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Abstract

It has been a long pursuit to discriminate the ionic roles of mono- and di-valent salt solutions in
modulating the hydrogen bonding network and solution properties. We attended this issue by
examining the effect of concentrated YX2 (Y = Mg, Ca, Sr; X = Cl, Br) solvation on O:H-—O bonds
transition from the mode of ordinary water to hydration in terms of the number fraction fyx2(C) and
the segmental O:H—O bond phonon stiffness shift Aw(C) with C being the solute concentration. The
invariant dfy(C)/dC coins that the small Y?" forms a constantly-sized hydration droplet with weak
responding to interference of other ions because its hydrating H2O dipoles screen mostly its electric
field. However, the number inadequacy of the highly-ordered hydration H20 dipoles partially screens
the large X. The XX electrostatic repulsion exists and weakens its electric field. The
concentration-trend consistency of the fyx2(C), the solution conductivity ovx2(C), and surface stress
(contact angle) Gyx2(C) for YX2 solutions clarifies their common origin of ionic polarization.
However, the Jones—Dole notion disobedience of the viscosity 7yx2(C) suggests the presence of

YZ'~X- electrostatic attraction.
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Resolved Y?"and 2X- capabilities of transiting the fraction of O:H-O bonds from ordinary water to
hydration, which fingerprints the hydration shell sizes, ionic fields and correlate to the solution
conductivity and surface stress. The Jones—Dole notion disobedience of the viscosity 7vx2(C)

suggests the presence of Y2>*~X" electrostatic attraction.



1. Introduction

Salt solvation is ubiquitously important to our living quality and research fields such as
environmental engineering ', medicine industry 3, food science and technology *°, metallurgical
engineering % and construction materials °. The solvation of a divalent salt has striking impact on
the biochemistry, organic chemistry, food and medicine, and health care of human beings '-!!, which
modulate not only the surface stress and viscosity of the solutions but also changes the solution
ability of biological molecules such as denature of DNA and dissolving proteins. The interaction
between salt ions and water molecules play a critical role in mediating the structure and property of
solvent water. It has been a flourishing subject of research since the Hofmeister series was initiated '2,
however, high-resolution and clarification of solute-solvent molecular interaction remain yet

mysterious.

Compared with the monovalent salt solution at a certain centration C, a divalent salt solution has Y**
and folded-number of X" at the same concertation, which “hardens” drinking water and is unhealthful

to us13—14

. Spectroscopic investigation has been made on the dipole orientation and interface
dielectrics '4, hydration network relaxation upon solvation '3, the molecular and solute diffusion
dynamics in terms of phonon lifetime '°. Amazing variations have been observed on the hydrogen
bond network structure '#, orientation dynamics of water molecules !7, as well as the phonon lifetime
and frequency shift of the H-O bond in H20 or HDO solutions '8, It is expected that the size,

polarity, and electronegativity of ions have different roles on the surrounding water molecules

leading to salting in or salting out proteins in aqueous solutions ranked by Franz Hofmeister.

Halides participate in various biochemical processes '°2°. For instance, the chlorine anion stabilizes
cells at a proper osmotic pressure. Calcium, magnesium and manganese cations play an essential role

in biological system 2122-24

. The X-ray absorption spectrum of chloride aqueous solutions suggested
that the observed spectral changes of monovalent chloride solutions are primarily responsible for the
water-chloride interactions, but the spectral variations of divalent chloride solutions result from the

strong interactions between the dissolved cations and water molecules in the first hydration shell 25,



For instance, Jong and Neilson 2¢ investigated the hydration of the concentrated nickel chloride
solutions with variation of temperature and pressure and found that the Ni?>* and CI- hydration shells
become progressively weak at elevated temperature. Combining neutron diffraction and Monte Carlo
simulation, Bruni '# suggested that the electrostatic field raised from divalent cations dictates the
strong and directional interactions with water molecules in the first hydration shell and forms a more
rigid and long lasting hydration shell (called supersolidity 2’), compared with the monovalent ionic
solutions. The interaction between various halides ions and water molecules, but discriminating the
divalent cations from the monovalent ions in the hydration mechanisms remains a challenging issue.
Consistent understanding of the solute-solute and solute-solvent interactions of the dissolved divalent

cations, halides anions, and water molecules would be helpful.

