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Hydration resolves the O/C-H:O and the charge-inverted H:0-S coupling hydrogen
bonds, as well as the H&H repulsion-engaged C-H<H-0 interactions for DMSO
hydration, relaxing discriminatively and cooperatively driven by solute dipolar

polarization and coupling interactions.
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Abstract

Hydration of organic molecules determines the fascinating properties of aqueous solutions with
challenges for understanding the bonding and electronic dynamics. We found three types of unusual
interactions in terms of the O/C—H:O coupling hydrogen bonds, the charge-inverted H:O—C and
H:0=S, and the H<>H repulsion bridged C—H<>H—-O interactions at the THF and DMSO hydration
interfaces. Perturbative differential phonon spectroscopy and the first-principles computations further
unveiled that the polarization effects of solute dipoles and the inter- and intramolecular coupling
interactions cooperatively and disparately relax these bonds. These findings shall enrich the
connotation of hydration interfacial bonding profoundly by incorporating the inter- and intramolecular
coupling, charge inversion, and the coupling-enabled cooperativity and polarizability upon
perturbation, which should offer impacts on dealing with systems involving molecular interactions,

such as cryoprotectants, electrolytes, etc.

Keywords: hydration; interface; hydrogen bond; relaxation, driving force.

https://doi.org/10.26434/chemrxiv-2024-78kc5 ORCID: https://orcid.org/0000-0003-2076-1133 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-78kc5
https://orcid.org/0000-0003-2076-1133
https://creativecommons.org/licenses/by/4.0/

Understanding how organic molecules interact with water is crucial in fields like health care and
medication', synthetic chemistry?, environmental chemistry®, and renewable energy,* > etc. The
hydration modifies the solvent bonding network and the solution properties. Hydration of small-sized
molecules such as methanol, tetrahydrofuran results in the binary aqueous systems performing
differently from the pristine water or the organic solutes, such as protein solubility, chemical reactivity,
elastoviscosity, surface stress, freezing point, electric and heat conductivity, etc®; Hydration of
macromolecules, such as deoxyribonucleic acids and proteins, affects the formation of the
heterogeneous assemblies and essential biological functions.”” As a result, the versatile binary
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mixtures have found wide-reaching applications serving as cryoprotectants,'® ! cosolvents,'?

13-15 16, 17

clathrates, and electrolytes ™ '/, etc. However, little is yet known about the type and dynamical

relaxation of the intra-solute and hydration interfacial interactions.

Hydrogen bond (HB) between water and organic molecules plays dominant roles for the properties of
a large number of organic solutions. Although the IUPAC has defined the HB (X*~H®"---Y®") to feature
the intermolecular interactions'® involving the protons and electron lone pairs, the HB is often referred
to the H---Y attraction. In the HB, X and Y have a higher electronegativity than H, and therefore X and
Y, such as C, N, O, and F, carrying negative charges. The X is referred to as the donor, and the Y as
the acceptor of proton H; "—" represents a covalent bond between the X and H, while the "---" represents
a nonbond interaction between H and Y. The [IUPAC’s definition has advanced the properties design

and utilization of water and organic crystals which involve the HB.

As a complement to the HB definition from IUPAC, our recent attempt of considering the repulsive
force between X—Y in the HB has enabled coupling of the initially isolated intro- and intermolecular
interactions (two segments of X—H and H--Y, respectively)!?, which amplified the H---Y attraction'®
to the coupling X—H---Y (specifically, O/N/C—H---O) bonds for water and ice'®, aqueous solutions®’,
and CHNO-based explosives®!. The coupling O/N/C—H---O bonds relax cooperatively in the bond
lengths, energies, and vibration frequencies under a perturbation of pressure, temperature, electric field,
and molecular undercoordination'®. For instance, upon external stimulus, both oxygens of the HB of
O:H-O travel in the same direction along the HB, but the O:H always relaxes to an extent more than

the H-O because of the disparity of these segments (do:x ~ 1.6946 A, Eo ~ 0.1 eV and du.o ~ 1.0004
3
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A, Eno~4.0eV).

In addition, different from the conventional hydrogen bond, Jabtonski and Civis et al. introduced the
concept of charge-inverted hydrogen bond (CIHB, X*—H®---Y®") according to their dedicated
theoretical and spectroscopic observations.”?® The CIHB means an interaction between hydrogen
atom with partial negative charge and any atom with an electron gap. Furthermore, by extending this
CIHB concept, any atom R of lower electronegativity than X and Y can replace the H but ensures the
R---Y attraction. However, there is no information about relaxation of the segmental length, energy,

and vibration frequency of the CIHB.

