experiment an appreciable NEXAFS
spectral change occurs during methanol flux as evidenced by
the decrease in intensity at 1310.2 eV and the corresponding
increase in intensity at 1305.7 eV (see Figure 4b) and by the
appearance of a low-energy transition at 1300.2 eV prior to flux
interruption and temperature increase. It is important to notice
that the first and last experimental spectra coincide with that of
pristine MgO, suggesting that the interaction between the
surface and methanol vapor is a reversible one and that the
NEXAFS spectra obtained under the methanol flux are quite
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Figure 4. (a) Intensity variation at 1305.7 €V (full yellow line) and at
1310.2 eV (full gray line) of the operando Mg K-edge XAS spectra
measured upon MgO exposure to methanol vapor. The intensities of
the starting XAS spectrum, of the XAS spectra recorded during the
methanol flux at 50 °C, and of those measured during the methanol
flux interruption and contemporary temperature increase are
highlighted by black, green, and purple backgrounds, respectively.
(b, c) Results of the decomposition of the Mg K-edge spectroscopic
data. Extracted concentration and Mg K-edge NEXAFS spectral
profiles (panels b and ¢, respectively). (d) Comparison between the
MCR-extracted AP-NEXAFS spectral component of the Mg**
intermediate species arising upon exposure of the MgO surface to
methanol and the theoretical average Mg K-edge NEXAFS spectrum
resulting from 500 MD snapshots of the Mg®* ion fully solvated by
methanol molecules (full indigo line).

different from those obtained when fluxing water. Also in this
case the NEXAFS signals were subjected to a MCR analysis,
using a number of active components equal to two because (i)
the percentual error committed by reproducing the data set
using two principal components is inferior to 4% (Figure S4b),
and (ii) the intensity time decay measured at 1310.2 eV closely
mirrors the increase of that at 1305.7 eV, as shown in Figure
4a. Figure 4 parts b and c present, respectively, the
concentration profiles and XAS spectra extracted from the
matricial decomposition. Aside from the XAS spectrum of
MgO, a second AP-NEXAFS spectrum contributes to the
measured data (Figure 4c, full red line) and is assigned to an
intermediate species arising from the interaction between Mg>*
surface ions and methanol. The XAS spectrum of this
intermediate species presents a low-energy shoulder at
1300.2 eV together with an asymmetric main transition at
1305.1 eV, while its fractional concentration slowly increases
upon methanol surface exposure never exceeding a value of
40% (Figure 4b, red histograms). It is interesting to outline
that a smaller fraction of Mg®" ions are fully solvated by
methanol molecules as compared to the number of surface ions
that are hydrated, and this is in agreement with the lower
solubility of MgO in the former solvent. Similarly to the
experiment involving water, also here the methanol molecules
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desorb from the MgO surface once the working temperature is
increased to 250 °C and the fractional concentration of the
MgO related component reaches 100% (Figure 4b, gray
histograms). Note that also in this case the general intensity of
the non-normalized XAS spectra decreases ca. 5-fold during
exposure of the MgO surface to methanol vapor, thereby
suggesting that the interaction between methanol and the Mg>*
ions extends to the first few nanometers below the surface. To
determine the structural properties of the Mg**—methanol
interfacial intermediate, we calculated theoretical NEXAFS
spectra on DFT-optimized [Mg(MeOH),]** and [Mg-
(MeOH)4]** tetrahedral and octahedral clusters, which are
shown in Figure S8a and S8b, respectively, and both present
three main groups of peaks. In the case of the [Mg-
(MeOH),]** species, the lowest energy peak identified as
Cp; is the most intense feature, while in the spectrum of
[Mg(MeOH),]*" the feature located at intermediate energies,
Coy is the most intense one, followed in relative intensity by
the low-energy edge shoulder Cy; and the highest energy peak
Cos- The origin of this difference in the relative feature
intensity may be explained by analyzing the theoretical DOS
evaluated for the two differently coordinated Mg**—methanol
clusters. In fact, in the case of the [Mg(MeOH),]*" complex,
the Mg, O, and C p-DOS significantly overlap in the low-
energy region of the NEXAFS spectrum, enabling a
pronounced hybridization and an intense Cr, transition (see
Figure S8a), while for the [Mg(MeOH)(]*" adduct, the
octahedral environment leads to a decrease in intensity and
hybridization of the Mg, O, and C p-DOS in the low-energy
shoulder region (see Figure S8b), depleting the intensity of the
feature C,. A visual comparison of the NEXAFS spectrum of
[Mg(MeOH)4]** shown in Figure S8b with the AP-NEXAFS
MCR-extracted spectrum associated with the Mg** species
formed upon interaction of the MgO surface with methanol
(Figure 4c, full red line) evidences that the theoretical and
experimental curves show a strong degree of similarity. These
results highlight the sensitivity of our theoretical method to the
change in coordination number around the metal cation and
strongly support the hypothesis that in our experimental
conditions the Mg>* ions at the MgO surface may indeed be
coordinated in an octahedral geometry by methanol molecules.
To further test this view, MD simulations were also performed
for the Mg*" ion in methanol at a temperature of 50 °C,
obtaining a CN of 6 and a maximum in the Mg—O bond
distribution of 2.12 A for the first-shell molecules, as shown in
Figure S7b, a distance that is in perfect agreement with the
average 2.12 A one in the DFT-optimized [Mg(MeOH)4]**
cluster (Table S3). These results are well in line with previous
investigations where X-ray diffraction,56 NMR,*” and ab initio
MD** studies have indicated that the Mg>" ion solvate shells
are composed of six methanol molecules, with a likely average
octahedral arrangement of OH groups around the metal
cation. The theoretical NEXAFS Mg K-edge spectrum of the
Mg** ion in methanol was then calculated as a converged
average from S00 MD snapshots (see Figure S9 for the
individual MD-extracted XAS spectra and convergence details)
and is compared to the experimental XAS signal in Figure 4d.
As one may note from Figure 4d, the three main features
located at 1300.2 eV, at 1305.1 eV, and at 1310.5 eV present in
the experimental curve are reproduced well by the theoretical
NEXAFS spectrum (Figure 4d, full indigo line).

