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ABSTRACT: Water−rock interactions determine how the geo-
chemical cycles revolve from the Earth’s surface to the deep
interior (large T−P intervals). The underlying mechanisms
interweave the fluxes of matter, time, and reactivity between fluid
phases and solids. The deformation processes of crustal rocks are
also known to be significantly affected by the presence or absence
of water, typically with the hydrolytic weakening of quartz, olivine,
and other silicate minerals. In fact, fluid−rock interactions
mechanistically unfold along their interfaces, developing over a
certain thickness within the two phases. Diffraction-limited mid-
infrared microspectroscopy was employed to monitor the
thermodynamic characteristics of liquid water along a quartz
boundary. The hyperspectral Fourier transform infrared data set
displayed a very strong distance-dependent signature for water over a 1 ± 0.5 μm thickness, while quartz appears unmodified, which
is consistent with recent studies. This unexpected thick interface is tested against the geometry of the inclusion, the chemistry of the
occluded liquid (especially pH), and the thermal conditions ranging from room temperature to 155 °C. Throughout this range of
physicochemical conditions, the micrometer-thick interface is characterized by a ubiquitous, significant shift in the Gibbs free energy
of water inside the interfacial layer. This conclusion suggests that the interface-imprinting phenomenon driving this microthick layer
has thermodynamic roots that give rise to specific properties along the quartz−water interface. This finding questions the systematic
use of the bulk phase data sets to evaluate how water−rock interactions progress in porous media.

1. INTRODUCTION
The evolution of large hydrosystems through time and being
subjected to climate change or anthropogenic activities is
rooted in water−rock interactions at the pore scale. Apart from
controlling the composition of the liquid phase, water−rock
interactions are of utmost importance for driving the porosity
accessible to flow. Mass balances from the global scale to the
local scale, for understanding planetary geodynamics and
optimizing geothermal doublets, require an understanding of
how the driving force is controlled when both solid and
dissolved phases come into contact. The standard approach to
quantifying the driving forces uses the chemical potentials of
the thermodynamically stable bulk phases. Measuring or even
observing water−rock interactions at the pore scale in the field
is of course impossible; consequently, many hypotheses are
classically taken for granted to make calculations, typically with
modeling intended for environmental diagnoses or predictivity.

The first parameter that has been under debate is the surface
area of the liquid−solid contacts, triggered by many contra-
dictory results between field-based and laboratory-based
mineral solubilities.1−4 Numerous explanations regarding the
gap between these data sets are associated with the limited
understanding of the relationship between the physical
attributes and what is termed the “reactive” surface area of

solids.1−7 The second parameter that might be used to better
quantify water−rock interactions is the pore size holding the
reactions with counterintuitive observables or interpretations
putting a size threshold from normal to pore size marked
behavior around 1 μm.8−12 This is surprising because the initial
expectation focused on the nanometric pore size.13 The third
player in the water−mineral interactions is related to solid
surface chemistry (i.e., hydrophilic vs hydrophobic properties).
Zheng et al. showed that hydrophilic interfaces can create a
solute-exclusion zone at their immediate periphery similar to
liquid crystals.14 The authors proposed that there is a long-
range restriction of water molecules nucleating at the interface,
leading to mobility-limited water.14 Stack et al. focused on
pore-scale reactivity, showing that carbonate precipitation
occurs exclusively in macropores (>1 μm) within hydrophilic
pores, while precipitation in both nanopores (<1 μm) and
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macropores was observed in hydrophobic pores.15 Bergonzi et
al., using synchrotron-based Fourier transform infrared (FTIR)
microspectroscopy, showed the first clue that the water static
properties were modified near a quartz boundary over a 1 μm
thickness.16 They speculated that the quartz surface of the pore
walls was dominated by siloxane (hydrophobic) bridges,
adding the long-range hydrophobic forces as an interfacial
player. In a recent paper,17 using three different and
independent experimental setups, we confirmed the presence
of such a micrometer-thick interfacial water layer near the
surface of quartz.

We now aim to check whether this strikingly large interfacial
layer may be related to idiosyncratic features of one peculiar
inclusion or is ubiquitous, resulting from a specific surface
field(s). To do that, we followed our previous method-
ology,16,17 combining well-defined synthetic fluid inclusions
(SFIs), a quartz-made analogue of “natural” pores, with the
infrared energetic probe, measuring the vibrational energy that
is prominent in the total internal energy of water. The
interfacial layer was explored within cavities having three
distinct geometries of inclusion, containing three different
compositions of the occluded liquid, and finally along a 22−
155 °C thermal ramp.

2. MATERIALS AND METHODS
2.1. Synthetic Fluid Inclusions (SFIs). Fluid inclusions are

closed microcavities buried inside a crystal (i.e., typically quartz,
calcite, fluorite, and barite) hosting liquid−vapor (sometimes even
more complex) assemblages, with a constant composition and a nearly
constant total volume.18−20 Herein, SFIs were fabricated by
hydrothermal protocols and filled with liquid water, either a dilute
aqueous solution (∼100 μM) of silicic acid, or impregnated with
NaOH at different compositions.21−23 The presence of NaOH buffers
a very alkaline pH (∼12.2) in water, which is the best means of
promoting quartz solubility at room temperature (RT). Its addition
therefore drastically improves the smoothness and the homogeneity of
the inner surface walls.

Panels A−C of Figure 1 show the three SFIs with varied geometries
(SFI-1−3) that contain liquid water at equilibrium with a bubble of
saturated water vapor at RT. The second experiment tested three
other inclusions containing different NaOH aqueous solutions at 0.5
M [SFI-4 (Figure 1D)], 1 M [SFI-5 (Figure 1E)], and 2 M [SFI-6
(Figure 1F)]. The third set of experiments subjected the largest and
best-known SFI-1 (Figure 1A) to an increasing temperature, from RT
to 155 °C.

2.2. Mid-infrared Microspectroscopy. High-resolution FTIR
experiments were conducted at the Earth Sciences Institute of
Orleáns, ISTO (France). The state-of-the-art setup included a
Continuμm microscope coupled to a Nicolet 6700 FTIR
spectrometer featuring an XT-KBr beam splitter, both from Thermo
Fisher Scientific (USA). The microscope was equipped with a liquid
nitrogen-cooled mercury cadmium telluride (MCT) detector with a
window of 50 μm, coupled with a 32× infinity-corrected Schwarzs-
child type objective (NA = 0.65; WD = 7 mm) and a 32× condenser.
This system operated in the optical configuration known as “single
aperture dual path mode”, providing a confocal geometry in
transmission mode.16,17,24 With regard to the infrared source, we
utilized the unpolarized supercontinuum laser (Coverage, Novae)
operating in the mid-infrared range of 1.9−3.9 μm.25,26 This laser was
integrated with the spectrometer through an in-house-designed
optical configuration (see ref 17 for more details).

