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Environmental Significance Statement

Oxide nanopores, including silica, are abundant in the environment. When water is nanoconfined
by surfaces in nanopores it exhibits anomalous physico-chemical properties, compared to
unconfined counterpart. As a result, interfacial reactions inside nanopores are associated with
higher enthlpies, enhanced chemisorption and irreversible surface complexation reactions. Here
we show that nanoconfinement strengthens hydrogen bonds in near-interfacial regions and
weakens them in the nanopore volume. This finding has important implications for the chemical
reactions confined inside nanopores in the environment: the chemical species residing near pore
surfaces experience strong H-bonding interactions that affect reactions involving charge transfer
or solvation; alternatively, for chemical species in the middle of the pore H-bonding interactions
in water are weakened, leading to a decreased energetic cost of de-solvation and corresponding
shifts in the equilibrium constants. Furthermore, weakened H-bond interactions in the nanopore
volume could indicate a decrease in the liquid-vapor phase transition temperature, similar to the
well-known decrease in the liquid-ice transition temperature. These findings pave the way for
more accurate fate and transport models for chemical species in the environment, where reactive

surfaces are often nanoconfined.
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Abstract

Hydrogen-bonding (H-bonding) networks in liquid H,O define its reactivity and physico-
chemical properties. In nanopores, H-bonding is not easily predictable due to the competing
effects on water structure from the opposing surfaces. Here we explore H-bonding under
nanoconfinement in silica nanopores. We use isotopically dilute deuterated water to exclude
intermolecular oscillator coupling effects, and utilize temperature-controlled Raman
spectroscopy, water sorption measurements, and molecular dynamics simulations to decipher H-
bonding structures and energetics. We found two opposite trends for H-bonding under
nanoconfinement: in the interfacial binding layers at the silica surfaces nanoconfinement
increases H-bond strength, while in the body of the nanopore H-bond strength is decreased in
comparison to bulk solutions. The existence of two populations of water in nanopores could lead
to the contrasting reactivity trends under nanoconfinement for the chemical species residing near
pore surfaces versus those residing in the middle of the pore. In the near-interfacial regions,
strong H-bonding environments affect reactions involving charge transfer and solvation;
alternatively, in the middle of the pore weakened H-bonding interactions could decrease de-
solvation costs and shifts equilibrium constants. The observed H-bond weakening in SiO,

nanopore body may indicate a decrease in the H,O liquid-vapor phase transition temperature.
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Introduction

In liquid phase, H,O dipoles arrange into 3-dimensional hydrogen bonding (H-bonding)
networks, where one H,O can interact with up to four other H,Os donating and accepting H-
bonds.! H-bonding in water and aqueous solutions and associated long-range interactions define
water’s unique physico-chemical properties and mediate all reactions taking place in aqueous
solutions, including those in the living matter.?> Scientists have long recognized that confining
water at the nano-scale results in unexpected chemical behaviors, including anomalous dielectric
response,> 4 decrease in the density and surface tension,> ¢ increase in gas solubilities,” unusual
charge separation and decrease in the local pH,? shifting phase boundaries® and glass phase
transitions,!? and higher apparent viscosity.!! A question arises — is water confined in solid
nanopores equivalent to interfacial water layers at solid-water interfaces? In our conceptual view
nanoconfined aqueous solutions are not fully equivalent to interfacial counterparts, because
electrical double layers (EDL) extending from charged solid surfaces into bulk solutions overlap
inside nanopores. Progressive EDL overlap in SiO, nanopores with decreasing pore diameter
decreases the surface charge densities.!> The theoretical Debye length for deionized H,O is
estimated at 1000 nm at neutral pH with 107 M hydronium and hydroxide concentrations!3, and
therefore in our 4 nm and 7 nm pores filled with pure HOD/H,O, there is a significant EDL
overlap. It is not known how the overlap in EDLs affects the structure of water and aqueous
solutions, and the extent to which a surface impacts nanoconfined water structure is still
debated.'* We hypothesize, that in the EDL overlap regions the dipole-dipole interactions are
weakened, resulting in weaker H-bonding when compared to bulk HOD/H,O at the same

pressure-temperature conditions. To test this hypothesis, here we use vibrational spectroscopy,
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H,0 vapor sorption, and classical molecular dynamics (MD) simulations to characterize H-

bonding environments in HOD/H,0O nanoconfined within silica (SiO,) nanopores.

Vibrational spectroscopy is an excellent tool for assessing H-bonding networks in H,O.!3-
20 The OH stretch region shows three broad lines: (/) ~3635 cm!; (2) ~3425 cm’!; and (3) ~3268
cml, that are assigned to progressively stronger H-bonding environments around OH oscillators.
These shifts happen because with increasing number of H-bonds an elongation of the covalent
O-H bonds takes place.?! However, the ~3268 cm™! line also includes the contribution of
resonant vibrational coupling—enhanced signal due to OH oscillators moving “in-phase”!6—
significantly complicating the interpretation of the OH stretch spectra. Some previous studies
ignored the resonant vibrational coupling contributions, and therefore over-estimated the
tetrahedral H,O fraction (H,O molecules with four H-bonds, simultaneously donating two and
accepting two H-bonds).% 17-18 To more accurately assess the characteristics of H-bonding
networks in nanopores we use a dilute HOD in H,O, where individual OD oscillators are isolated