We show here the progress of the concerned issues by examining the O:H-O bond transition from
the mode of ordinary water to hydration by divalent halide solvation in terms of phonon abundance
and stiffness and the correlation between the surface stress, viscosity and conductivity pf the

solutions.

2. Experimental Section

The analytical reagents of MgClz, CaClz, SrCl2'6H20, MgBr2'6H20, CaBr2 and SrBr2'6H20 were
purchased from the Aladdin Industrial Inc. Deionized water was produced by a HITECH laboratory
water purification system (resistivity: 18.2 MQ-cm). Raman measurements of 150 pL deionized
water and aqueous solutions injected into a silica stage were conducted using the confocal micro
Raman spectrometer (Renishaw inVia) with a 532 nm He—Ne laser as the light source at the ambient
pressure and 298 K. All the measurements were conducted in a back-scattering geometry using a 50
x long-working-distance objective lens (Leica) to focus the laser light onto the sample and collect the
scatted light. The phonon frequency range, exposure time and accumulated number were set to
50-3800 cm™!, 30 s, and 4, respectively. According to limit of the solubility, salt aqueous solutions
were prepared at suitable solute molar fractions C = Nvyx2/Nu20. The contact angle detection was
carried out by the Drop Sharp Analysis System (Kriiss GmbH, Germany). The fluidic absolute

viscosity and conductivity were measured by an NDJ-5S digital rotary viscometer with the No.0



rotor (Pingxuan Scientific Instrument Co., Ltd, China) and MP515-03 precision conductivity meter

(Shanghai Sanxin Instrumentation, Inc), respectively.

3. Principles

3.1. Interlock of the tetrahedrally-coordinated Y X2 and H2O networks

The YX> solution network is an interlock of the ordered, tetrahedrally-coordinated YX> and H20
solutions. Figure la inset shows the 2H20 unit cell of four identical O:H-O bonds linking
neighboring oxygen atoms. As a basic structure and energy-exchange unit, the O:H—O bond couples
the intermolecular O:H nonbond and the intramolecular H-O polar-covalent bond interactions
through the O-O repulsion, rather than either the O:H or the H-O alone. The H-O bond
releases/absorbs energy and the O:H nonbond relaxation dissipates energy through the motion of
H20 molecules. The O:H-O is regarded as an asymmetrical, short-range, and strongly coupled
oscillator pair 2® whose segmental length, cohesive energy and stretching vibration frequency for H—
O bond are (1.0 A, ~4.0 eV, 3200 cm™") and for O:H nonbond they are (1.7 A, ~0.1 eV, 200 cm™) at
4 °C and ambient pressure ¥°. In pure water, the total number of protons and one pairs “:” and the
O:H-O configuration conserve. The 2H20 unit cell defines that any one of the molecules can only
rotates around the C3v symmetrical axis within 60°, or otherwise the H<>H and O:<:0 repulsion

will come into play to destabilize the hydrogen bonding network.

Figure 1b inset shows the proposed 2Y Xz unit cell. The YX2 dissolves into Y2 and X" ions and each
of them serves as a center of electric field. Electrostatic polarization does not form any bonds of new
kinds but only clusters, polarizes, and stretches the neighboring water molecules. lons are screened
by its surrounding H20 molecules to form the supersolid hydration shells (inset of Figure 1c) —
highly polarized, gel-like, thermally more stable 2’. The dissolved cations and anions form a
homogeneous tetrahedral unit, which is like the 2H>O with four identical Y>*~X"~Y?" electrostatic
interaction. The smaller divalent Y?* cations occupy the center and four vertices of the tetrahedron.
Four larger X anions are located at the midpoint between two Y?* cations, and bridges Y?* cations

through the cation-anion attraction. In the network, the Y?*~X- attraction and Y?'¢<Y?" XX



repulsion coexists but the extent will be subject to the solute concentration and screening of the H20

dipoles in the hydration shells.

The size, charge sign and quantity, electronegativity, concentration or separation between ions
determine the strength of the solute ionic electric field. Ionic electrification shortens and stiffens the
H-O bond but elongates and softens the O:H nonbond ?’(see inset d). The O:H-O segmental length
and vibration frequency fingerprints directly the local electronic fields as a superposition of the

contributions from the point charges and the H20 dipoles that screen the ions’ electric fields.