In this configuration, an aperture size of 5 μm × 5 μm was reached
with a high signal-to-noise ratio (SNR). The hyperspectral data
(spectral linear and rectangular maps) of the SFIs were acquired with
a 1 μm step size. Because the hosting quartz is opaque below 2000
cm−1 and the supercontinuum laser source emits a continuous
spectrum from 5260 to 2560 cm−1, each FTIR spectrum was recorded
in the spectral range of 2800−4200 cm−1, with a spectral resolution of
8 cm−1 and 256 scans. This spectral range corresponds to the OH
stretching band of water, which is the adequate signature for following
the H-bond networking in liquid water. It is known as the most
sensitive band for characterizing the molecular environment of each
molecule and its connectivity to the close neighbors, which feature the
thermodynamic activity of liquid water. The background spectrum of
the surrounding quartz matrix was recorded before each set of
hyperspectral data to remove the effects of any changes in
atmospheric CO2 and water vapor. All of the acquired spectra were
postprocessed, with baseline correction (by subtracting a linear
baseline in the interval of 2800−4200 cm−1), normalization with
Origin Pro version 2021, and removal of interference fringes done by
implementation of an algorithm in Igor Pro version 9.0 (see ref 17 for
further details of data processing). A statistical treatment of the
hyperspectral FTIR data was carried out through non-negative matrix
factorization, implementing a script/algorithm in Python version
3.11.1, on the Jupyter Notebook platform.
2.3. Thermal Study. The high-resolution FTIR experiments as a

function of temperature were performed by using the INS1402036
(INSEC) heating and cooling stage system. It comprised a stage, an
mk1000 controller, and an LN2-SYS liquid nitrogen cooling device.
This equipment allows one to work in a wide temperature range from
−196 to 600 °C with a high accuracy of ±0.1 °C. The thermal ramps
from 22 to 155 °C were performed at a rate of 10 °C/min associated
with a time of equilibration of 60 min.

Figure 1. Micrographic images of SFIs located in the quartz fragment, including three distinct phases: (a) solid (quartz), (b) liquid (water or
NaOH solution), and (c) gas (bubble of saturated water vapor). Among these, three SFIs labeled as (A) SFI-1, (B) SFI-2, and (C) SFI-3 contain
water, while the remaining three SFIs trap an aqueous solution of NaOH at concentrations of (D) 0.5 M (SFI-4), (E) 1 M (SFI-5), and (F) 2 M
(SFI-6). The rectangular dashed lines show the IR acquisition areas for each SFI.
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The thermal range was chosen after a microthermometric analysis
of our fluid inclusions, and Figure 2 exemplifies the procedure using

the data set obtained with SFI-1. Heating a liquid−air assemblage
inside the closed cavity of a fluid inclusion has been used for decades
as the most common way to delineate the phase diagrams of
numerous systems of geochemical interest.22 Setting the temperature
imposes pressure (with or without quartz volume variation) on the
fluid inclusion,27 which forcibly follows the liquid−vapor saturation
curve (blue curve in Figure 2). The size of the vapor bubble decreases
with T, until reaching a special temperature where the molar volume
of liquid under the P−T conditions exactly fits the total volume of the
cavity. This is the so-called temperature of homogenization, noted as
Th, obtained where the saturation curve crosses the characteristic
isochore of the trapped liquid. It is a unique temperature at which the
trapped fluid becomes single-phase (the fluid inclusion contains only
water) (see refs 22 and 28 for further details).

Heating the monophasic liquid beyond Th increases the pressure
along the steep isochoric curve (red curve in Figure 2). In that case,
the dP/dT Clapeyron slope is so large that pressure fluctuations put
the SFI at risk of being damaged by what is known as decrepitation,
namely the irreversible cracking of the quartz container.29 It is why we
did not exceed the Th value, recording the variations from RT to 155
°C. In what follows, the variation of the water pressure along that
range (from 23 kPa to 0.54 MPa) will be considered negligible, and
only the role of temperature will be discussed.

3. RESULTS
3.1. Hyperspectral FTIR Data Set. The inclusions were

mapped to obtain a hyperspectral FTIR data set (i.e., x−y
distribution of IR absorbances). Using the microbeam
provided by the supercontinuum laser setup,17 it was possible
to record how the OH stretching band profile changes, in
terms of peak position (wavenumber, in inverse centimeters),
peak intensity (corresponding to the absorption), full width at
half-maximum (fwhm), or peak area, from one part of the
inclusion to another, focusing here on the distance from each
beam location to the solid walls.

It is now well established16,17 that the water trapped in the
middle of the inclusion displays spectral features similar to
those of normal water, which is not the case for the water close
to the water−solid interface that exhibits a distinct spectral
profile. Consequently, water taken in the middle of the

inclusion is called “bulk water”, whereas approaching the cavity
walls, water is labeled “interfacial water”. According to previous
studies,16,17 interfacial water is systematically observed inside a
micrometer-thick layer along the water−solid or water−air
interfaces.
3.2. Geometry of the Container. On the basis of three

different geometries (Figure 3), we verified whether the
micrometer-thick layer observed in one inclusion depends on
the geometrical dimensions of the container. The first
inclusion displays a negative crystal shape [SFI-1 (Figure
3A)]; it is our sample of choice with which the chief previous
results were acquired.16,17 Its width (20 μm) and length (60
μm) are very large, separating the borders of the inclusion from
its interior. Moreover, its thickness (5 μm) is commensurate to
the wavelength, making it possible to observe specifically the
top and bottom interface through the confocal geometry of our
setup.24 The water−solid interface is marked by a specific
enrichment of the OH stretching band at high wavenumbers
(Figure 3B), with a maximum absorbance shifted to ∼3700
cm−1 instead of the usual value of ∼3400 cm−1. The interface-
marked band also becomes wider. The fwhm increases from
655 cm−1 for the bulk to 751 cm−1 for the interfacial water.
This widening is accompanied by a blue-shift (band displaced
toward higher wavenumbers) that is more visible on the low-
wavenumber side of the band than on the high-wavenumber
side (Figure 3A). Two x−y spectral maps are drawn (Figure
3B), one showing the absorbance at 3400 cm−1 (“bulk map”)
and another at 3700 cm−1 (“interface map”). These maps make
clear that the spectral interface-guided effect is visible over a
regular constant thickness (∼1 μm).