and do not suffer from resonant vibrational coupling interferences.!> 16

H-bonding networks in liquid water are dynamic and change with physical and chemical
variables.?? With increasing temperature in liquid water H-bonds become weaker, which is seen
in the blueshift and decreased intensity of vibrational bands, and eventually break during liquid-
vapor transition. Therefore, a decrease or an increase in the average number of instantaneous H-
bonds between H,Os in nanopores can be compared to a temperature change in bulk water,
where with increasing temperature H-bonds become weaker and have higher probability of being
broken. Therefore, here we examine the effect of increasing temperature in both bulk HOD/H,O
solution and in the same solution nanoconfined in SiO, nanopores to assess changes in H-bond

structures and to calculate H-bond energetics. H-bonding networks are also sensitive to the
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addition of salts: water dipoles re-orient themselves around charged aqueous species within the
15t and 2" solvation shells.?3 2* Furthermore, the presence of an interface (either a solid-water or
an air-water) also alters H-bonding structures of adjacent water molecules, because H,O
molecules orient themselves to maximize either water-water or water-surface interactions,
depending on their favorability.?*> 26 For example, in hydrophilic SiO, pores due to the
competition between water-water and water-surface interactions the H-bonding networks are
distorted up to ~ 1 nm distance from the surface where fewer H-bonds are observed, compared to
bulk H,0.?” Interestingly, these near-interfacial H-bonds have more negative Gibbs free energy,
with less frequent breaking events, while their vibrational energy is lower in comparison to bulk
water.?® In hydrophobic carbon nanotubes, there are also fewer H-bonds on average, even though

H,Os do not form H-bonds with the confining carbon surface.??

MD simulation is a powerful tool for determining the details of H-bonding in nanopores.®
1718,26,29,30 MD simulations often show that in the diffuse EDL region, H-bonding networks can
be indistinguishable from those in the bulk H,O when “snapshots” or static images are
considered;?® 2% 39 however, the rotational freedom of H,O molecules, and therefore, H-bonding
network re-arrangement dynamics is often slower in nanopores, compared to bulk H,0.2831-33
Here we combine Raman spectroscopy, H,O vapor sorption measurements and MD simulations
to quantify the details of H-bonding structures and the energetics of H-bonds in SiO, nanopores

with negative surface charges.

Methods

Materials
All experiments were conducted using commercially available SBA-15 series

mesoporous SiO; (Sigma Aldrich) with a mean pore diameter of 7.0+0.3 nm and 4.4+0.1 nm,
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and surface areas of 6615 m? g'! and 580+13 m? g'!, respectively.3* Here we refer to these
materials as “SiO, nanopores.” The volume to area ratios are 1.54x10 for the 4 nm SBA-15 and
2.06x107 for the 7 nm SBA-15, resulting in the surface water to pore water volume ratio

difference ~ 25 % between these materials.

H>0 vapor sorption

To assess the effect of nanoconfinement on the interactions of SiO, surfaces with H,O we
quantified the H,O adsorption onto confined (SBA-15) and unconfined SiO, surfaces at
controlled temperatures using Dynamic Vapor Sorption (DVS) Endeavor instrument. The
unconfined SiO, was non-porous fumed silica (Sigma Aldrich) with a surface area of 192 m? g-
135 These SiO, materials are equivalent, since their silanol Si—~OH surface-site densities are
similar: 2.3 £ 0.2 OH nm™ for the 4 nm SiO,, 1.8 £ 0.2 OH nm™ for 7 nm SiO,, and 2.2 £ 0.2
OH nm? for non-porous SiO,.3¢ All SiO, samples were washed in de-ionized H,O and dried for
a minimum of 48 hours in a laboratory oven at 40 °C. A 20-30 mg solid sample was transferred
into aluminum sample holder, heated to 200 °C and flushed with dry N, gas for 48 hours prior to
H,0 adsorption measurements. The relative humidity (RH) was increased from 0% to 10% in
2% increments, and sample mass was measured continuously for 2 hours at each RH step to
ensure equilibrium has been reached. An adsorption isotherm for each material was measured at
25 °C (298.15 K), 30 °C (303.15 K), 35 °C (308.15 K), 40 °C (313.15 K), and 45 °C (318.15 K)

to calculate enthalpy 4H,;; and entropy 4,4 values using van Hoff’s equation:

In(K) = AS/R — AH/RT (1)

where K is the equilibrium constant at a given relative humidity, and R is the universal
gas constant (8.314463 J-mol-'-K-"). We calculated Gibbs free energy 4G, values from AH 4

and 4S,4. First, the H,O surface loadings were calculated in mol(H,O)xm%(SiO,). Then, the
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equilibrium constant (K;) was determined by fitting a Langmuir isotherm equation

0=(S*xK; xRH%)/(1+K;*RH%), where 0 is the measured surface loading normalized by surface
area and expressed in mol(H,O)xm2(Si0,), S is the estimated maximum surface coverage also in
mol(H,0)xm2(Si0,), and K is the equilibrium constant expressed in 1/RH% units. To convert
K to a unitless value, it was multiplied by the measured RH%. Data in the 0-10% RH range was
used to ensure that monolayer coverage was not exceeded, and adsorption in theory can be
described with a Langmuir model. The Langmuir model was fit to the datapoints using Igor Pro
7 software package. The slope of the InK; vs. 1/T line is equal to -4H,,/RT, where R is the
universal gas constant, and 7 is temperature. Additionally, equilibrium distribution coefficients
(K,) measured at a fixed RH value were extracted from the data. These K; values were taken at a
given point in the isotherm that corresponded to the surface coverage at 10% RH, where surface
coverages by H,O are under the mono-layer coverage; the K,; values therefore have units of
mol(H,O)xm2(Si0,). Similar to K;, because K, values were measured at equilibrium conditions
and represent equilibrium constants at a fixed RH, the slope of the InK,; vs. 1/T line is equal to -

AH,4/RT, where R is the universal gas constant, and 7 is temperature.