To clarify the featured hydration interfacial interactions, we systematically examined the solute
polarity and the solute/solvent concentration (number ratio) effect on the relaxation dynamics of the
segmented bonds of the THF and DMSO solutes and their hydration interfaces using the combination
of the perturbative differential phonon spectroscopy (PDPS)?® and the first-principles computations.
THF- and DMSO-water mixtures'"* I play significant roles in unraveling biomolecule hydration and
solution molecular behavior. Thus, they are used as representative organic-water systems for
investigation. It appears that none of the regular ionic or covalent bonds could form at the hydration
interface, but the coupling interactions, such as HBs of O/C—H--O, charge-inverted bonds (CIB) of
C/S—0---H, and C-H<>H-O do exist in the hydration interfaces. The PDPS analysis and computations
further unveiled that by increasing the solute/solvent fraction, the polarization induced by the solute
dipoles shortens the covalent bonds while elongates the H---O non-bonding of the O—H---O, which
confirms the essentiality of the O/C—O couplings. The H<>H repulsion lengthens the annexed O—H
bond slightly. The H---O attraction and the S/C—H repulsion elongate the C—O and the S=0O for the
charge-inverted C-O---H in THF and the S=O---H in DMSO. These findings confirm the essentiality of

the solute polarization, the charge inversion, and the O/C—O and S/C—H repulsive couplings in

dealing with hydration process.
The proposed models of interfacial bonds

To illustrate the possible interfacial bond interactions, we proposed the THF- and DMSO-water
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configurations in Figure 1. The sp’-orbital hybridized carbon has two or three positively-charged
hydrogen atoms, and each oxygen has two electron lone pairs marked as ":". Therefore, we also denote
the O—H---O as O—H:O in the following discussions. With a relative polarity of 0.207, the THF (C4HsO)
has eight protons and two pairs of electron lone pairs, compared with the DMSO(C2HsSO) of 0.444
polarity having six protons and two electron lone pairs. The distribution of the lone pairs and protons
makes the solute dipoles exert an anisotropic electric field to polarize the surrounding water
molecules.!” The H proton and electron lone pair interact with their alike or unlike of the nearby
hydrating water molecules to form the possible attractive O:H (conventional hydrogen bond of
O/C—-H:O and charge-inverted bond of C/S—O:H) and the repulsive H«<>H interactions. Neither ionic
nor covalent bonds could form at the hydration interface, but bond relaxation and electron polarization

occur.

Figure 1. The proposed hydration-interfacial interactions of the (a) THF- and (b) DMSO-water
clusters grouped as the HBs of O/C—H---O, CIBs of C/S—O---H interactions, and H<>H repulsion-
involved C-H<>H—-O. The polarization effect induced by the solute dipoles and the O/C—O or S/C—
H repulsive coupling entitle these bonds to relax cooperatively and discriminatively in length and

vibration frequency. The electronegativities of the elements are H(2.2), C(2.55), O(3.44), and S(2.58).
Concentration-resolved Raman shift of interfacial bonds upon hydration

Figure 2 shows the solute polarity and concentration resolved Raman spectra of the THF and DMSO
solutions. The interfacial H<>H repulsive interactions create no bond as no spectral signature is present.
The intensities of the intra-solute C—C/C-O and S—C/S=0O bonding vibrations increase as the
concentration of organics increases.?” 2® To trace the relaxation of the dominate HB in the organic-
water mixtures, it would suffice for one to focus on the H-O stretching vibration at 3000-3700 and
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the O:H at 50-250 cm™! in the hydration cells."”

/L )
a " Npe/N b S Z
THE(C4HBO) CH THF ;20 csc b 0 C-H NDMSO/N,_:zo
‘ ‘ C-C/C-0 on S ¢ —on
g s ) — 73
2> ¢ 5/5 > L > —5/5
‘@ A\ —37 = DMSO (C,H,S0) —37
S . —19 @ A
2 S !
= £

£ CSO O-H

S=0 ZHCH

/
7/

3000 3500 500 1000 1500 3000 3500

500 1000 1500
o cm’) o cm™y

Figure 2. Solute concentration resolved Raman spectra of (a) the THF and (b) the DMSO aqueous

solutions with vibrational bonds denoted as oscillations of the specified type of bonds.