The second inclusion [SFI-2 (Figure 3C)] was chosen
because of its rounder, smaller shape (∼15 μm diameter),
wherein a bubble is trapped, affording a continuous thick layer
of water trapped between the bubble and the quartz walls. The
FTIR map allows us to clearly distinguish the liquid water mass
from the air bubble and displays the same spectral signature as
the previous inclusion over a similar micrometer thickness
(Figure 3D). Remarkably, we can record the layer sandwiched
between bubble and quartz that is clearly interface-marked
with the same spectral and thickness features seen for SFI-1
(Figure 3D).

The geometry of the third inclusion [SFI-3 (Figure 3E)] is
still different with a tubular elongated shape, without any
bubble in the recorded area of the FTIR map and therefore no
water−air interface. Moreover, this inclusion shows a minimal
wall−wall distance of 10 μm, making it possible to have one
spot per interface and one for the middle place, combining the
beam size and the step size. Here again, the regularity of the
interfacial layer, in terms of both the spectral signature and the
thickness, is remarkable irrespective of the proximity of the
facing walls or the cylindrical geometry (Figure 3F).

According to Figure 3, both the representative spectra and
the hyperspectral maps of the three SFIs show that the
absorbance varies steeply from bulk type water far from the
liquid−solid interface to a specific blue-shifted spectrum along
the quartz boundaries, with a strong additional peak in the
3700 cm−1 region. In our previous publication,17 we
demonstrated that the transition between the two regimes
appears sharply (at the beam size resolution) ∼1 ± 0.5 μm
from the solid boundary. Importantly, the findings presented in
this study affirm that the IR-based thickness of interfacial water
remains almost constant across the cavity shapes and
dimensions. This indicates that the underlying interface-driven

Figure 2. Phase diagram (calculated using ref 30) illustrated with the
SFI-1 microthermometric measurements. The liquid water and bubble
of saturated water vapor coexist along the water vapor saturation
curve up to the homogenization temperature (Th). SFI-1 displayed a
repeatable (10 times) Th of 155 °C.
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factor(s) contributing to this effect is independent of the pore’s
shape or dimensions.
3.3. Composition of the Occluded Solution. Changing

the composition of the occluded liquid in the fluid inclusion is

another important feature that can modify the spectral
signature of water. As interfaces modify the ionic distribution
(double-layer effect31−33), we might consider that our IR data
sets reflect a changing composition. To enhance the effect, we

Figure 3. Representative/average FTIR spectra of the bulk and interface in (A) SFI-1, (C) SFI-2, and (E) SFI-3. Absorbance distribution maps of
(B) SFI-1, (D) SFI-2, and (F) SFI-3 with regard to the two characteristic wavenumbers correspond to the bulk (featuring the 3400 cm−1 peak) and
interface (featuring the 3700 cm−1 peak).
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utilized a NaOH-bearing solution ranging in concentration
from 0.5 to 2 M. This solution significantly amplifies the
solubility of quartz, increasing it from 150 μmol/kgw at pH 6.8
when absent (SFI-1−SFI-3) to 0.43 M Sitotal at pH 12.2 (SFI-4,
0.5 M NaOH), 0.9 M Sitotal at pH 12.15 (SFI-5, 1 M NaOH),
and 1.87 M Sitotal at pH 12.15 (SFI-6, 2 M NaOH). These
molal concentrations have been calculated using the Pitzer-
based model implemented in the PhreeSCALE software
adapted to a high ionic strength and including the polymeric
silica-dissolved species.34−36 The dissolved silica is mainly
anionic at these pHs, buffering the pH with respect to the
increasing amount of the Na cation. Figure 4 reports the

micro-FTIR spectra of NaOH solutions taken either in the
middle of the inclusion or along the water−solid interfaces.
The bulk data set shows no significant differences with respect
to the very dilute water recorded in the previous inclusions
(i.e., SFI-1−SFI-3) regardless of their NaOH and Sitotal
concentrations.

The “interface” spectral data set displays similar features as
before, with a blue-shift and a band widening, making clear that
the composition is not responsible for the main features of the
interfacial signature. In detail, increasing the concentration
causes a slight variation with higher absorption values of the
main peaks and a blue-shifted behavior by ∼20 cm−1 per mole
of NaOH. These features are of secondary significance with
respect to the strong impact of the interface and therefore
establish that the interfacial signature cannot be related to a
composition-guided driving force. They also outline the
sensitivity of the micro-FTIR probe to record how the water
rearranges along interfaces.

The three NaOH-bearing inclusions are small and have
varied geometries. More precisely, SFI-4 and SFI-5 are
everywhere larger than one beam spot, and the linear maps
display the now-usual feature, with a sequence of interface-
marked signatures followed by bulk spectra (Figure 5A,B). SFI-
6 (Figure 5C) shows a peculiarly interesting linear map.
Herein, the distance from one wall to the other is limited to 4
μm, while the beam is 5 μm. Moving the beam from the quartz
container to the inclusion allowed us to obtain the interfacial

“usual” signal, which disappeared when the beam crossed a
large amount of in-cavity water. This means that the beam
cannot record the interfaces when they are diluted by a large
amount of bulk water, even if it is certain that part of the beam
is crossing the water−solid interface. The interfacial signature
can be recorded only when moving the beam from the quartz
crystal and entering very progressively inside the cavity (step
size of 1 μm), to illuminate only (or mainly) the interfacial
zone. When moving from the edge to the center of the cavity,
the IR beam encompasses progressively more and more of the
bulk water and proportionally less and less of the interface.
There is therefore a possible dilution of the interfacial
signature once the beam is involved in the bulk compartment.

Consequently, we confirmed with this data set that the
geometry of the water-bearing cavity does not affect the scope
of the interfacial signature or the composition.