3.2.Phonon spectroscopic identities

The Raman frequency shift Aax fingerprints the relaxation of the segmental length dx and energy Ex

from one equilibrium to the next under any external perturbation 2%,

ky + k¢
Hx

A(J‘)X < V EX/I"'X/dX x
The subscript X = L and H denotes the O:H nonbond and the H-O covalent bond, respectively. The
1 18 the reduced mass of the vibrating dimer; kc and kx are the force constants, or the curvatures of

the O—O Coulomb repulsion and the respective segmental potential.

The Raman full-frequency spectra compared in Figure 1 characterizes the O:H—O bond cooperative
relaxation upon YX: solvation, which hardly offer quantitative information on the stiffness,
abundance and fluctuation-order transition of the O:H-O bond by solvation. The differential phonon
spectrometrics (DPS)?, however, can distill such information very conveniently. The DPS is
obtained by subtracting the referential spectrum of deionized water from the spectrum of the solution

upon both spectral peaks being area normalized. Ref ?7 has described the DPS strategy in detail.

The DPS shows the phonon population transition from the valley to the peak above the x-axis Figure

2 and Figure 3, which corresponds to the number of bonds transiting from the mode of ordinary



water to hydration in the solute hydration shells. The integration of the peak features the number

fraction fx(C) of bond transition due to polarization 27,

£(0) = fwM[ sotution (€,) _lyater (0,0)
®m fw: Lsotution (€, w)dw fwnl\:ll water (0, w)dw
The slope of fx(C) is proportional to the population of bonds per set of Y?*+ 2X- solutes, which
reflects the hydration shell sizes determined by its local electric field of the solutes. In the present
case, the fx(C) is the superposition of fy(C) + fx2(C) = fyx2(C). The fraction coefficient fv(C) and
fx2(C) may be linear, or nonlinear of different curvatures d?fx(C)/dC?, which features how the local
electric filed changes with the local bonding environment and solute concentration. The f£(C) = 0
means no polarization occurs, such as H" in acid solutions *°; dfx(C)/dC = 0 indicates invariant
hydration shell size of Na*, Li*, and K in monovalent salt solutions; and @*/x(C)/dC? > 0 or < 0

features the dominance of inter-solute attraction or repulsion, respectively 7.

4. Results and Discussion

4.1. Raman Spectral Characteristics

Figure 1 compares the full-frequency (50-3800 cm™!) Raman spectra of YX2 solutions. One should
focus on the cooperative relaxation of the O:H nonbond stretching vibration oL at 50-300 cm™! and
the H-O bond stretching vibration wu at 3100-3800 ¢cm!. Salt solvation shifts the O:H and the H-O
phonon cooperatively without adding any new features of bond formation. Solvation of the YX2
stiffens the H-O phonon and softens the O:H phonon simultaneously without being able to
discrimination of the 2X- from the Y?* contribution. The spectral features within 300-3000 cm™! range
due to bond angle bending and rotating vibration are out of immediate concern as it fingerprints less
the change of segmental length and energy. This is the advantage of the phonon spectroscopy based
on the Fourier transition scheme that sorts out the bonds vibrating in the same frequency

disregarding the orientation and or location.
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Figure 1. Full-frequency Raman spectra of (Mg, Ca, Sr)(Cl, Br)2 solutions. Inset a illustrates the
2H>0 structural unit cell comprising four oriented O:H—O bonds with pairing dots standing for the
lone pairs “:” on oxygen. Inset b illustrates the 2Y X2 unit cell extending from the 2H20 by removing
the “:”. Inset c illustrate the effect of Y?* and X~ charge injection on water molecules aligning and
clustering, and the (inset d) electric stretching of the O:H—O bond. The ionic sizes are Ry ~1.0 A for
Y?" and Rx ~2.0 A for X". Inset e denotes frequency regimes of O:H and the H-O stretching

vibrations and the shift Aax as a function of the segmental length dx and energy Ex. From the phonon

frequency shift one can see directly the bond stiffness relaxation.



