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Abstract

With the aid of differential phonon spectrometrics (DPS) and surface stress detection, we show
that HI and Nal solvation transforms different fractions of the H-O stretching phonons from the
mode of ordinary water centred at ~3200 to the mode of hydration shell at ~3500 cm™.
Observations suggest that an addition of the H«>H anti-hydrogen-bond to the Zundel notion,
[H(H20)2]", would be necessary as the H-O bond due H3O* has a 4.0 eV energy, and the H«H
fragilization disrupts the solution network and the surface stress. The I~ and Na* ions form each a
charge centre that aligns, stretches, and polarize the O:H-O bond, resulting in shortening the H-O
bond and its phonon blue shift in the hydration shell or at the solute-solvent interface. The solute
capabilities of bond-number-fraction transition follow: fu = 0, fna oc C, and fi o« 1 - exp(-C/Co)
toward saturation, with C being the solute molar concentration and Co the decay constant. The f4
= 0 evidences the non-polarizability of the H" because of the H«>H formation. The linear fna(C)
suggests the invariance of the Na™ hydration shell size because of the fully-screened cationic
potential by the H20 dipoles in the hydration shell but the nonlinear fi(C) fingerprints the I" <> I
interactions at higher concentrations. Concentration trend consistency between Jones—Dole’s
viscosity and the fnai(C) coefficient may evidence the same polarization origin of the solution

viscosity and surface stress.
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1. Introduction

Solvation of acid and salt, taking HI and Nal as representatives, is of ubiquitously important to
fields such as biochemistry, organic chemistry, food and medicine, health care and life quality of
human beings [1-3]. However, it remains yet uncertain how the H*, Na™ and I solvation transform
their respective hydrogen-bond network, or the solute-solvent interface bonding dynamics, despite
intensive investigations made since centuries long ago [4] with focus mainly on the solute diffusive
motion dynamics [5], hydration-shell thickness [6, 7], characteristic phonon life time [8-11], and

interface dipole orientation [12, 13].

The proton mobility in acid solutions was explained firstly by Grotthuss [4] two-century ago in
terms of ‘structural diffusion’ that was subsequently refined by invoking mechanisms of thermal
hopping [14], proton tunnelling [15], and fluctuating [16]. In 1960s, Eigen [17] proposed an
HoO4* complex in which a H3O* core is strongly hydrogen-bonded to three H20 molecules and
leaves its lone pair free. Zundel [18] proposed a [H(H20)2]" in which the proton is shuttling
alternatively between two H20 molecules. From the ab initio path integral simulations, Marx et al
[19] noted that the hydrated proton forms a fluxional defect in the hydrogen-bonded network, with
both [H(H20)2]" and [H(H20)4]* occurring only in the sense of 'limiting’ or 'ideal’ structures. The

defect can become delocalized over several hydrogen bonds owing to quantum fluctuations.

An ultrafast 2DIR spectroscopy investigation [10, 20] suggested that the proton prefers the manner
of Zundel structure accommodated by two H20 at a time, rather than the Eigen structure in which
the protons piggyback on individual molecules. In contrast, another work [11] favours deuterated
prototypical Eigen clusters, [H(D20)4]", bound to an increasingly basic series of hydrogen bond
acceptors. By tracking the frequency of every O-D stretch vibration in the complex as the
transferring hydrogen is incrementally pulled from the central hydronium to a neighbouring water
molecule. Cleary, debate on proton performance continues. However, we should focus not only on
the proton performance but also its capabilities of transforming the solution matrix bonds and

electrons and the solute-solvent interface bonding dynamics and the solution-surface performance.



Salt solvation not only changes the surface stress of the solution but also varies the solution
ability of dissolving proteins, which has been explained from perspectives of interaction length
scales [21], ionic specificity [22, 23], ion-skin induction [24], quantum dispersion [25], structural
order and disorder making [21, 26-29], etc. Based on measurements of 1 M potassium halide
solutions with 14 mol % HOD in D20, Smith et al [30] contended that the Raman ww blue shift
for the salt solutions from that of the deionized water arises primarily from the electric fields
rather than from rearrangement of the hydrogen bonds beyond the first hydration shell or from

structure breaking [31].

Recent MD computations [32] suggested that an external fields in the 10° V/m order can slow
down water molecules and even crystallize the system. The fields generated by the Na* ions act
rather locally but can reorient the hydrated neighbouring water molecules. MD computations

[33] also suggested that HCI hydration make water clusters into smaller ones by fragmentation.