This relative insensitivity of interfacial water to pH can be
confronted with SFG measurement, which displayed a strong
pH-guided spectral variation of water deposited on hydrophilic
materials.37,38 The very classic interpretation refers to the
modification of the surface charge of silica with pH that
determines a modification of the connectivity of the hydrogen
bonds between surface water and the solid surface. With
hydrophilic materials, as the pH increases, the connectivity
increases, and the band promotes the absorbance at small
wavenumbers. With our hydrophobic quartz walls,16 the water
spectra barely change from pH 6.8 to 12.2, which gives strong
grounds that the connectivity between H2O molecules and the
quartz surface is very low, related to the hydrophobicity of the
surface. Many experiments (e.g., refs 39−43) and theoretical
simulations (e.g., refs 44−46) detected a layer of small
nanobubbles along hydrophobic walls, or alternatively a water
layer at a very low density, which characterizes the absence of,
or the very low, connectivity between the extended hydro-
phobic surface and water.

Finally, we recorded a hyperspectral map on the smallest
round inclusion (i.e., SFI-5). Figure 6 shows the yet-classical
scheme with the interfacial layer developed all around the solid
walls.
3.4. Effect of Temperature. A subsequent temperature-

dependent study intended to disturb the interfacial signature
by providing a significant amount of external energy. The key
target is to record how the interface signature behaves against a
strong energetic perturbation. The thermodynamic significance
of the temperature-dependent signatures is also of great
interest for deciphering the underlying driving force,
particularly in the context of enthalpy−entropy compensation.

In terms of procedure, a series of FTIR measurements were
recorded by increasing temperature from RT (22 °C) to Th
(155 °C), differentiating the middle part of the inclusion from
the wall area (Figure 7). The profile of the spectra (i.e., main
peak position, band shape, and absorbance values) exhibits T-
dependent variations while maintaining the constancy of the
key features that distinguish a bulk spectrum (in the middle)
from an interfacial one (at the edge). The spectral behavior of
water is marked by a blue-shift with an increase in temperature
as expected,47−58 for both the bulk and the interfacial regions
(rear arrows in Figure 7). The most remarkable fact is the
observation that the interfacial signature is constantly present
throughout the thermal ramp and is blue-shifted by T as the
bulk. This observation is definite proof that the interface
signature is not a local artifact and is related to a

Figure 4. Micro-FTIR spectra of water and a NaOH solution with
different concentrations in the bulk (dashed line) and near the solid−
liquid interface (solid line).
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thermodynamic field force that is itself sensitive to the physical
conditions.

The SNR, however, decreased during the measurements
between 105 and 130 °C (Figure 7), due to the shrinking of
the trapped bubble with T. Because the size of the bubble
decreases, the wall-to-wall adhesion is lost and the bubble
starts moving freely inside the cavity, intercepting the beam
from place to place and even following it. Consequently, the
bubble spectrum overlays the liquid water spectrum, leading to
a decrease in the SNR and a deformation of the final spectra.

The blue-shift with T can be closely examined by looking at
the isosbestic point. This point represents the wavenumber at
which all absorption curves acquired at different temperatures
intersect, exhibiting identical wavenumber and absorbance

values. Certain authors remarked that the isosbestic point can
slightly migrate with T, which is why they prefer to call it a
quasi-isosbestic point.47 This crossing point is commonly
linked to an equilibrium between the H-bonded and non-H-
bonded water molecules48,57,59,60 or between molecules
engaged in extended connective networks and those outside
these networks.47 This two-state scenario requires H-bonds
being formed and broken in a collective mode, a proposition
against which many authors are strongly advocating (e.g., ref
61) because it may involve the existence of localized “clusters”
congregating some H2O molecules in two specific ways. In
Geissler’s viewpoint, the isosbestic point is assigned to the
inhomogeneous broadening of the stretching band with T
without any link to two molecular populations.61 Marećhal51,62

Figure 5. Variation of the OH stretching band recorded across the (A) SFI-4 (0.5 M NaOH) (from point B to I), (B) SFI-5 (1 M NaOH) (from
point B to point K), and SFI-6 (2 M NaOH) in a narrower scope (4 μm length, from point B to point H). Black lines (dashed−dotted line)
correspond to quartz, green lines (solid line) to the near liquid−solid interface, and purple lines (dashed line) to bulk behavior.
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outlined that the continuous picture is not at all exclusive of
the existence of two types of H2O molecules, if looking at the

complete spectrum of water and not only at the intramolecular
stretching band (as done by Geissler). In these two papers,

Figure 6. Absorbance distribution maps of SFI-5 (1 M NaOH), regarding the two characteristic wavenumbers, correspond to the (A) bulk (at 3400
cm−1) and (B) interface (at 3700 cm−1).

Figure 7. Average/representative spectral variation of SFI-1 at seven different temperatures (from RT to Th) in the (A) bulk and (B) interface.

Figure 8. FTIR absorption spectra depicting OH stretching bands in (A) bulk water and (B) interfacial water, obtained from the differences
between the spectra at various temperatures (T) and room temperature (RT).
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Marećhal demonstrated the coexistence of two types of water
molecules: one in its fundamental state and one in its first
excited librational state. The latter retains greater rotational
amplitudes and therefore displays a shorter relaxation time. In
this conceptualization, the presence of two populations is
replaced by the presence of two types of H2O molecules,
statistically distributed in the water network, but of varying
proportion as a function of external constraints, for instance, T
(see especially ref 62). The observation of an isosbestic point
becomes compatible with a continuous distribution of H-
bonds of various energies that rapidly interchange due to the
great amplitude libration of molecules, but according to two
time scales due to the two librational features. Moreover, the
T-driven band broadening of the stretching band was
recognized51 as an effect of H-bonded systems, again attributed
to couplings of intramolecular vibrations with intermolecular
modes, typically the couplings between the OH stretching and
the librations.

