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(Li, Na, K)OH Hydration Bonding Thermodynamics:
Solution Self-Heating

Chang Q Sun'", Jiasheng Chen?, Chuang Yao!, Xinjuan Liu®, Xi Zhang*, Yongli Huang®"

Abstract

The resultant energy of solvent H-O bond exothermic elongation by O:<:0 repulsion, featured at <3100
cm, and the solute H-O bond endothermic contraction by bond-order-deficiency, at 3610 cm™, heats up
the (Li, Na, K)OH solutions. The solution temperature increases linearly with the number fraction of the
ordinary O:H-O bonds transiting into their hydration states. The elongated H-O bond emits >150% the
O:H cohesive energy of 0.095 eV that caps the energy dissipating by molecular motion, thermal
fluctuation, diffusion, and even evaporation. Therefore, the intramolecular H-O bond relaxation dictates

the OH" solvation bonding thermodynamics and the performance of basic solutions.
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1. Introduction

Exothermic and endothermic reactions are of great importance to both basic and engineering sciences
[1-3], as well as efficiency of drug functioning[4]. However, why the OH" hydration heats up its solution
remains to be resolved. A comprehensive discussion [5] on the thermodynamic chemistry occurred in
liquids, solids, and semiconductor materials suggested that the concurrent understandings are mainly
within the framework of classical thermodynamics in terms of enthalpy [6, 7] and Gibbs energy [8]. The
heat generation at reaction is mainly attributed to the solute-solvent electron transportation[5, 9] and
molecular interactions[10], water molecular motion dynamics [11], H-O correlation [12]. Inter- and
intra-molecular cooperative interactions govern the path, ultimate outcome, and efficiency of aqueous

solvation [13].

The pump-probe ultrafast infrared absorption spectroscopy investigation [14] suggests that the spectral
signal for the OH" solvation decays its intensity in 200 fs and this process is followed by a
thermalization that becomes slower with increasing the solute concentration. The molecular
thermalization proceeded by water molecular rotation, reorientation, and diffusion is suggested to be
responsible for the solvation thermodynamics [15]. Two processes of molecular motion relaxations
occur upon NaOH hydration in bulk water [16] and in water clusters [17]. One is the slow process on
200 + 50 fs time scales and the other faster dynamics on 1-2 ps scales. Density functional theory
calculations suggest that the OH™ hydration shall contains OH" - 3H,0O molecules [3] and the hydrating
molecular structure undergoes evolution by reorientation at heating [18]. However, quantitative
information and atomistic insight into the solvation intramolecular bonding and intermolecular

nonbonding thermodynamics and their cooperativity still open for examination.

Extending our recent findings on the YOH(Y = Li, Na, K) solvation Raman spectroscopy [19], we show
herewith quantitatively that the energy difference between the solvent H-O bond elongation by O:<:0
compression and the solute H-O bond contraction due to HO™ bond-order deficiency heats up the YOH
solutions. The solution temperature T(C) varies linearly with the fraction number Af(C) of the H-O
bonds transiting from the mode of ordinary water to the elongated and contracted states upon the YOH

being hydrated.



2. Principles

2.1. YOH Solvation Phonon Spectrometrics

The YOH solvation proceeds as follows [19] with involvement of possible bonding thermodynamics, as
listed in Table 1:

YOH + 4H,0 —» Y
+ OH"(H-O contraction due to bond order loss, OH" has one H-O bond loss from H,0)
+ 3H,0 + H,0 (H-O contraction by compression) + (heat T)

Solvation in water dissolves the YOH into a Y™ ion and an OH™ hydroxide. The Y leaves one of its
electron behind the OH™ that keeps its sp*-orbital hybridization with three lone pairs “:” on it. This
process adds three “:” and one H" into the solvent consisting N value of H,O molecules and turns the
initial 2N protons into 2N +1 and the “:” from 2N to 2N+3. The excessive two “:” forms uniquely the
0:<:0 repulsive nonbond, called super-HB, for convenience, as Figure 1a inset illustrated. The stronger
0:<:0 repulsion compresses its neighboring O:H-O bond. Mechanical compression shortens the O:H
and lengthens the H-O cooperatively [20], see Figure 1b inset. On the other hand, the OH" solute is
subject to bond order-deficiency, which shortens its due H-O bond [21].

Table 1. Bonding thermodynamics of YOH solvation.