4.2. Bond stiffness cooperative transition

DPS of the concentrated YX2 aqueous solutions showing the ionic polarization that shortens H-O
bond and stiffens it phonon from 3200 cm! (valley) to ~ 3450 cm! (peak); the O:H nonbond
responds to ionic polarization oppositely and its phonon shifts from ~200 cm™! to ~ 110 cm! for YCl2
and to ~100 cm! for YBr2 solutions. The second valley at 3620 cm™! corresponds to the dangling H—
O vibration phonon stiffened from 3610 cm™! by the X ions preferentially populated at the surface,
whose intensity is annihilated by the anions. These features confirm the effect of polarization on H—
O bond shortening and O:H softening. However, in the monovalent salt solutions, polarization
transits the H-O phonon from 3200 to ~3500 cm™! and the O:H phonon from 200 to ~75 cm!. The
lower capability of polarization indicates the local weaker electric fields around the ions in the YXo
solutions because of the superposition of the repulsion between the like ions and the attraction

between the alike ions.
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Figure 2. The H—O phonon DPS for the concentrated (Mg, Ca, Sr)(Cl, Br)2 solutions. Aqueous
charge injection transits the H-O bonds from the mode of ordinary water centered at 3200 cm™' to the

hydration states at ~3450 cm’!, as consequence of H-O bond contraction and stiffening (exoc

EJdy?).
a |
I MgCI,/H,0 d | /eﬂ MgBr, / H,0
8 | /J"'M’\%
] ﬂ“ \
3 \
=
MM s 0ff AN
= —001 ¥V W=
< —0.02 Vs
-8 |-——0.03 Y
| ——o0.04 e
0.05
-16 |
300 100 200 300
o, (cm’)
16 ; :
€ | CaBr,/H,0
A
8 W/\r'\i‘t\\\
3 0 — -
= —002 % 5
< —0.04 N W"')’
9 od?
8 f--——0.06 v
——0.08
r 0.10
-16 |
100 200 300 100 200 300



c 16 - 16
i SrCl, / H,0

—h

SrBrleZO

=3
A _ Cé OoN
s At S O M N
< [ —o \%w
8 .m0 0.03 A
——0.04
—0.05
-16 i
200 300 100 200 300
o (cm’) o (cm’)

Figure 3. The O:H phonon DPS for the concentrated (Mg, Ca, Sr)(Cl, Br)2 solutions. Aqueous charge
injection transits the O:H nonbonds from the mode of ordinary water centered at 200 cm! to the

hydration states at ~100 cm’!, resulting from the O:H nonbond elongation and softening (ax? o«

Edy2).

4.3. Fraction of bond transition

Integration of the DPS H—O phonon peaks results in the fraction fyx2(C), which is the number of
bonds transiting from the mode of water to hydration. It has been verified?®-*? that the fii(C) = 0 and
hence the fix(C) = fx(C) as the H* does not polarizes its surrounding O:H-O bonds. The excessive
H" is attached to a H20 to form H<>H anti-HBs between H3O"«<>H20, which serves as point beaker

to disrupt the local HB networks. Therefore, fx(C) = fix(C) — fis(C). The X anion performs the same
to polarize neighboring H20O molecules to form the hydration shell. Therefore, /(C) = fyx,(C) -
fux(2C), where the fux(2C) represents the folded X concentration in the Y Xz solutions. The fy(C) and

fx2(C) can thus be separated from the fyx2(C). Figure 4 compares the fyx2(C), fy(C), and fx2(C) for

the concentrated Y X2 solutions.
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Figure 4. Comparison of (a) the present fyx2(C) and the fix(C) for acid solutions*® and (b) the /¥(C)
for the divalent cations. The slopes and curvatures of the coefficients provide information on the

ionic local electric fields and the hydration shell sizes as a function of concentration.

The six fyx2(C) profiles in the exponential saturation form are categorized in three groups in Figure
4a. Results show the ionic capabilities of O:H-O bond polarization follows the order: Sr** > Ca®*>
Mg?* and Br > CI. One can find that the fyx2(C) rises with the ionic size and with the drop of
electronegativity [R(Mg?") = 0.49 A, R(Ca®") = 0.99 A, R(Sr*") = 1.12 A: R(Br)= 196 A, R(CI') =
1.80 A].