Raman spectroscopy

Raman spectra were collected using an XploRA Plus Raman microscope (HORIBA
Scientific) with a cooled CCD detector (Jobin Yvon’s Synapse camera, Syncerity OE). An
unpolarized laser with 532 nm emission wavelength was used for excitation with the radiation
power ~100 mW at 10-100% power in conjunction with 1200 (750 nm) grating. A combination
of 100 um slit and 300 um hole was used. An objective with 10x magnification and a numerical
aperture of 0.25 was used for excitation, with the resulting laser spot diameter of 2.6 um. Raman

spectrometer calibration was performed every 24 hours, using a polished silicon wafer. Each
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spectrum was collected with 3 sec exposure and averaged over 100 scans from 2000 to 4000 cm -
I. Given these long measurement times, time-averaged H-bond structures were assessed.

Background was subtracted by fitting linear segments under individual peaks.

Raman spectra were collected in the 2000-4000 cm™! range to assess OH and OD stretch
modes in bulk and in nanoconfined solutions. The SiO, with 4 nm and 7 nm pores were saturated
with isotopically dilute HOD in H,O aqueous solutions, where 10 vol% of D,O were mixed into
de-ionized H,O, then spiked with HPLC grade CH3OH, so that final CH;0H content was 4 mol
%. The saturated porous SiO, particles were placed in a quartz crucible, excess liquid was
removed using a Kimwipe, and the crucible was sealed with a glass cover slide. The crucible was
placed into a Linkam THMSG600 controlled-temperature stage. The temperature was gradually
increased from room temperature to 85 °C (358 K) in 10 °C increments, and Raman spectra were
taken after a 5S-minute equilibration time for each temperature. The CH stretching band at 2837
cm!' in CH30H is not affected by temperature and it was used to normalize the intensity of each

collected spectrum, since OH and OD stretch intensities are temperature-dependent. !> 37

H-bond energy calculations
The normalization by the CH stretch intensity enabled analysis of deuterium hydrogen

bond strength based on Boltzmann statistics, as was done earlier for bulk HOD/H,O solutions.!>
The assumptions of these analyses include (/) a 1:1 correspondence between Raman frequency
(v) and the energy state of the H-bond of the OD oscillator; (2) state multiplicity independent of
temperature, and therefore Raman intensity described by the Boltzmann distribution.!® If these
assumptions are correct, then a graph of In[/(v,7)/I(vy,T)] vs. 1/T should be linear, with the slope
being proportional to the energy difference between the states at vpand v and the unit for slope

being K. By plotting the slope values vs. Raman frequency, we obtained vibrational energy
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distribution for the OD oscillator as a function of frequency. The lowest point in this distribution
is indicative of the frequency that corresponds to the H-bond vibrational energy minima. Our
data indeed resulted in linear plots (SI, Fig. S1), indicating that the Boltzmann analysis is valid
for these systems. The initial reference frequency v, was chosen at 2440 cm!, consistent with the
previous findings of vibrational frequency for ice-line H-bonded scatterers.!> This frequency
indeed corresponded to the energy minima for unconfined HOD/H,O solution; however the
minima shifted to 2465 cm! for nanoconfined HOD/H,O (SI, Fig. S3); therefore for nanopores
the reference frequency v, was chosen at 2465 cm!, which did not shift the minimum in the plots

but prevented energy scale to dip below zero (SI, Fig. S3).

Molecular Dynamics Simulations

All molecular dynamics (MD) simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code.?® The charged amorphous
silica slab models used in this work were generated using a melt-cleave-quench procedure.’®
Briefly, a bulk amorphous silica structure is heated to 3000 K over 1 ns to create molten silica
slabs. The melting procedure is done in the NPT (constant number N, pressure P, and
temperature 7) ensemble. The periodic simulation cell is then expanded in the z-direction up to
80 A and equilibrated for 1 ns at 3000 K in the NP.AT (P. is the pressure in the z-direction and 4
is the surface area in xy plane) ensemble, keeping the x and y dimensions constant at 21.0155 A.
At this point, atomistically different slabs were obtained by using different initial velocities
(randomly selected from a Boltzmann distribution). To generate amorphous silica slabs these
systems were cooled to 298 K by ramping the temperature in the same NP,AT ensemble at a
cooling rate of 1 K/ps. All simulations were carried out using a Berendsen thermostat*’ with a

damping constant of 1 ps and bulk modulus of 360,000 atm to control the temperature. The

Page 10 of 33
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pressure is maintained at 1.0 atm with a Berendsen barostat.*? The slab is further equilibrated at
room temperature for an additional 1 ns in an NP,AT ensemble. An ad hoc procedure was used to
functionalize the resulting amorphous silica slab surfaces. First, the undercoordinated atoms on
the surface were functionalized by adding, in concert, an H atom to a singly coordinated O atom
and an OH group to a three-coordinate Si atom. Second, H,O molecules were added across the
longest Si—O bonds on the slab surface until the desired hydroxyl density of 2 OH/nm? was
obtained. The added atoms were placed to avoid any overlap with other surface atoms. Five
different slabs obtained from this procedure were used in the present simulations. Finally, the

functionalized slab is relaxed for 1 ns at 298 K in the same NP,AT ensemble.

A slit pore was formed by placing a slab of liquid water between the two silica surfaces.
Slit pores of pore widths 4 nm and 7 nm were generated by varying the width of the water layer;
the precise dimension of each slit pore was determined by equilibration at constant pressure
normal to the interface (P,) in the NP.AT ensemble for 7 ns followed by equilibration in the NVT
(fixed volume V) ensemble. A single silanol on each surface was deprotonated by removing a H
atom from the Si-O-H to generate an Si-O- moiety on each surface on both the top and bottom to
represent a pore at pH = 6. Two Na* ions were added to the system, by replacing two water
molecules, to keep the system charge neutral. The slit pore model systems were further

equilibrated in a NP,AT ensemble for 2 ns followed by further NV'T equilibration for 1ns.