The wavenumbers of the isosbestic point for liquid water in
the range of 0−100 °C have been reported to be 3460
cm−1,50,59 3480 cm−1,47,51 and 3550 cm−1.62 The position of
the isosbestic point in the middle of the inclusion (i.e., bulk
water) is here measured at 3614 cm−1 and shows no shift with
T (Figure 8A). This means that bulk water retains a “true”
isosbestic point that is located at wavenumbers higher than the
previously published position. This adds new evidence that the
in-cavity water is slightly band-broadened with respect to
“normal” water, especially toward higher wavenumbers as
recently concluded.17 The interfacial water does not display a
clear isosbestic point (Figure 8B), especially with the
intermediate T values, 55 and 85 °C, the blue-shift of which
is similar to that of RT. Only reaching the highest T seems to
“restore” the isosbestic behavior. Unfortunately, 105 and 130
°C had to be discarded because of the spectral deformations
induced by the superimposition of the air bubble during the

measurements (Figure 7A,B). For the two highest T values,
145 and 155 °C, the isosbestic point slightly migrates with T
and behaves as a quasi-isosbestic point47 at 3658 cm−1,
therefore at a value still larger than that of the bulk. This very
specific behavior once again outlines that within a large
interface region water is significantly modified from the bulk.
Moreover, this T-dependent eclipse of the isosbestic behavior
is puzzling, especially considering that both the interface and T
have a blue-shifting influence. The absence of any isosbestic
point up to at least 85 °C indicates that the influence of T is
overcome along that T range by the interfacial field that froze
the water reorganization in a new state that is not significantly
affected by the change in T. When T reaches a certain
threshold between 85 and 145 °C, the impact of T can
predominate over the interfacial one, restoring therefore the
isosbestic T-based behavior.

Finally, we compared the absorbance distribution maps of
SFI-1 at 22 and 155 °C (Figure 9). A direct comparison of the
hyperspectral maps between the two extreme temperatures
(RT and Th) reveals two major features. (i) The thickness of
the interface-driven effect, i.e., the distance over which the
interface signature is detected, remained almost constant,
possibly slightly increasing. (ii) The intensity of the surface-
imprinted signature increases with T, resulting in a more
marked surface water layer at high temperatures.

4. DISCUSSION
4.1. Statistical Analysis of the Hyperspectral Maps.

Non-negative matrix factorization (NMF) is a statistical
treatment employed to reduce the dimensionality of the data
sets and increase interpretability while preserving the
maximum information based on the multivariant analysis of
the hyperspectral data.63−65 NMF decomposes a data set
matrix into its two non-negative matrices whose dimensionality
is uneven and chooses the best factorization rank and the

Figure 9. Hyperspectral maps of SFI-1 acquired at (A) 22 and (B) 155 °C showing the distribution of absorbance at two characteristic
wavenumbers: 3400 cm−1, which relates to the bulk, and 3700 cm−1, which represents the interface water behavior.
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number of components that are meaningful to the analysis. In
NMF, one matrix represents the spectral signatures indicating
different components (often termed “scores” or “basis
vectors”), and the other expresses the information about the

presence and contribution of these components (also known as
“loadings” or “coefficients”).66,67

In our Python script, the function was designed to provide a

comprehensive visualization by plotting the components

Figure 10. Non-negative matrix factorization (NMF) analysis of FTIR hyperspectral maps. NMF1 at (A) RT and (C) Th and NMF2 at (B) RT and
(D) Th compared to their representative/average measured spectra.
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alongside their corresponding map representations, illustrating
the distribution of each component across the entire map. The
input spectra typically consist of the matrix detailing the
contributions of components within each spectrum, capturing
the variations across the data set. Meanwhile, the array of
scores will encompass the distinct components under analysis,
facilitating a clear understanding of their individual impact
within the data set. This combined visualization approach
offers valuable insights into the spatial distribution and relative
importance of each component, enhancing the interpretability
of the results of the analysis.

Figure 10 shows the scores and loadings of that analysis as a
function of the IR beam location in the inclusion at the two
characteristic temperatures, RT and Th. NMF analysis affords
two components. The first component (NMF1) is almost
equivalent to the measured spectrum of bulk water at the two
T values (Figure 10A,B). The second component (NMF2)
reveals a spectrum that is deeply different from that of the bulk
but also different from the interfacial data set. The additional
peak at ∼3700 cm−1 appears and predominates, as was already
concluded from measurements at the two T values, but an
important lack of contribution from the low-wavenumber
region of the band characterizes this NMF2. It is obvious that
the mean coordination of the water molecules located close to

the quartz wall clearly decreases. The two NMF components
correspond to the two “extreme” behaviors that can be
extracted from the statistical diversity of the data sets, without
any external constraints to guide the NMF toward a specific
spectral profile. Interestingly, the loadings are 56.87% for
NMF1, 9.95% for NMF2, and 33.18% for quartz (normal-
ization to 100%), leading to the conclusion that the respective
behaviors are neatly marked in the data set. The NMF2 score
shows a spectrum that differs from that of the bulk but also
from the mean measured spectrum along the interfaces. NMF
analysis maximizes the difference but is basically linked to the
data sets, so each score is the extreme value that can be
extracted from the total extent of spectra existing in the data
set. It is consequently possible that the “true” interface signal
would not be the one we have measured but something still
different, closer to NMF2. This analysis does suggest that the
interfacial signature is at a still smaller scale than our
combination of the beam probe and beam size delineates.
What we are calling the interfacial layer over 1 μm may be a
convolution of water involved in a thinner interface with bulk
water.

The influence of the interface signature is retrieved here as a
blue-shift, consistent with the raw data. Specifically, the bulk-
to-interface shift of the main peak is 214 cm−1 at RT and 195

Figure 11. Main peak parameters, such as (A) peak position, (B) fwhm, and (C) sub-band fraction (contribution of each sub-band) in the bulk
(left) and interface (near the quartz boundary) (right) at different temperatures.
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cm−1 at Th (9% variation), evidencing that (i) the interface
field is energetically expensive (∼2.5 kJ/mol after the main
peak variation) and (ii) the interface takes place at a pretty
similar cost regardless of the T. Additionally, the T-dependent
shifts of the main peak are 63 cm−1 for the bulk from RT to Th
and 44 cm−1 for the interface over the same range, which can
be considered as a similar variation. These two remarks are
consistent with what was concluded from the raw data in the
T-dependent study (section 3.4).