Recent progress [34-37] demonstrated that serving as charge centres, the (Li, Na, K, Rb, Cs)*
cations and the (CI, Br, 1) anions in alkali halide solutions form each a polarization centre that
aligns and clusters water molecules, and stretches the neighbouring hydrogen bonds. The only
difference between the cations and anions upon solvation is that the cation hydration shell is
smaller than those of the anions and the opposite directions of the electric fields. lonic polarization
shortens and stiffens the H-O bonds and meanwhile lengthens and softens the O:H nonbonds in
the hydration shells, resulting in the respective H-O phonon frequency blue shift and O:H phonon
frequency redshift [34, 36]. However, little is known yet on the ionic and protonic effect on
transforming the solution matrix hydrogen bond upon acid and salt solvation though the solute
behaviour has been well understood [3, 10, 11, 19].

With the aid of the Raman differential phonon spectrometrics (DPS) and the contact angle
measurements, we show herewith comparatively how the H*, Na* and I react with the solution
hydrogen bonds and how the DPS can resolve solute capabilities of transforming the solution
bonds from the mode of ordinary water to the hydration shells and how the transformed bond

relaxes.



2. Principles and processes
2.1.  Phonon frequency and spectroscopy

A phonon spectral peak features the Fourier transformation of all bonds vibrating in the same
frequency irrespective of their locations or orientations in the solid, liquid, or vapour phase of a
substance. One can only probe the statistic mean of the vibrations and its fluctuation. The phonon
frequency features the respective bond stiffness, ax? oc Ex/dx?, (bond stiffness is the product of its
elasticity Y and length d, Yd = Ed/d?, energy density times bond length) [38]. The ax, Exand dxare
the phonon wavenumber shift, O:H-O segmental energy and length, respectively. The subscript x
= L and H denotes the respective O:H and the H-O segment. The spectroscopy probes intrinsically
the change of the bonding identities without being able to discriminate the sources of stimuli.
Dominating the spectral peaks shift, the O:H-O bond segmental length and energy vary in the same
H-O elongation and O:H contraction manner under mechanical compression and base solvation
[39], and the other way around under liquid heating [40], compressing [41], salting [42], and

molecular undercoordination, [38] as well.

As compared in Figure 1, we collected the full-frequency Raman spectra for Nal/H20 and HI/H20
solutions at different molar concentrations (or molecular number ratios that could be more
convenient than using mole per litre water) with respect to the spectrum of deionized water probed
under the same conditions. Evolution of the characteristic peaks for the O:H and the H-O stretching
vibration cantered at < 200 cm™ and at >3000 cm%, respectively, would suffice to examine the
0O:H-0 segmental cooperativity, so one can omit the rest modes due to bond bending and torsional
motion for simplicity. The bending and torsional vibrations are featured in the 300-1600 cm™,
which contributes insignificantly to the O:H-O cooperative stretching vibrations that follow the
ax® o« Exldx? relation. From the full-frequency Raman spectra, one could hardly be able to gain
quantitative information on the solvation transformed stiffness, fraction, and fluctuation of bonds

from the mode of ordinary water to the hydration shell in the solution network.

2.2.  Solvation dynamics and full-frequency Raman spectroscopy

Nal and HI solvation proceeds in the following ways:



Nal + H20 = Na* + I + H20 (polarization with O:H elongation and H-O contraction [42])

HI + 2H20 = I + (H* + 2H20) = | + [H(H20)2]* (H30 and H«>H anti-HB formation [36])

Figure 1a inset illustrates the ionic polarization of water molecules [38]. Serving as the point
charge centre, ions form each an electric field pointing outwardly for cation or inwardly for anion.
The field aligns, clusters, stretches and polarizes surrounding water molecules to form the
hydration shells. The polarized dipoles lined oppositely along the field, and at higher
concentration, solute-solute interaction comes into play, which weakens the field in the hydration
shells. The resultant field shortens the H-O bond and stiffens its phonon from the bulk mode
cantered at 3200 to the hydration-shell mode at 3500 cm™, lengthens the O:H nonbond and softens
its phonon from the bulk mode at ~200 to the shell at ~75 cm™. The polarization raises the solution
elasticity and surface stress. The polarization ability of a cation is weaker than an anion and ions

of larger radius and lower electronegativity effect more significant as Hofmeister noted [43].

Figure 1b inset illustrates the HsO* formation that substitutes for the central H.O molecule in the
2H20 unit cell [36]. The H* dissolved from acid solvation binds to the H20 firmly to form a HzO"
tetrahedron by sharing one of the two lone pairs of the oxygen. Unlike Na* that can be dissolved
from NaCl at 150 K temperature or even below [44], the H-O bond of > 4.0 eV cohesive energy
[43] requires 121.6 nm UV laser excitation to break [45].