However, one can hardly resolve how the individual bond of the hydrating system relaxes upon
increasing the solute/solvent concentration from the full-frequency Raman spectra. The PDPS is
proven one of the most efficient means for distilling relaxation information of the individual type of
bonds in responding to a load of perturbation.'® 262 The PDPS proceeds simply by subtracting the
referential spectral peak of pristine water from those collected from the concentrated solutions upon
all the spectral peaks being normalized. The PDPS peak features the transition of the phonon
abundance (peak area), bond stiffness (frequency shift), and structure order (peak width) from the
vibration mode of pristine water to the concentrated hydration interfaces. The extent of the segmental

frequency shift depends on the relative polarity and the solute/solvent ratio.

In our previous investigation, we have revealed that the electric field shorten and stiffen the H-O bond
while the weaker O:H nonbond does the contrast, associated with polarization due to O:H-O bond
cooperativity and polarizability!® (Figure 3a). The inhomogeneous charge distribution of a organic
molecule is expect to generate a dipole electric field, which exerts the similar polarization effect to the

direct-current electric field on the adjacent water molecules (Figure 3b).

To examine the above idea, the PDPS refinement was performed. Figure 3 shows the hydration

https://doi.org/10.26434/chemrxiv-2024-78kc5 ORCID: https://orcid.org/0000-0003-2076-1133 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-78kc5
https://orcid.org/0000-0003-2076-1133
https://creativecommons.org/licenses/by/4.0/

interfacial O:H-O bond relaxation where the O:H shifts from 180 to 50 cm™ and the H-O shifts
cooperatively from ~ 3160 to ~3500 cm™ for both THF and DMSO solutions, which confirms the
effect of the solute electric polarization that shortens and stiffens the H-O bond and does the O:H
nonbond contrastingly due to the O—O repulsive coupling'®. The frequency shift of the H-O bond
from 3160 to 3445 cm™! (Figure 3d)for the DMSO and to 3497 cm™! (Figure 3f) for the THF is
reciprocal to the relative polarity of the solute (THF 0.207 vs. DMSO 0.444). The higher polarity of
the DMSO polarizes more hydrating H20 dipoles that screen the DMSO field compared with the THF.
Therefore, the stronger inter-DMSO solute repulsion hinders the formation of the hydration cells, as
the halide ions do because of their larger ionic volumes?’. The narrower O-H peak in PDPS for the
DMSO solutions (Figure 3f) than that for the THF ((Figure 3d)) indicates the higher structure order

at the DMSO hydration interface because of its stronger local electric field.
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Figure 3. (a) the electric field shorten and stiffen the H-O bond while the weaker O:H nonbond
does the contrast, associated with polarization due to O:H—O bond cooperativity and
polarizability"”. (b) the electrostatic potential diagram of DMSO molecule, demonstrating a dipole.
(c-h) PDPS refinement of the solute type and concentration resolved phonon frequency of (c, ¢)
O:H non-bond, (d, f) H-O bond for the hydration interfacial HB of O:H-O and (g, h) C-H bond
blueshift for the HB of C—H:O of THF- and DMSO-water solutions. The 3600 cm™! spectral valley
(in d and f) arises from the slight elongation of the polarized shorter H-O bond by the H<>H

repulsion .
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Upon hydration, the presence of the excess protons breaks the pair-number conservation of protons
and electron lone pairs of water, which results in the interfacial C-H«<>H—O interactions.'!” The H&>H
repulsion has the same effect as mechanic compression®” that lengthens and softens the annexed H-O
bond of water and the H-C bond of the solute. As shown in Figures 3d and 3f, the slight red shifting
of the ~ 3600 cm™! band to lower wavenumbers is characteristic of the H«>H repulsion that lengthens

the shorter hydrating H-O bond.

The PDPS in Figure 3g and 3h reveals the intra-solute H-C bond stiffening of the O:H-C in THF and
DMSO solutions upon increasing the Nu20/Nsome ratio. Increasing the number of H2O molecules per
solute shortens and stiffens the H-C bond. Therefore, the O:H-O and O:H-C follows the same
hydrogen bond relaxation regulation'®. This observation also supports the conclusion reached by

Scheiner et al.>!