Energy Solvent H-O bond thermal contraction by significant

absorption | temperature raising

Qa solute H-O contraction by bond-order-deficiency significant

[22]

hydrating H-O bond contraction by Y* polarization | Negligible because Y X

[23] solvation and polarization
Energy YOH dissolution into Y*and OH™[19] change little the solution
emission Qe temperatures

solvent H-O elongation by O:<:0 repulsion [19] significant




O:H elongation by Y™ polarization [23] Negligible due to tiny O:H

energy
Energy molecular motion and structure fluctuation With little contribution to
dissipation energy absorption or emission
Quis heat loss due to the non-isothermal calorimetric Cause error tolerance

detection

Figure 1a and b display the full-frequency Raman spectra for YOH solutions [19], which agrees with
those probed with infrared spectra from YOH and YOD solutions [17, 24, 25]. Solvation broadens and
flattens the H-O vibration peak towards lower frequencies. The peak position corresponds to the bond
stiffness (e )? oc (E/d?), of the x segment of the O:H-O bond (x = L and H for the O:H and the H-O,
respectively). The E is the bond energy and dy the bond length. The O:H-O bond consists the weaker
O:H (~0.1 eV, ~200 cm™) intermolecular van der Waals bond (vdW) and the stronger H-O (~4.0 eV:
3200 cm™) intramolecular covalent bond, which are coupled by the Coulomb repulsion between electron
lone pairs on adjacent oxygen ions [22]. At 4 °C temperature, d, = 1.70 and dy = 1.0 A. If a specific
bond becomes shorter and it turns to be stiffer, a blue shift of its vibration peak occurs, and vice versus.
One can thus judge how the bond length and energy change from the phonon band frequency shift and
how the O:H and the H-O segment cooperate. The rest bond bending vibration modes are out of

immediate concern.

It has been extensively affirmed that the O:H-O bond disparity and the O-O repulsivity dictate the
extraordinary adaptivity, sensitivity, recoverability of water and ice subjecting to stimulation [22]. As
Figure 1b inset illustrated, the segmented O:H-O bond relaxes oppositely. Compression shortens the
softer O:H nonbond and lengthens the H-O bond cooperatively. The O:H relaxes always more than the
stiffer H-O bond does with respect to the H" coordination origin under stimulation. On the other hand,
bond-order-deficiency shortens the intramolecular covalent bond spontaneously for the

undercoordinated systems [21].

Figure 1c and d display the differential phonon spectra (DPS) for the O:H and the H-O phonons. The
DPS is the difference between the spectra collected from water with and without solvation upon both

spectral peak area normalized. Minimizing the artefact such as the cross-section of mode reflectivity,



the DPS resolves the fraction (peak area) and stiffness (frequency shift) of the O:H-O bonds transiting
from the mode of ordinary water to the hydration. Compared with the inset DPS for water under
compression, the O:<:0 has the same but much stronger effect of compression on the phonon

relaxation at the critical pressure, 1.33 GPa, for the room-temperature water-ice transition [26].
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Figure 1. Full-frequency Raman spectroscopy for (a) YOH/H,O of the same concentration and (b)
concentrated NaOH/H,0 solutions and (c, d) the DPS profiles [19]. Inset a illustrates the central HO
replacement of the 2H,0 unit cell, which derives an O:<:0 bond as framed. Inset b shows the O:H-O
bond cooperative relaxation under O:<:0 compression, which has the same effect of pressure on the

O:H-O bonds DPS as insets ¢ and d demonstrated [19]. The O:H-O bond compression proceeds by O:H

contraction and H-O elongation [22].

The solvent H-O bond elongation by O:<:0O compression and the solute H-O contraction by bond-

order-deficiency resolve two spectral features in the DPS shown in Figure 1c and d. The broader H-O
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peak at < 3100 cm™ suggests long spatial decay of the O:<>:0 compression; the sharp H-O peak at 3610
cm™ features the localized nature of the solute H-O bond. The two DPS peaks may clarify that the
longer 200 + 50 fs lifetime of the 3610 cm™ H-O phonon features the slower OH™ motion dynamics and
the other shorter lifetime on 1-2 ps scales is related to the lower-frequency <3100 cm™ elongated solvent
H-O bond vibration upon HO solvation[19] in NaOH solutions[16, 17]. Integrating the DPS spectral
peaks results in the f(C) that features the fractions of the H-O bonds transiting from the ordinary water to
the elongated (<3100 cm™) and shortened (3610 cm™) states of hydration.

2.2. YOH Hydration Bonding Thermodynamics

According to Pauling [27], energy stores only in the chemical bonds and the energy emission or
absorption proceeds by bond relaxation. Bond dissociation and elongation emit energy, but bond
formation and contraction absorb energy, leading to the respective exothermic and endothermic reaction.
However, energy dissipation by molecular motion and structure fluctuation contribute insignificantly to
the change of solution temperature. Table 1 suggested thermodynamics involved in YOH solvation
under the non-adiabatic calorimetric detection, and the significance of the bonding thermodynamic

process.

3. Results and Discussion

3.1.  Solution Temperature versus the Fraction of Bond Transition

To seek for the correspondence between the solution temperature T(C) and the f(C) for YOH solutions,
we detected in-situ the solution temperature using a regular thermometer in a glass beaker under the
ambient of 25 °C. The solution was stirred using a magnetic bar rotating in the beaker in 5 Hz frequency.
Figure 2 plots the solute concentration-resolved T(C) and the f(C) for the fraction of H-O bonds

transiting into <3100 cm™ and 3610 cm™ upon solvation.