The SPC/E model was used to describe the water interactions.? The silica slab, except for
the silanols, was kept frozen throughout the simulation. The silica-DDEC force field parameters
were used for simulating silica systems. The force field parameters are given in the
Supplementary Material. Intermolecular interactions were evaluated with a cutoff of 10.5 A, and

long-range electrostatic interactions were included using three-dimensional periodic boundary
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conditions and the particle—particle particle-mesh (PPPM) solver*- 42 with a tolerance of 1074

The SHAKE algorithm* was used for the water molecules and silanols.

For comparison, bulk water simulations were also carried out. A 1 ns trajectory of 343
water molecules in a cubic periodic box of length 21.725 A (p=1.000 g/cm?) was propagated
with a 1 fs timestep in the NV'T ensemble at 298.15 K. The other simulation details were the

same as those for the slit pores.

Calculation of Raman spectra and its temperature derivative

The Raman spectra were calculated using the empirical mapping approach proposed by
Corcelli, Skinner, and co-workers.**-4 The mapping approach is a quantum/classical description
based on the empirical correlation, or “map,” of the quantum mechanical vibrational properties
with the electric field exerted by the molecular environment. The electric field is determined

from the charges within the MD simulation. The frequencies are calculated using the map,

wi(t) = 2762.6 — 3640.85,(t) —56641.0E%(t) )

Here w{{(t) is the fundamental vibrational transition frequency of the ith OH at time # and &(t)

is the electric field at the H atom of the ith OH along the OH bond direction from all atoms
(water or silica) within a radius of 7.831 A. An analogous map was used to determine the

transition polarizability matrix elements needed to calculate the Raman spectrum.
The (isotropic) Raman line shape is calculated from the Fourier transform,

1 r0
s

I(w) = 2.f _ e " “piso(t) dt )

where ¢, 1s the polarizability response function,
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¢)iso(t) = <a01(0) . aOl(t) eif(t)(A)Ol(T)d‘[)e_ |t|/2T1 (4)

Here, T is the vibrational energy relaxation time for which the experimental value of 1450 fs78

was used, apq(t) is the transition polarizability, and the brackets (...) indicate a thermal average.

It is within this thermal average that the temperature dependence of the Raman spectrum appears

in two factors: The Boltzmann weighting factor in the average and the canonical partition
function that normalizes it. Thus, the derivative of the a((t) with respect to § = 1y kT, where

kp is the Boltzmann constant can be written as,*’

dd)isu(t) 'ft d 3

Where 6H(0) = H(0) — (H(0)) ; 6H(O0) is the fluctuation of the total energy at t =0, from its
average value. This derivative can be calculated from a single temperature simulation. Using this
temperature derivative internal energy contribution to the free energy of spectra can be obtained.
Since the Raman spectrum is a dynamical quantity, it is not possible to rigorously calculate an

internal energy, but one can define an effective internal energy,*’

(61n I(w)) _ Iy(w)

AURaman = ap = 1) (6)

This internal energy profile represents the change in energy associated with changing the OH
frequency, which does not require the breaking of the H-bond.*”*#° The calculated effective
internal energy enables the prediction of the Raman spectra as a function of temperature using
the simulated room temperature spectrum. Specifically, using a van’t Hoff approximation it can

be shown that,

I(w'Ta)e ~(Bp ~ B)AURgman(@)

Ipred(w;Tb) = — (B — BV ()dw (7)

f;OP((‘);Ta)e
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where T, is the simulated temperature and T, is the temperature at which the Raman spectrum is
predicted. The denominator accounts for the fact that the van’t Hoff factor is not norm-
conserving and here P(w;T,) is the vibrational frequency distribution at temperature T, and

AU(w) is the frequency distribution internal energy as a function of frequency.

Results

Raman spectroscopy of bulk and nanoconfined HOD/H,O solutions

Raman spectra normalized by the CH stretch band intensity for bulk and nanoconfined
HOD/H,O0 solutions are shown in Figure 1a-c. In agreement with the previous studies of bulk
HOD/H,O solutions,'> with increasing temperature the OD lines are shifting to higher
wavenumbers, and their normalized intensities are decreasing due to the weakening and breaking
of H-bonds. In the following discussion we use “wavenumber” and “frequency” interchangeably
because a wavenumber in cm™! can be converted to a frequency in GHz by multiplying by
29.9792458. For bulk HOD/H,O solutions (Fig. 1a) the blueshift is ~29 cm™! based on the
position of the most intense line centered at 2537 cm™! at room temperature (273 K) and moves
to 2566 cm'! when temperature is increased to 85 °C (358 K). Similarly, a ~33 cm™! blueshift
with increasing temperature is also observed for the nanoconfined HOD/H,O (Fig. 1b,c), with
the overall normalized intensity slightly lower than for the bulk solution, because a part of the
volume sampled with the Raman laser is occupied by SiO; solid. The corresponding simulated
spectra are shown in Fig.1d-f for HOD/H,O in the bulk liquid and in 4 and 7 nm slit pores. They
mirror the behavior of the measured spectra, with a blueshift in the peak position of 30.625 cm-
! for the bulk case, and 32.575 cm™! and 32.495 cm! for the 4 and 7 nm pores, respectively. In
addition, as the temperature increases, the peak intensity is reduced in all three cases, but more

significantly for bulk HOD/H,O than for confined water.
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low-frequency (low wavenumber) contribution to the spectrum at ~2440 cm™! at room

temperature is assigned to HOD molecules with strong H-bonds,>® accepting H-bond from

Si—OH surface groups and donating H-bonds to the HOD molecules further from the surface.!> !