On the other hand, for a water specimen having N oxygen atoms, there will be 2N bonded protons
and 2N lone pairs. Each of the lone pair “:” or the H" has 50% probability to interact with protons
or lone pairs of the neighbour water molecules. This regulation allows only for the O:H-O
formation between oxygen ions tetrahedrally coordinated in ordinary water. The introduction of a
HsO* hydronium into the specimen of N oxygen ions will break the 2N conservation and the O:H-
O configuration by adding turning the 2N protons into 2N+1 and the 2N lone pairs into 2N-1.
Thus, the excessive two protons form the O-H«>H-0O, named anti-hydrogen-bond (anti-HB) [36].

The anti-HB disrupts the solution network and depresses the surface stress of acid solutions.
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Figure 1. Concentration dependence of the full-frequency Raman spectroscopy for (a) Nal and (b)
HI solutions with concentration varying from 0.02 to 0.10 molar fraction (number ration will be
more convenient than using the unit of M/L) . Inset a illustrates the process of ionic polarization
that stiffens the H-O phonon and softens the O:H phonons because of the O:H-O bond
cooperativity. Inset b shows the structure unit cell of water with a HsO" replacement for the central
H20 upon HI solvation. The framed H—H anti-hydrogen-bond prevents H" from being able to
polarize its neighbours or from translational tunnelling between water molecules, but serves as a

point breaker disrupting the hydrogen network and the surface tension of the acidic solutions.

3. Results and discussion: DPS derivatives

3.1. DPS derivatives

In order to calibrate the solute capability of polarization, one can subtract the specific H-O and
O:H segmental spectral peaks of the solutions by the referencial characteristic peaks of deionized
water upon both sets of spectral peak area being normalized. The normalization excludes the
artifacts of measurements and to ensure that the phonon aboundance remain constant — the loss
equals to its gain upon hydration[38], and furthermore, avoid the peak decomposition with
uncertain number of components. As an artifact of the measurements, the difference of the Raman
mode cross-section between the conditioned and the ionized water can be removed by the spectral
peak area normalization though the difference was estimated in the 10 order [46]. The DPS needs



no background correction as all the spectral mimum is at zero, otherwise, correction could be ade

with reference to that of pure water.
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Figure 2. The concentration-resolved wx DPS for (a, ¢) Nal/H20 and (b, d) HI/H2H solutions. The

Na* and I polarization lengthens the O:H nonbond and soften its phonons and meanwhile shortens

the H-O bond and stiffens its phonon from the mode of the ordinary water ~3200 to the mode of

the hydration shell at ~3500 cm™ with different abundances as inset b compares. The oL shift

resolves the effects of ionic polarization that weakens the O:H from the H«<>H repulsion that

reverse the polarized

O:H nonbond.

Figure 2 compares the wx DPS for the H-O bonds conditioned by HI and Nal solvation. The peak

above the x-axis is the abundance gain that equals its loss below the x-axis due to solvation.

Results in Figure 2a and b compare the effects of Nal and HI solvation on H-O bond relaxation.

HI and Nal solutes have the same effect on stiffening the wn from 3220 to ~3500 at varied



abundance of transformation. HI solvation transits less the H-O phonon abundance than the Nal
does, discriminating the effect of Na* and H* on the amount of the network O:H-O bond

polarization.

The oL DPS in Figure 2c, d show that the O:H stretching phonons undergo a cooperative redshift
because of the O:H-O bond cooperativity. The ionic polarization shifts the O:H phonon from the
water mode at ~180 to the hydration-shell mode at ~75 cm™ but the H<>H repulsion reverses the
shift from 75 to 120 cm™ and from 180 to above 250 cm™.

3.2.  Bond transition, polarization and fragilization

The integral of the normalized peak sums all the detectable bonds in solution, which is taken as
unity. The DPS distills the fraction (< 1 unity) of phonons or bonds transforming from the mode
of ordinary water to the hydration shell upon solvation. The DPS removes the spectral area
commonly shared by the mode of the ordinarfy water and the hydration shell but it is out of
immeadiete concern. The commonly shared area may contain the high-order hydration shells of
weak polarization, so the DPS peak ariases mainly from the solute-solvent interafce, which is the
advantage of the DPS.
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Figure 3. Concentration dependence of the (a) fraction coefficient as an integral of transformed
hydration-shell phonons and (b) contact angles between the Nal and the HI solutions and glass
substrate evidence the H«<>H disruption of the acid solution bonding network and surface stress

and the ionic polarization raised surface stress. The coefficient features the fraction of the H-O



phonons or the H-O bonds being transformed from the ordinary water to the hydration shell by
solvation. Fitting in the form of f = a[1-exp(-C/Co)] separates the effect of fna from fi with

justification of fy = 0.