Excitingly, the T(C) correlates linearly to the f(C) profiles, irrespective of the solutes. Figure 2d
compares the time needed to heat the solutions to the highest possible temperatures. KOH is more easily
dissolved than the rest two. This thermal transportation relaxation time in second or minute time scales
is completely different from the lifetime in the time-resolved infrared spectroscopy. The infrared



measures the molecular motion dynamics by monitoring the spectral signal decay of the H-O bond at a
certain frequency at the fs ~ ps level [14-17, 28-31]. The infrared spectral lifetime changes with the
solution viscosity, molecular drift diffusivity and the incident beam frequency, etc., with hopeful

information on the intramolecular bonding dynamics.
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Figure 2. Concentration dependence of the fraction coefficients for (a) <3100 cm™ and (b) 3610 cm
!peaksof the (Li, Na, K)OH solutions, (c) the solution temperatures (inset a shows calorimetric detection

set up), and (d) the thermal relaxation time required to reach the highest possible solution temperature.

3.2.  Energetic Quantification

One could be able to estimate the energy exchange during solvation by considering the significant

bonding thermodynamics given in Table 1:



Z Qe. z QaJ )_Zszis,l(C):O
>1Q.i(C)->,Q, (C) - ¥, Qu s (€) =0

Only three processes are significant. The energy Qo heating up a unit mass solution (m = 1 unit) from T;

to Tt by increasing the solute concentration up to Cy equals (he = 4.18 J(g-K)™* = 0.00039 eV (bond-K)’

is the specific heat for liquid water):

j dq = hojd_[ —dC hoT (Cyr)
[*dg=h,[ dm[™ %dc ~hT(C,)
1)

The energy difference AQ between the exothermic solvent H-O elongation and the endothermic solute
H-O contraction heats up the solution. Only the f,(C) and f,(C) numbers of the hydrating bonds

contribute to heat exchange. One can thus obtain the AQ,

Qe Qa fe
j dge — | do, = he'[ dme —h, dma I dt=[he fe —hy foJT(Cy)
0 0 0

OQe dqe - JOQadqa = |:he_|.0fe dme - hajofa dma:|_|..:f dt = [he fe - ha fa]T (CM )
(2)

One may approximate that the energy emission per bond h, is compatible to the energy absorption h, for

estimation, thus,

hoT(Cm ) hoT(Cm ) , .
=h,T(Cy )= ~ , (with hy =h

T Cw)  MTCu) it ~h)
f.—fh/h f—f,

Qe = heT (CM) =
3)



Table 2 tabulates the outcome showing that the H-O elongation by O:<>:O compression emits at least
150% the O:H cohesive energy (E.) of 0.095 eV at room temperature [22]. It is thus justified that the

energy remnant of the solvent H-O exothermic elongation and the solute H-O endothermic contraction
heats up the solution.



Table 2. Derivative of energy emission from the H-O bond elongation by O:<:0O compression.

YOH Cwm fo/C f./C Twm/C he/ho Qe (eV/bond) | Qe/EL
LiOH 0.08 |0.981 |0.321 253.8 1.515 | 0.150 1.58
NaOH | 0.1 1.773 |0.970 296.1 1.245 |0.144 1.52
KOH 0.1 0.875 |0.371 285.4 1.984 |0.221 2.33

One can also estimate the energy emission from the elongated H-O bond from the DPS (<3100 cm™)
profile with the documented values of (dy, En, @n) = (1.0 A, 4.0 eV, 3200 cm™) for bulk water [22], and
for basic solvent (1.10~1.05 A, E,, 2500~3000 cm™). Differentiating the nature logarithm of the

expression, o2 o« E/d?, yields,

Ad %J _ 2><4.Ox(0'10 ~0.05 (2500~ 3000)—3200}

-1
AE = 25(_+ —0.95 12500cm ;
1 3200 ~0.10 (3000cm™

- - _ _ -1
AE=2E(£+A—‘UJ=2><4.0X(O'1' 0.05 _ (2500 ~ 3000) 3200]: 0.95 (2500cm™)
d 1 3200 ~0.10 (3000cm™)

(4]

w
(4)
Indeed, the H-O bond elongation losses its cohesive energy from 4.0 by 0.10~0.95 eV depending on its

frequency shift. Therefore, the exothermic H-O bond elongation by O:<:0 compression is certainly the

intrinsic and primary source for heating up the YOH solutions.

4. Conclusions

A combination of the DPS and calorimetric detection has clarified that intramolecular H-O bond
relaxation serves as sources heating up the (Li, Na, K)OH solutions. The energy emission per H-O bond
is at least 150% of the O:H cohesive energy at 0.095 eV that caps the energy dissipating by molecular
motion, thermal fluctuation, diffusion, and even evaporation. The intramolecular H-O bond relaxation

induced by molecular O:<:0 repulsion and the bond-order-deficiency governs the solvation bonding
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thermodynamics and the performance of the YOH aqueous solutions. Observations demonstrate not only
the essentiality of extending the convention of solvation molecular dynamics to hydration bonding
thermodynamics but also the power of the DPS in resolving the number and energetics of hydrogen
bond transition from ordinary water to hydration.
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