The most interesting observation is that the interface
signature is much different from the bulk, probably at a scale
thinner than that of the probe. As a result, all of the data sets
are prone to being interpreted with a simple core−shell model,
as promoted previously for water trapped in hydrophilic 8−
320 nm pores.11 Of course, their observations were exactly the
opposite (i.e., enrichment of low-wavenumber components of
the OH stretching band of water), due to the hydrophilicity of
the substrate and the role of confinement. In our ultralarge
pores, no confinement effect can be expected, so that the pore
size has no impact, and the walls are hydrophobic as described
previously.16,17 The basic idea is that the interface spectral
signature is large enough to imprint the IR band as long as the
volume ratio of the surface layer versus the bulk domain “seen”
by the microbeam would be “sufficient” (no number here).
From that viewpoint, the band broadening of what we call
“bulk water” in this paper with respect to normal water17

would be a remnant signature of this convolution. Even in the
middle of a large inclusion, the 5 μm microbeam forcibly
crosses the top and bottom quartz−water interfaces. As the
spectral plane of the beam (wavelength varies from 3.33 to
2.63 μm along the stretching band) is commensurate with the
thickness of the inclusion (5 μm), all measurements contain a
certain fraction of an interfacial signature. At present, the quest
is toward reducing the beam size, possibly using submicrom-
eter IR imaging, to obtain experimental measurements of this
“true” interface signal.
4.2. Decomposition of the FTIR Spectra. To go further,

we decomposed the OH stretching band into three Gaussian
sub-bands,11,47,68−71 each directed toward a specific population
of probed molecules defined by the number of close neighbors
(i.e., degree of connectivity or H-bond coordination
number).69,72−76 The decomposition was done using the
peak analyzer function tool of OriginPro version 2021, and a
least-squares regression value of >0.993 allows the validation of
the chosen models. The regression is carried out with the
wavenumber of each sub-band let free inside a spectral range:
3150−3350, 3351−3550, and 3551−3750 cm−1 for the first,
second, and third sub-bands, respectively. Meanwhile, the
fwhm and integrated surface area parameters were left free.

The first low-wavenumber component (3231 ± 34 cm−1) is
related to the strongly H-bonded water molecule [network
water (NW)] having a coordination number close to four. The
second component with an intermediate wavenumber (3429 ±
21 cm−1) corresponds to water molecules with a coordination
number from two to three, called intermediate water (IW).
The last one (high wavenumber, 3628 ± 36 cm−1) can be
assigned to the less connected water molecule with a small
number of H-bonds (one to zero); they are considered
multimer water (MW).11,16,47 The sub-band contribution (sub-
band fraction) to the water spectra can be easily calculated as
the ratio between the integrated area of each sub-band (AiW) to
the total integrated area (∑AiW).

Accordingly, the temperature evolution of the peak position
(wavenumbers, inverse centimeters), the fwhm, and the sub-
band contribution to the total band are plotted in Figure 11 for
bulk and interfacial water. At RT, the comparison of bulk and
interfacial water reveals that the interfacial water is
predominantly influenced by the IW fraction over the NW
fraction (Figure 11C), whereas classically the predominance of
the NW is one of the main infrared features of liquid water.
This implies that water molecules exhibit a reduced degree of
average self-networking when approaching the solid walls. We
are quantifying the change by plotting the NW/IW ratio,
which is 2.16 for bulk water and decreases significantly to 0.77
along interfaces. This fact points to the reduced activity of
tetrahedrally connected molecules together with an increasing
activity of less connected molecules, which requires a mean
breaking of H-bonds from the bulk to the interface,
corresponding to an enthalpic penalty. The fwhm of interfacial
water (Figure 11B) is also atypical with a larger value for the
IW sub-band than for the NW sub-band. It is another clue for
the same conclusion: the IW population becomes predominant
along the interface over the NW population, which usually
occupies the widest spectral surface and constitutes the larger
fraction in liquid water.

The T-dependent evolution in Figure 11 is also interesting,
as evidenced by the slopes of the curves. All considered
parameters for the three sub-bands display similar slopes of
variation with T among interfacial and bulk water, but these T
slopes are systematically slightly larger for the interfacial
behavior. Only the wavenumbers of MW with T along the
interface are the exception, showing a (limited) decreased
sensitivity to T compared to that of its bulk counterpart, to the
benefit of the IW band.

We can detail this similarity of the T dependence between
the two domains. The general blue-shift of the main peaks of
the three sub-bands for the bulk and interfacial water (Figure
11A) demonstrates a connectivity loss with an increase in T as
liquid water becomes more volatile. The band intensity also
decreases for water within the two domains, a common
observable when liquid is heated.57 The fwhm of the two types
of waters (Figure 11B) exhibits a decreasing pattern for NW
and an increasing trend for IW and MW, indicating the
reduced activity of tetrahedrally connected molecules as the
temperature increases, to profit from the two other
contributions, especially the IW that increases the most. The
fraction of each sub-band (Figure 11C) reveals a substantial
decrease in the NW fraction with an increase in temperature,
while the other two fractions experience an upward trajectory.
As a whole, the three parameters examined with T make it
clear that the temperature promotes a certain degree of H-
bond breaking in the H2O network, which is quite consistent
with the decreasing latent heat of vaporization.

Then, we can discuss how interfacial water deviates from
bulk behavior. Along the interface, each sub-band shifts toward
higher wavenumbers with T like those of the bulk, but either
more than those of the bulk (IW and NW) or less than those
of the bulk (MW) (Figure 11A). The IW peak shift with T
explains most of the general peak variation through T,
demonstrating that it represents the population most relevant
to characterization of the interface behavior. In terms of fwhm,
the IW sub-band of interfacial water at RT neatly overcomes its
NW counterpart, making it clear that the contribution of these
IW populations strongly controls the average percolation of H-
bonds. As T increases, both sub-bands, namely, IW and NW,
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exhibit patterns similar to those observed in the bulk, where
there is a positive slope for IW and a negative one for NW.
However, there is a intensification of the noticeable gap
between them. This occurs because the fwhm of the NW
decreases, whereas the fwhm of the IW increases more than
that of the bulk (Figure 11B). At 155 °C, the sum of two
fwhm’s of NW and MW in bulk covers together only half of the
fwhm of IW in the interface. The decreasing coordination
number of water molecules along the quartz boundary is
therefore enhanced with an increase in T more than the trend
shown by bulk water. In molecular terms, this situation
corresponds to an increasing distance between neighbor
molecules and a varying length of the O−H···H bond.71

Averaging that fact over a large number of molecules means
that the average intramolecular force decreases, leading to the
fading of the H-bond of each molecule established with its
possible neighbors. Again, this conclusion is in line with the
enthalpic cost of the interfacial reorganization, because it
means a diminishing average potential energy of interaction
between molecules.77 The sub-band fraction also exhibits
interesting trends. As T increases, there is a convergence
between NW and MW, each representing 20% of the total
population at 155 °C, while IW predominates (60% of the
total). This represents a significant distinction from bulk water,
where the populations of NW and IW are both slightly <50%
each at 155 °C, even though NW still holds a predominant
position. As a consequence, the most significant feature of
water involved in the interfacial layer is a chaotropic (IW
predominance) effect sensitive over almost 10 000 water
“monolayers”. This observable forcibly corresponds to both
an enthalpic penalty, namely an average disruption of H-bonds
from bulk to interface, and an entropic driving force, echoing a
decreasing degree of order of the intermolecular correlations.77