The highest frequency spectral region at 2650 cm! at room temperature is assigned to HOD

molecules that have weak/transiently broken H-bonds. The intermediate spectral regions are

composed of the oscillations from HOD molecules with <4 H-bonds and other transient H-

bonding structures.
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Figure 1. Measured (a-¢) and simulated (d-f) Raman spectra of dilute HOD/H,O as a function of
temperature; (a),(d) bulk HOD/H,O phase; (b),(¢) HOD/H,O nanoconfined in 7 nm Si0, pores; (¢),(f)

HOD/H,0 nanoconfined in 4 nm Si0O, pores. The non-monotone changes in the Raman intensity in panel

(¢) are due to measurement uncertainty. Intensities decrease and characteristic lines shift to higher

frequencies (blueshift) with increasing temperature. The measured Raman spectra are normalized by CH

stretch band intensity, which is insensitive to temperature; the simulated spectra are normalized to a
maximum of one at 298 K.
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The simulated Raman spectrum can be decomposed into the contributions from OD
groups in water with different numbers of H-bonds. In practice, this is done by separating the
contributions based on the H-bond status of the molecule containing the OD group at /=0 in the
calculation of the polarizability response function, Eq. (4). An H-bond is determined by
geometric criteria of Ry...o < 3.5 A, 4.0 < 2.45 A, and 0p...o0 < 30°. While the H-bond status
may change over the time interval over which the response function is calculated, ¢, decays
rapidly. The results are shown in Fig. 2b for both 298 and 358 K. At room temperature, the
dominant contribution to the spectrum comes from water molecules with 4 instantaneous H-
bonds, with a moderate component from triply H-bonded molecules and small contributions
from 2- and 5-coordinate waters. No significant population of water molecules with fewer than 2
H-bonds were observed in the MD simulations. Importantly, while the peak positions of the
contributions increase in frequency as the number of H-bonds decreases, all the spectrum
components overlap strongly. Thus, for example, OH groups from water molecules with 2, 3, 4,
and 5 H-bonds all contribute to the total Raman signal at the frequency corresponding to the
maximum in the cumulative peak. There is significant evidence from simulations that the
presence of non-4-coordinated water molecules is associated with transient dynamics;*® the 5-
coordinate structures are transient ones important in H-bond exchange dynamics.>? The results
thus indicate that the higher frequency side of the spectrum is associated with molecules that
involve weaker H-bonds and those undergoing transient H-bond breaks, while the lower

frequencies arise from OD groups in molecules with strong H-bonds.

The decomposition of the spectrum at 358 K shows a decrease in the 4-coordinate water
contributions and an increase in the 3-coordinate components when compared to the room

temperature spectrum (Figure 2b). We cannot conclude from these simulations whether free OD
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groups are present at these elevated temperatures, as would be expected when solutions are close
to the liquid-vapor transition temperature, but these changes are consistent with a general
weakening of the H-bonds within water and an increase in transiently broken H-bonds. This

behavior underlies the blueshift of the spectrum with increasing temperature.
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Figure 2. OD oscillator contributions in dilute HOD/H,O to the cumulative OD stretch band signal
measured by Raman spectroscopy and calculated using MD simulations. (a) Experiment: room
temperature Raman spectra (RT, dashed line) and 358 K (solid line); Numbers and shaded areas indicate
approximate positions for HOD oscillators with one to four H-bonds. Note, that not all possible H-bond
arrangements are shown in the schematic; for the full discussion of H-bond configurations and
corresponding Raman frequencies in neutral SiO, nanopores refer to Senanayake et al., 2021.2° (b) MD-
derived Raman spectra for cumulative signal at RT (dashed line) and 358K (solid line). Contributions
from 2-, 3-, 4-, and 5-H-bonded HOD molecules are shown.

To compare Raman spectra for unconfined and nanoconfined HOD/H,O solutions
collected at the same temperature we show data that is normalized to the maximum intensity
value in Figure 3. Here we consistently observe that the Raman intensity below 2440 cm! is
higher for the HOD/H,O nanoconfined in SiO, pores, compared to bulk solution. This
observation may indicate: (/) an increased abundance of HOD molecules with strong H-bonds in

the nanopore volume; and/or (2) an increased abundance of HOD molecules with strong H-bonds
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within binding interfacial layer near Si0O, surface, where HOD molecules are accepting H-bonds
from the neutral Si—OH surface sites’! or from nearby HOD molecules. Previous studies on
unconfined SiO, surfaces showed that both weak and strong H-bonds may form in the interfacial
regions, depending on the solution pH.>%51.33 Alternatively, low frequency contributions may
also arise from the Si—OD oscillators, since D can exchange for H at the silanol sites during the
experiments. There is conflicting data in the literature with regards to assigning low-frequency
spectral region for OH oscillator contributions.’* Detailed MD investigation of the SiO-H stretch
at two edge surfaces (010 and 110) of clay mineral pyrophyllite show that SiO—H frequency is
sensitive to whether neighboring Si—OH sites form H-bonds with each other.>> The non-H-
bonded Si—OH moieties oscillate at ~ 3730-3800 cm! frequency, while for Si-OH groups that
are H-bonded, maximum intensity shifts to the lower frequencies (3525; 3480; 3250 cm™!,
depending on the crystallographic orientation and the local environment around individual
Si—OH oscillators).>> Alternatively, the low-frequency line at ~ 3090 cm™! recorded using
infrared (IR) spectroscopy during H,O adsorption onto germanium-based imogolite nanotubes
was assigned to tetrahedral H,O that is “firmly bound” to the Ge—OH surface groups inside
nanotubes, since it was most pronounced at low relative humidity conditions, where H,O was
residing at the pore walls.’® Contrary to the above, IR measurements of HOD in controlled pore

glass indicate that H-bonding networks are weakened in near interfacial regions.>’