One can obtain the f2x(C) = fx(2C) by twisting the C in the fux(C) directly in Figure 4a. From the
f2x(C) slope analysis, X' «<>X repulsion remains throughout the concentrated solutions because the
large X size ?’. Insufficient number of H20O molecules in the highly-ordered hydration shells only

partially screen the electric field of the X ions, being the same case of monovalent salt solutions.

Figure 4b shows that at C < 0.05, the fv(C) o« C and at higher C, the fv(C) follows the same trend of
fx(C) oc 1 — exp(-C/Co) toward saturation. The subscript a and b legend the ¥?>* in the YCl2 solutions
and the Y?* in the YBr2 solutions, respectively. The critical molecular ration C = 0.05 = 1/20 means
that 20 H2O molecules surround one set of Y2* + 2X- solutes. At such concentration or below, the Y*
seems fully screened by its surrounding H>O dipoles, and the Y?>*<>Y?" repulsion or the Y?*-X-
attraction is negligible. However, at higher concentration, the Y?*<>Y?" repulsion occurs because eof

the shorter distance. However, the absence of Y*«>Y™ repulsion from the monovalent salt solutions



suggests that the Y?* has a longer distance of its electric field. The Y?* and the Y* difference and the

folded X number discriminate the monovalent and divalent salt solutions of the same concentration.

4.4. Solution conductivity, surface stress, and viscosity

Figure 5 compares the solution conductivity orx2(C) and surface stress (contact angle &vx2(C)) of the
solution. Strikingly, the ovx2(C), Grx2(C) share the similar fyx2(C) exponential decay with increasing
solute concentration. These identities follow the same order of the solutes: Sr?* > Ca?" > Mg?" and
Br > CI" as well. These concentration trend consistency evidences their common origin of
polarization. The ovx2(C) drop at higher concentration for the thicker solutions may arise from the

carrier low mobility.
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Figure 5. Solute concentration and type resolved (a) solution conductivity and (b) surface stress
(contact angle) follow the same trend of exponential decay of the fraction coefficient toward
situation and the capability order of the solutes: Sr>* > Ca?" > Mg?*and Br- > CI". The conductivity

drop at higher concertation suggests that thicker solution depresses the carrier mobility.

However, the concentration trend of the solution viscosity disobeys the Jones—Dole #(C) = AC +
BC'2 notion®** or the fyx2(C) as compared with that for the monovalent salt solution, see Figure 6.
The folded X~ concentration and the large amount of Y?* charge lead to the X'~Y?" attraction that is
absent in monovalent salt solutions. The short X'~Y?" attraction could be the origin of the viscosity

disobeying Jones—Dole notion.
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Figure 6. Solute concentration and type resolved viscosity for the (a) YX2 and (b) LiBr ?’ solutions.
The viscosity of the YX2 shows opposite curvatures to that of the monovalent salt solutions *. The
solution viscosity, surface stress, and the fLis:(C), for instance®’, follow the Jones—Dole notion®®. The
viscosity of the YX2 solutions follow the same trend of the divalent CaCl>*’ and the complex NaClOa4

and LiClO4 ** aqueous solutions.

5. Conclusion

The DPS strategy has enabled discrimination of the ionic roles on transforming the O:H-O bond
upon charge injection by YXz solvation and the effect on the surface stress, solution viscosity and
conductivity. We may summarize the findings:

1) The Y?"+ 2X is less capable of transiting O:H-O bond stiffness than the monovalent salt
solutions as the superposition of the Y?*+ 2X- ionic fields.

2) On the base of fu(C) = 0 and fux(C) = fx(C), the fyx2(C) is decomposed into the coefficients
f¥(C) and fx2C) for the Y?* and 2X, respectively.

3) The fx2(C) « 1 - exp(-C/Co) toward saturation indicates the presence of X"<>X" repulsion that
weakens the anionic electric field and the shell size.

4) The f¥(C) o« C at the molecular ratio below 0.05 suggests the invariant hydration shell size;
however, at higher Y concentration, the fv(C) turns to be the similar form and the mechanism
of fx2(C).

5) The concentration-trend consistency of fyxz2(C), solution conductivity, and surface stress for

Y X2 solutions clarifies their common origin of ionic polarization. However, the Jones—Dole



notion disobedience of the viscosity 7vx2(C) suggests the presence of Y?'~X- electrostatic

attraction.
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