This chaotropic effect is either constant or possibly slightly
enforced with T, according to the (modestly) increasing T
slopes of the various parameters when coming closer to the
quartz walls (Figure 11). The interfacial water appears thus
enthalpically penalized, entropically promoted, and globally
chaotropized, making it slightly more sensitive to the thermal
supply than the bulk. In other words, the lower average
molecular connectivity of interface water enhances its
sensitivity to the heat supply, namely, decreases the heat
capacity of water along the interface. However, this conclusion
is at odds with what we inferred from the NMF features, where
the interface seemed more independent of T than bulk water.
Obviously, any definite conclusion about that precise point is
blurred by conceptualizing the interface region. On the basis of
the results obtained from NMF, it appears that a core−shell
model could potentially align with the data. At this stage, we
cannot proceed without more spatially resolved data sets.

All of these FTIR measurements and their decomposition
can be usefully compared with results obtained from water
confined in nanoporous hydrophilic silica materials. These
systems have opposite wall wettability (i.e., solid surface
chemistry), and interestingly, they exhibit opposite trends.
Water on hydrophilic silica displayed a decreasing density and
surface tension,71,78 an increasing heat capacity,79 and a red-
shift of the OH stretching band with an increase in NW and a
decrease in IW.11 In this last very complete study,11 the
authors postulated that the red-shift comes from a surface shell
of water molecules superimposed to the normal behavior
expressed in the rest of the nanopore (from 8 to 320 nm), a
core−shell model of in-pore water. They determined that this

surface layer varies with pore size from 3 to 30 nm. The silanol
surface groups, characteristic of hydrophilic materials, are
assumed to play a major role in that confinement effect,
congregating highly coordinated water molecules.11

This simple comparison, revealing analogous yet opposing
trends during the transition from interface-free to interface-
driven signatures, prompts the conclusion that hydrophobic
forces play a pivotal role. These forces disrupt water hydrogen
bonding, leading to a reduction in cooperativity, an increase in
entropy (indicative of order loss), and an increased enthalpy
due to the cleavage of hydrogen bonds. Consequently, the
emergence of interfacial water can be attributed to a chaotropic
effect, in particular, the loosening of hydrogen bonds. This
effect is intricately linked to the diminished cooperativity of
water close to the hydrophobic pore walls. Finally, it is worth
mentioning that the link between the two surface-driven
situations remains debatable, with no confinement in our
ultralarge (in terms of confinement threshold) liquid-bearing
cavity, compared to the confinement possibly arising in
nanopores.

In conclusion, two synergistic effects played a role in
forming the IR signatures of the in-cavity water: (1) the
thermal effect and (2) the interface-driven effect. The
geometry of the container and the composition of the
occluded liquid did not imprint the IR spectra, at least
commensurably to T and solid walls. The proximity of the
hydrophobic solid boundary, with an increase in T, results in a
chaotropic effect on water molecules altering its vibrational
energy. Also, we outline that our data sets certainly
underestimate the actual behavior due to our methodology.
Along the thermal ramp, the water pressure increases, actively
promoting connectivity, counteracting disorganization, and
consequently attenuating the effects promoted by both T and
the interface.
4.3. FTIR-Derived Thermodynamics of the Water−

Solid Interface. As mentioned in the previous section, the
way the IR energy is absorbed by water offers many insights
into its thermodynamic properties. Enthalpy (H) refers to the
exchangeable thermal energy that can thermochemically
accumulate in condensed matter through extension of the
inner bonding network and the strength of this bonding. In
that sense, the degree of molecular self-association is a measure
of the enthalpy, meaning that undergoing a transition from a
high to low degree of self-association (e.g., decreasing NW sub-
band) requires that an enthalpic cost be paid. Entropy (S)
measures the degree of order of matter and, therefore, relates
to the degree of freedom of each molecule in an extended
molecular network. An increasing degree of disorder means an
increasing degree of freedom that has an IR expression in
terms of enlarging the attainable level of energies, widening the
corresponding band. Both properties, H and S, are inter-related
in terms of Gibbs free energy (G) by the relationship G = H −
TS, so that variable H and S may compensate up to a nearly
constant G, a well-studied effect for chemical reactions in
biological systems.80−82 According to the findings presented
above, the bulk-to-interface water rearrangements qualitatively
translate into an increased entropy and enthalpy, making it
difficult to anticipate the change in Gibbs free energy.

We are hopeful that an independent path for calculating the
Gibbs free energy is offered by the partition function
developed recently.16,57,70 It consists of summing the wave-
number of all of the inter- and intramolecular water modes to
deduce the Gibbs free energy, assuming it depends on only the
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vibrational energy (see ref 57 for details and the Supporting
Information for an overview of the equations).

As previously highlighted, our experimental setup allows us
to exclusively record the intermolecular stretching band
because of both the laser wavelength and the quartz cutoff
wavenumber. As a result, the IR-to-thermodynamic conversion
is performed assuming that all modes other than intra-
molecular stretching are not changing close to the walls and are
taken to be equal to the values reported in the literature for
liquid water as a function of temperature.57,70,83 At 155 °C, for
which no literature data are available, the values are
extrapolated from what is known at lower temperatures (−10
to 90 °C) with T-dependent regressions.

The key characteristic of the conversion technique is
calculating not an absolute value of the Gibbs free energy,
but a variation relative to a reference situation (i.e., mean bulk
water) to avoid the accumulation of uncertainties and
imprecisions.16,57 Consequently, the calculations showed the
differences in the Gibbs free energy (ΔG) from the center (i.e.,
bulk water) to the borders of SFI-1 (i.e., interfacial water).
This relative approach affords a large value of dΔG between

the bulk and interface regions, which reaches 600 J/mol at RT
(Figure 12A) and 1000 J/mol at Th (Figure 12B) over an
almost similar thickness of 1 ± 0.5 μm. This method refines
what can be deduced considering only the main peak change
from one situation to another (see above).