The corresponding simulated Raman spectra are also shown in Fig. 3. They exhibit the
same general features as the measured spectra. Namely, a broadening on the low frequency side
of the spectrum upon confinement is observed while the rest of the spectrum is little changed.
However, the simulations do not show the same increase in the difference between the bulk and

confined spectra with increasing temperature. Previous simulations showed that the primary
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frequency effect for OH (or OD) groups is a blueshift for those donating an H-bond to silica

oxygen atoms, with the frequency distribution for OH groups more than ~5 A from the silica

oNOYTULT D WN =

surface nearly identical to that for the bulk.?® The fact that the simulations do not reproduce the
10 experimental temperature dependence in the low-frequency spectral region suggests the SPC/E

model may underestimate the spectral diffusion activation energy.
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Figure 3. Raman spectra at different temperatures (308 K, 318 K, 328 K, 338 K, 348 K, and 358 K) for
bulk HOD/H,O (dashed line) and HOD/H,O in Si0O, with 4 nm (red) and 7 nm (blue) pores. Top six
panels are experimental measurements, and bottom six panels are corresponding MD simulation results.
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To determine the origin of the enhanced Raman scattering at 2400 cm™! in our SiO,
samples, we collected spectra from “dry” 4 nm SiO,. Following the exposure to HOD/H,0O
solution, SiO, sample was dried at ambient conditions, where some residual adsorbed HOD/H,0O
would remain on the surface, and a Raman spectrum was collected. Then, the same sample was
dried over-night at 200 °C (473 K) in a furnace. The duration and heating temperature were
selected based on our DVS H,0 sorption measurements, that indicated that even at 0% RH some
amount of adsorbed H,O remains on the SiO, surfaces earlier exposed to water. To remove this
residual H,O, a porous sample requires heating at 200 °C for 24 hours. The Raman spectra
collected after these two types of drying protocols are shown in Figure 4. It is apparent, that the
intensity of the ~2400 cm™! line for RT-dried sample is measurable and therefore it contributes to
the overall spectra in Figure 3 (RT HOD/H,O spectrum is shown for comparison). For the
sample that was dried at 200 °C the intensity at ~2400 cm! vanishes. Therefore, we conclude
that the observed enhanced signal in the low frequency range in our Raman measurements from
nanoconfined solutions arises due to the HOD molecules with strong H-bonds within binding
interfacial layer near SiO, surfaces. Earlier studies show that at SiO, surfaces both strong and
weak H-bonds may form, depending whether O atoms of H,O molecules point to or away from
the surface.’!> > In the case when HOD accepts H-bonds from Si—OH groups, H-bonds are
stronger compared to bulk solution, and when HOD donates H-bonds to the de-protonated Si-O-
group, the resulting H-bonds are weaker.’! Therefore, here we report evidence that
nanoconfinement promotes H-bonding interactions in near-interfacial regions, likely because
HOD accepts H-bonds from Si—OH groups. While we cannot measure pH in these nanopores
directly, earlier work shows that protons may accumulate in SiO, nanopores with negative

surface charge.® If proton accumulation is taking place in our nanopores, a larger portion of the
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surface Si—OH sites would be protonated, compared to unconfined SiO, with the similar Si-OH
surface densities; therefore, there would be a larger availability of the H-bond donor sites on the
surface that are capable of strong H-bonding with HOD molecules. We also anticipate that since
Si—OH density of our surfaces is low at ~ 2 —OH nm2, it is possible that near-interfacial water

molecules may form strong H-bonds with each other, since this water would experience surface-

induced structuring. This hypothesis needs to be addressed in future studies.

3000 [L ' ' ' ' ' i
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Figure 4. Raman spectra of dilute HOD/H,O confined in 4 nm SiO, pore, collected at RT (red); the same
4 nm SiO, sample after it was dried overnight at ambient conditions; H,O surface coverage is 0.009 mmol
H,O per m? (RT, ~30% RH) (gray); and the same 4 nm SiO, sample after it was dried overnight and kept
at 200 °C during measurement to prevent re-adsorption of atmospheric water (blue).

In the IR spectroscopy investigation of nanoconfined polypropylene glycols (PPG)
confined in silica with 4 nm pores, H-bonding strength between the PPG-OH groups increased
under nanoconfinement, as evidenced by ~ 14 cm™! redshift of the OH stretching mode of PPG-
OH molecules.’® In the same study, the lowest frequency OH stretching mode (3198-3026 cm!)

was assigned to PPG molecules that are adsorbed and form H-bonds with the SiO, surface.