Figure 3a compares the fraction coefficients for I, Na*, and Nal capabilities of transforming the
fraction of H-O bonds being detected with provision of the justified fu = 0 [36]. The H&>H
formation disables the H* for polarization, thus fri = fi and fnai — fi = fna. The fna < fi and the fna
varies nearly linearly with solute concentration till its concentration limit at ~0.1; the fi, however,
veries exponentially towards saturation, according to the best fit. It is noted that the slope of the
f(C) corresponds to the number of H20 molecules per solute. The nearly linear dependence of the
fna implies the invariance of the Na™ hydration shell size or the solute electric field that is screeend

by the opposite alinged dipoles in the hydration shells.

Figure 3b shows the concentration dependence of the contact angle between the solutions and
glass substrates, which features the solute capability of transforming the surface stress as an
indication of polarization [34-36] . Here we focus on the concentration trends of the solute
capability of transforming the surface stress of the solution rather than the solution-substrate
interaction that is out of the present concerns. Observations confirm that the H«&>H anti-HB
disrution takes the full responsibility for depressing the surface stress and the dilusive and
corrosive properties of acid solutions but ionic polarization by salt solvation raisess the solution
viscoelastivity and surface stress, instead [35]. Results are consistent with MD calaculations [32,

33] on the hydration shell molecular slow dynamics and the H* induced network fragilization.

3.3. Molecular interactions and viscosity

The invariance cationic shell size indicates that the cationic filed is fullly screend by water dipoles
so the cationic solute is subject none to the interference of other solutes. However, the fast
concentration decay of the fiindicates that the I" - I” repulsion comes into play, which weakens the
local electric field in the hydration shells. The discrepency in ionic surfac area, (Ri/Rna)? ~
(2.2/1.0)? ~5, indicates that the number of H20 dipoles attached to the I is insufficnt to fully screen

the I solute that is subjecting to interfenrence of other I anions. The interference becomes stronger



when the solute concentration increases. Therfore, only anion-anion interactions and the solute-

solvent interactions exixt in alkali halide solutions.

One may note that the relative viscosity due to salt solvation is proportional to the fraction f(C) of
O:H-O bonds transiting from the mode of water to the hydration shells of the solutes. One can
adjust the factor A and B in the Jones—Dole expression [47] to match the f(C) curves in Figure 4
for Nal and NacCl:

An(C)

1(0)

f(C)=a[1-exp(-C/C,)] (Fraction - Coefficient)

= AJC +BC= f(C) (Jones — Dole)

It is thus clear that the viscosity is proportional to the extent of polarization or the fraction of O:H-
O bonds transiting from the water mode to the hydration shells. Therefore, polarization dictates
not only the surface stress but also the solution viscosity. Solute overdosing makes both the relative

viscosity and the f(C) towards saturation because of the anion-anion interaction.
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Figure 4. Correlation between the relative viscosity and the fraction coefficient for Na(l, Cl)

solutions as a function of molar concentration. The NaCl data is derived from [48].

4. Conclusion



We show quantitatively that the H* hardly forms a hydration shell or polarizes H.O molecules
because of the HsO" formation with 4.0 eV H-O bond energy. An addition of the H«>H anti-HB
to the Zundel [H(H20)2]* notion would be necessary as the H«>H disrupts the solution network
and the surface stress, discriminating the HI from the Nal solutions. In contrast, Na* and I ions
form each a polarization centre that shortens and stiffens the H-O bond, and meanwhile, lengthens
and softens the O:H nonbond via O-O coulomb repulsion. The resultant of I and Na* polarization
and I" <" repulsion stem the cooperative O:H and H-O phonon frequency. The fraction of phonons
being transformed by H*, Na* and I ions follows the relationship: fn = 0, fna oc C, and fi, oc 1-exp(-
C/Co) towards saturation. The invariance of the fna oc C slope indicates that the tiny Na* is subject
interference of other solutes because it is fully-screened by its surrounding hydrating H20 dipoles.
The consistency of the concentration trend of the solution viscosity and the fnai suggest that the
ionic polarization stem the increase of both the solution viscosity and surface stress. Being able to
resolve solute capabilities of hydrogen-bond and surface stress transformation, the DPS could be
one of the powerful tools to probe comprehensive information on processes taking place in

aqueous solutions without needing any assumption.
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