Marechal51,62 outlined the co-variation that is expected
between the intramolecular stretching and the librations. The
shift at markedly higher wavenumbers of the stretching band is
associated with a decrease of its intensity point to weaker H-
bonds. These weaker H-bonds persist with the appearance of
the libration band at smaller wavenumbers (equivalent to
librations of great amplitudes). Considering this proposition,
we recalculated the Gibbs free energy of interfacial water with
the same procedure described above but making the librations
band diminish by 10% in wavenumber and 5% in absorbance at
the bulk−interface transition. When this assumption is taken
into account, the dΔG between the bulk and interface regions
shows a less pronounced variation by ∼30% (reaching 417 J/
mol) at RT and by 34% (reaching 668 J/mol) at Th.

For a clearer visualization of how T enhances the interface
effect, a point-by-point map of the difference in dΔG between

Figure 12. Maps of the variation of the Gibbs free energy all along SFI-1 at (A) RT and (B) Th (155 °C) and (C) differences between the Gibbs
free energy at RT and Th (B minus A).
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RT and Th was generated (Figure 12C), using only variation of
the stretching band. In this representation, the bulk region is
distinctly indicated by a uniform greenish color, underscoring
that the bulk area remains unchanged between RT and Th and
responds consistently to the temperature conditions. Under-
going a transition to the micrometer-thick interface region, the
difference in dΔG between RT and Th reaches 400 J/mol,
indicating two significant findings. (i) Temperature enhances
the interface effect but it does not spawn it, as the effect is
discernible even at RT. (ii) The interface responds more
dynamically to the temperature increment compared to bulk
water. This observation, similar to a deduction drawn from the
examination of sub-bands, but not evident from the NMF
analysis, corresponds to a diminishing H-bond network in the
interfacial region, with the predominance of the IW
component. This shift is attributed to an enthalpic penalty
incurred due to the hydrophobic effect. As a result, the shift
from the bulk to interface is magnified with an increase in T,
widening the gap between what is expected and what is
experimentally measured.

Increasing the Gibbs free energy of a phase leads to
modification of the solubility levels of any solid and gas
reacting with water under such conditions. Additionally, this
significant change in the chemical reactivity of liquid water
takes place over a micrometer-thick domain, rather defining an
interfacial domain than a sharp interface. In that respect, both
the variation of the thermodynamic potential and the
enormous amount of active water give us reasons to modify
our view of a liquid−solid interaction on the multiphase
boundary scale. Due to the thermal sensitivity of this interface-
driven effect, the practical consequences of the water−rock
interactions will be maximized for the high-T diagenetic or
hydrothermal processes.

5. CONCLUSION
In this investigation, we evaluated the effect of three physical
and chemical parameters on the stability of the thick interface
previously recorded16,17 by micro-FTIR hyperspectral maps.
The geometry of the cavity, the composition of the occluded
solution, and the temperature were successively studied. This
was achieved using a supercontinuum laser-based FTIR
microspectroscopy technique applied to water occluded within
SFIs in transmission mode. In a manner independent of cavity
geometry, liquid composition, and temperature, the results
show the presence of a ubiquitous micrometer-thick water
layer with properties distinct from those of bulk water. The
former layer is aligned all along the quartz−water edges, while
the latter occupies the central volume of the cavity. This
observation underscores the significance of the interfacial
reaction zone, revealing a distinctive thermodynamic activity,
contrary to conventional expectations. We have observed that
interfacial water displays fewer hydrogen-bonded molecules
than does bulk water (33% less well-connected water
molecules at room temperature and 35% at 155 °C). We
propose that this fact derives from interface-driven forces,
specifically the hydrophobic force emanating from the solid
boundary.

From a spectral point of view, the interfacial behavior of
water was distinguished by an additional peak at ∼3700 cm−1,
which is attributed to the less connected water molecules in
the water spectra. The molecular networking of interfacial
water is dominated by IW (two- or three-connected
molecules), a fact promoted by T, which is strikingly different

from bulk water dominated by NW even at high T’s. Moreover,
the peak at ∼3700 cm−1 becomes more intense at high
temperatures (≤155 °C), which means that temperature and
wall proximity both have a chaotropic effect on the molecular
networking of water by decreasing their coordination number.

Our findings suggest the existence of a surface force field
associated with the presence of a solid boundary, capable of
altering the energetic distribution within the molecular
network of an interacting fluid. The statistical interpretation
of the T-dependent experiment provides grounds for
conceptualizing this spectrum-thick layer as the convolution
of a true “physics-based” thinner layer with bulk water. In that
sense, the recorded thickness would result from the relatively
large size of the microbeam with respect to the underlying
process(es). Only measurements at still better submicrometer
resolution may clarify this hypothesis. Regardless of the correct
interfacial sketch, water inside this region imparts less energy
to the four-connected molecules compared to other H-bond
configurations, thereby inducing a significant shift in the
thermodynamic activity of liquid water. As already illustrated,84

water at nonpolar surfaces is at a higher interfacial energy
because the self-association of water is promoted while the
surface water interactions are dominated by dispersive van der
Waals forces. This yields an extended or open water structure
at a density lower than that of bulk water, requiring that the H-
bond network of interfacial water directly adjacent to a
nonpolar surface be interrupted, giving rise to “dangling H-
bonds” that are responsible for the large 3700 cm−1 peak.

To quantify the reactivity of fluid−rock interactions along
the multiphases, the thermodynamic properties were deduced
from the FTIR spectral signature. The result reveals a
micrometer-thick interphase region that may constitute a
distinct domain with specific thermodynamic features. The
Gibbs free energy of this domain is higher than that of the
bulk, and this trend is enhanced by T. Water along
hydrophobic interfaces is therefore more reactive (or less
stable) than bulk water.

Overall, these findings lead us to conclude that the
interphase domain should be involved in interpreting water−
rock interactions in pores, channels, and cavities. The key
aspect is that this interphase, in terms of both intensity and
propagation scope scale, relates to the chemical nature of the
pore walls, which is consistent with other recent findings.15

Our data set points to paying attention to the hydrophilic−
hydrophobic characteristics of the inner pore walls (i.e., solid
surface chemistry), which cooperate in these synergistic in-
pore processes as a prominent actor in the water−rock
interactions and therefore of the mineral solubilities.
Complementary studies based on hydrophilic and hydrophobic
fluid inclusions are currently attempting to go beyond this
inference to quantify the thermodynamic shift in terms of the
hydrophobicity scale.
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