Temperature-dependent H,O adsorption in SiO, nanopores
The difference between the unconfined and confined HOD/H,O spectra in the <2440 cm’!
region becomes more pronounced with increasing temperature (Figure 3). To understand the

nanoconfinement effects on the energetics of H,O interactions with SiO, surfaces, we quantified
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thermodynamics of H,O adsorption onto non-confined and nanoconfined SiO, surfaces. H-
bonding is the primary mode of interaction between H,O and SiO;,; therefore enthalpy (4H .4),
entropy (4S.45), and free energy (4G ,4) values determined from H,O sorption measurements can
indirectly indicate H-bond strengthening/weakening under nanoconfinement. Here we performed
H,0 adsorption experiments at controlled temperatures (Figure 5). To obtain 4AH 4, AS,4 and
AG 45 values for H,O adsorption onto non-porous SiO; and SiO, with 4 nm and 7 nm pores, we
plotted In(K,) vs. 1/T and In(K;) vs 1/T values to calculate energetic parameters using the van’t
Hoff equation. Our analysis shows that in the 0-10 RH% range, Langmuir adsorption model does
not fully capture H,O adsorption behavior, and as a result the In(K;) vs. 1/T plots have poor
linearity, despite clear temperature-dependency in adsorption isotherms for porous SiO, (Figure
5). Therefore, to calculate thermodynamic parameters we used K, equilibrium constant values,
and InK, vs.1/T plots for porous SiO, have R? values of 0.9-1 for porous materials. The InK,
vs.1/T plot for non-porous SiO; is flat, with slope value close to zero (SI, Fig. S4), and therefore,
AH 4, value is positive, due to the uncertainty in the data with weak temperature-dependence.
The summary of the measured thermodynamic values derived from measured K, values is shown
in Table 1. The amount of adsorbed H,O decreased with increasing temperature for porous SiO,
materials, indicating an exothermic reaction. For non-porous Si0O,, the temperature-dependence
for H,O adsorption was insignificant. Progressively more negative 4H,,, values for porous SiO,
indicate that nanoconfinement makes H,O adsorption and H-bonding with SiO, surface more
exothermic; while negative A4S, indicates that entropy decreases (system becomes more
ordered, likely due to enhanced structure of H,O at SiO, surfaces) during H,O adsorption.
Calculated 4G, values are negative at room temperature, indicating that H,O adsorption onto

Si0; surfaces is spontaneous. Gibbs free energy for H,O adsorption onto non-porous SiO; is the
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highest (2.0 kJ-mol-!), therefore it is least favorable among the examined SiO, surfaces, while
nanoconfinement decreases 4G, to —2.7 and —3.5 kJ-mol-!, making H,O adsorption more
favorable within SiO, nanopores. The 4G, increase of —0.8 kJ-mol-! corresponds to an increase
of ~5% in the H-bond strength when pore diameter decreases from 7 nm to 4 nm, since H-bond
at room temperature is ~ 4 kcal-mol!, or 16.7 kJ-mol-'. Additionally, H,O adsorption inside SiO,
nanopores is much more exothermic (—6.0 to —9.5 kJ-mol-"), when compared to unconfined SiO,
surface (+0.5 kJ-mol-"). When 4 nm and 7 nm pore diameters are compared, enthalpy, entropy
and Gibbs free energy of H,O adsorption become more negative with decreasing pore diameter.

Therefore, nanoconfinement favors stronger H-bonding interactions at the SiO,-H,O interface.

The conceptual view of H,O vapor sorption includes several approximately simultaneous
reactions: (/) H,O adsorbs and donates H-bonds to siloxide surface sites; (2) H,O adsorbs and
accepts H-bonds from protonated silanol surface sites; (3) H,O adsorbs and donates H-bonds to
de-protonated silanol surface sites; and (4) H-bonds are forming between H,O molecules within
binding interfacial H,O layers. Here we consider H-bonding in liquid water exothermic because
H-bonds are favored at lower temperature. If we assume that H,O sorption and H-bond
formation with siloxide, and protonated/de-protonated silanols are energetically equivalent
between unconfined SiO, surfaces and Si0O, surfaces inside nanopores, this will mean that H-
bonding between H,O molecules in the binding interfacial regions has more negative 4H values
inside nanopores when compared to H-bonding in near-interfacial regions on unconfined SiO,

surface.
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Figure 5. (a) H,O adsorption onto porous and non-porous SiO, at room temperature (298K); and
(b) temperature-dependent H,O adsorption onto 4 nm SiO,. Adsorption decreases with increasing
temperature, indicating exothermic reaction in nanopores. For non-porous SiO,, H,O adsorption is nearly
independent of temperature.

Table 1. Thermodynamic parameters for H,O adsorption onto non-porous SiO, and SiO, with 4
nm and 7 nm pores determined using H,O vapor sorption isotherms in a temperature range 25-45
°C (298-318 K).

AH 4, kJ-mol! AS45, KI'mol''K 4G4 at 25C, kJ-mol!

Non-porous SiO, +0.5 +0.01 -2.0
7 nm SiO, —-6.0 —0.01 2.7
4 nm SiO, -9.5 —0.02 -3.5

H-bond energy in nanoconfined HOD/H,O and implications for liquid-vapor phase boundary in
nanoconfined water

To assess H-bond energetics across the entire nanopore volume, we used a method earlier
developed for bulk HOD/H,O solutions, and detailed in the Methods section.!> The energy
differences between the OD oscillator states at a reference frequency (vy) and at incidental
frequency (v) are shown in Figure 6. The resulting effective internal energy of an OD bond (in

K) is plotted as a function of its vibrational frequency (Raman shift) and is compared between
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bulk and nanoconfined HOD/H,O solutions. We obtain excellent agreement between our data for
bulk HOD/H,O with that reported in the earlier publication (Ref '), despite using different
instrumentation and materials. We find that the minimum in the effective internal energy of an
OD bond occurs at different frequencies for bulk and nanoconfined solutions: 2440 cm! for bulk
phase (consistent with Ref 1°), and 2465 cm™! for nanoconfined solutions. Because the energy
minimum shifts to a higher wavenumber (higher frequency) under nanoconfinement, this
indicates that the mean bond length of the OD covalent bond in the nanopore volume (but not for
the HOD/H,O near SiO, surfaces) is shorter,?! indicating that H-bonding interactions in the
nanopore volume are weakened. Furthermore, the energy maxima for bulk solutions is higher
than that for nanopores (Figure 6), indicating a smaller energetic cost to move to a higher
frequency in nanoconfined solutions. In other words, it takes less energy to weaken H-bonds in

nanopores, which may shift liquid-vapor transition temperatures to lower values.