The findings reported herein may be summarized as shown
in Figure S. Within our experimental conditions, for high water
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Figure S. Pictorial representation of the main findings presented in
this work, where it is evidenced that at 50 °C, a temperature-favored
reversible hydration/solvation of Mg“ ions occurs at the MgO
surface, upon its sequential exposure to water (left) and methanol

(right).

and methanol coverages, Mg2+ ions are released at the MgO
surface and fully solvated by water and methanol at 50 °C with
temperature expected to play an important role in favoring ion
mobility, release, and dissolution. The free Mg2+ ions are
expected to be hydrated/solvated at the MgO surface in
octahedral coordination geometries. Conversely, the generated
surface O®” ions are expected to transform into OH™ groups,
as proposed by previous work,' and to possibly yield a
relatively smaller fraction of structures with partially hydroxy-
lated Mg®* ions above the surface.'® Given the very similar
scattering properties of the water/OH™ species and low
sensitivity of the XAS technique in distinguishing between
water and OH™ ligands, one cannot exclude the presence of a
small percentage of Mg®* surface complexes where the water
molecules in the first and outer coordination spheres are
partially substituted by OH™ groups. Further, one cannot
exclude the presence of a small fraction of Mg** ions
possessing first and second shell structures affected by the
structural modifications induced by the MgO surface to the
first few adsorbed water/methanol layers. However, as
evidenced by the presented statistical analyses the total
contribution of all the differently hydrated/solvated Mg**
ions is not expected to exceed 4%.

4. CONCLUSIONS

In this work, the suitability of a combined advanced MCR and
ab initio DFT- and MD-assisted analysis of operando AP-
NEXAFS data is demonstrated for the first time in order to
access through X-rays and quantitatively describe the reversible
hydration (solvation)/dehydration (desolvation) of a low-Z
number metal oxide surface, investigating Mg** as a case study.
It is shown that upon controlled exposure of MgO to water
and methanol vapors at 50 °C and ambient pressure, surface
Mg** ions form [Mg(H,0)¢]** and [Mg(MeOH)4]* octahe-
dral complexes, respectively, in detectable surface concen-
trations. These results provide a first direct experimental
confirmation of previous theoretical findings which have
suggested that at the MgO—water interface, reconstructed
surfaces involving hydrated Mg** ions are energetically favored
if compared to fully hydroxylated ones'® and extend the same
picture to the MgO—methanol interface. The sensitivity of AP-
NEXAFS to the structural and electronic evolution of the Mg>*
species and that of the MCR technique in uncovering the
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presence of labile surface intermediates are fruitfully exploited
to gain quantitative information on a prototypical metal
oxide—water/methanol interface. As a result, we expect this
work to pave the way for the investigation of interfaces
between water (and other organic solvating media) and metal
ion-based solid systems through combined experimental and
theoretical efforts rooted in soft-XAS.
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