The effective internal energy profiles obtained from MD simulations using Eq. (6) are
shown in Fig. 5b. They show similar general behavior to that observed in the experimental
results. Namely, the internal energy rises with frequency, indicating weakening of the OD H-
bond. The minimum for unconfined and confined solutions is observed at a lower frequency,
~2480 cm! and contrary to experiments does not shift under nanoconfinement. The simulations
underestimate the energy cost to change an OD frequency from its lowest internal energy value
to that corresponding to a weakened, or transiently broken, H-bond (~9 kJ/mol compared to the
measured value of 14.6 kJ/mol in bulk HOD/H,0). However, they show the same reduction of
this energy penalty with increasing confinement. Finally, the simulations do not show the
experimentally observed shift in the internal energy minimum frequency upon confinement; this

is likely related to the limited ability of confined solutions to expand (constant volume) in the
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MD model, underestimating H-bond breaking and lowering of HOD density with increasing

temperature.
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Figure 6. (a) The effective internal energy of an OD bond as a function of its vibrational
frequency (in Kelvin) for dilute HOD/H,O solutions, and for the same solutions confined in 7 nm
30 and 4 nm SiO; pores. Each data point is the slope of the line extracted from In[/(v,T)/1(v,, T)] vs.
31 1/T plots (a total of 125 plots were made for each bulk HOD/H,0, 4 nm and 7 nm pores); (b)

32 MD-derived effective internal energy of OD bonds as a function of the fundamental vibrational
33 frequency obtained from Eq. (6). Shaded regions indicate uncertainty in the internal energy

34 values.

We show that the internal energy required to change the OD frequency in nanopore-

39 confined water is decreased. This observation is consistent with earlier reports of a decrease in
41 H,O density when it is confined in SiO, nanopores.> ¢ Decrease in H,O density directly leads to
a decrease in the number of H-bond donors/acceptors, lowering liquid-vapor transition

46 temperature. The liquid-vapor line shifts towards vapor in carbon nanotubes® and nano-slits®®
48 and our data indicates that similar decrease in the liquid-vapor transition temperature (boiling
point) may take place in SiO, nanopores. While our spectroscopic analysis cannot pinpoint the

53 exact change is the vapor pressure for the liquid-vapor transition as a function of nanopore

55 diameter, our spectroscopic data shows that it should be decreased in the nanopore volume (but
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not in the binding interfacial layers), similar to a decrease in the liquid-ice transition temperature

in nanopores.5

Environmental Implications

In this paper we quantified H-bond energetics and structures in dilute HOD/H,O
solutions confined in 7 nm and 4 nm SiO, pores using temperature-controlled Raman
spectroscopy, dynamic H,O vapor sorption measurements, and classical molecular dynamics
simulations. When HOD/H,O is confined, isolated OD group oscillations are enhanced in the
low frequency region at ~2400 cm!, due to the strong H-bonding in HOD populations in the
binding interfacial layer. The temperature-dependent H,O vapor sorption measurements support
this spectroscopic finding because enthalpy, entropy and Gibbs free energy of H,O surface
sorption become more negative with increasing nanoconfinement. As opposed to enhancing H-
bonding interactions in the interfacial layer, in the nanopore volume away from the surfaces
nanoconfinement weakens H-bonding strength assessed via vibrational frequency: the H-bond
energy minima occurs at 2440 cm! for unconfined HOD/H,O solutions and shifts to 2465 cm'!
inside SiO, nanopores. Therefore, we postulate the existence of two H,O populations inside SiO,
nanopores: (/) H,O with strong H-bonds in the binding interfacial layer accepting H-bonds from
the protonated Si—~OH groups, and (2) H,O in the center of SiO, nanopores, that has weakened
H-bonds in comparison to bulk solutions. Both proposed water populations are affected by
nanoconfinement-driven changes of the H-bonding structures and energetics, but in the opposite
ways. Two-populations of water in nanopores (near-surface and “core” water) were also reported
for imogolite,*® zeolite,’! and Vycor glass.?? Furthermore, in imogolites H,O forms strongly-
bound interfacial layer with three H-bonds between H,O molecules and imogolite surface.5> The

H-bond weakening in SiO, nanopores away from interfacial regions may lower the H,O liquid-
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vapor phase transition temperature, consistent with observations for carbon nanotubes and

freezing point depression in silica nanopores. In agreement with the present finding that H-

bonding interactions are weakened in the SiO, nanopore body (and de-solvation costs are

decreased), we recently reported that for formic and acetic acids the de-protonation reaction

equilibrium shifts towards the protonated forms (their pK, values increase by ~ 0.2 units) when

these acids are confined within the 4 nm SiO, pores.®? Understanding molecular details of H-

bonding networks in nanopores is important since they define aqueous species solvation

energetics, the reactivities of nanoconfined surfaces, and phase boundaries of nanoconfined

fluids.

Supporting information

Example linear plots for Raman intensity ratios used to construct internal energy plots in
Fig 3.;

Comparison of the published!® data on bulk HOD/H,O solutions with our new data on
bulk solutions showing excellent agreement of the frequency-dependent internal OD
energies;

Internal energy plots with v, = 2440 cm™! an v,=2465 cm™! reference frequencies for
comparison;

The InK,; vs.1/T plots for porous and non-porous SiOy;

The proposed silica-DDEC force field charges and Lennard-Jones parameters.
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