They have suggested that the C-H:--O (equal to O:H—C in our discussion) interaction
exhibits similarities to the conventional O-H:--O (equal to O:H—O in our discussion) in terms of shifts
in electron density, magnitudes of interaction energy components, and equilibrium geometry
preference on the basis of ab initio calculations with a focus on the interaction between FnH3-nCH

(proton donor) and H20, CH30H, and H2CO (acceptors). Therefore, the hydrogen bond nature of O:H—

C would make it behave like to other hydrogen bond, regardless of their strength.
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Figure 4. PDPS refinement of the solute type and Nu20/Nsoe concentration resolved the redshifts of
C-0 and S=0 phonon frequency for the (a) H:O—C in the THF and for the (d) H:O=S in the DMSO,
and C-S phonon frequency blueshift in the DMSO. Insets display the schematic illustration of the
corresponding force diagram for the CIBs in THF and DMSO and Fa and Fr represent attraction and

repulsive force between the atoms, respectively.
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In contrast, the C—O and S=O bonds in the charge-inverted bonds of C—O:H and S=O:H relax
contrastingly to the intra-solute C-H as the Nmu20 increases per solute molecule. We can analyze the
forces acting on the C—O:H and S=O:H that are subject to the combination of the O:H attraction and
the C/S—H repulsion, which lengthens the C—O and S=O as the Nu20 per solute increases (Figure 4a
and 4b). The vibration frequency of the intra-solute C—C bond of ~910 cm™! overlaps that of the C-O,
so one can hardly distinguish the C—C frequency shift during hydration.

The softening of the intra-solute C—O and S=O bond in the charge-inverted bonds of C—O:H and
S=0:H with increasing the N0 per solute resembles that observed from the Me3Si®*—H®%--Y®*
complexes (Y = ICF3, BrCN, HCN) using low-temperature IR.?* The consistency of the IR and the
PDPS observations evidences the softening of Si—H, C—O and S=O0 in the charge-inverted bonds arises

from the combination of the H:O nonbond attraction and the C/S—H repulsive coupling.

In addition, the C-S stretching in DMSO undergoes blueshift upon increasing the Nm2o per solute
molecule, see Figure 4c. The interplay of the S—H repulsion and the C-H«<>H-O repulsion shortens

the C-S bond upon hydration.

DFT quantification of the bond length variations upon hydration

To quantify the bond length change of interfacial bonds, which requires the explicit presence of water,
and we assuming the electrostatic interaction between the solvent and the solute need to be described
by the implicit solvent model. That motives we used the hybrid solvation models. Such hybrid
explicit/continuum solvation models are often used in the cases where first solvation shell is
considered.?>4 Different from the proposed organic-water clusters involving three H>O molecules, the
structural configurations for DFT-D3 computing bond relaxation upon the THF and DMSO being
hydrated by 2H20 molecules adapt to the Polarizable Continuum model. They were fully optimized
associated with frequency calculations to ensure they are minimum on the potential surface.

As listed in Table 1 and Table 2, the simulation outcomes agree with the measured phonon frequency

shifts. The relaxation of the bond length and energy in terms of vibration frequency that features the
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stiffness of an oscillating dimer in responding to a load of perturbation. One can readily correlate the
frequency shift (Aw) to the relaxation of bond length (d) through the equation of frequency shift (we
have described it in the section of Method), which suggests that if a phonon peak undergoes redshift,
its vibrating bond will expand and both the bond energy (E) and the bond length relax in opposite
directions. Specifically, the THF hydration shortens the H-O bond by -2.04 % and lengthens the H:O
by 6.04%. DMSO hydration displays a similar bond length variation, showing -1.64% and 3.74% strain
for the H-O and the H:O, respectively. Regarding to the intra-solute bonds, the C—O of THF and S=0O
bonds of DMSO become longer indeed compared with those in the pure organic molecules. The O:H
strain for the O:H—C is much greater than that for the O:H-O (6.04% vs.65.23% for THF and 3.74%
vs.44.69% for DMSO) due to the hydrophobicity effect of the methyl functionaries.* The C-S contract

-0.38% compared to those in its parent DMSO.

Table 1. Bond length relaxation of the THF+2H20 with respect to that of the pristine water and

organics.
THF (Ref) THF+2H,O (solution)
Bond d(A) Bond d(A) Strain (%)
0,-C, 1.444 0,-C, 1.454 0.69%
0,-C, 1.444 0,-C, 1.447 0.21%
C;-H, 1.093 O,:H, 1.797 6.04%
O,-H, 0.980 -2.04%
Haé" B C,-H, 1.091 -0.18%
O,:H, 2.800 65.23%
THF+2H,0
0,-H, 0.964 -3.64%

*The bond lengths of O:H and H-O for the reference H20 are 1.6946 A and 1.004 A, respectively.'’
Table 2. Bond length relaxation of the DMSO+2H20 with respect to that of the pristine water and

organics.
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DMSO DMSO+2H,0 (solution)

Bond d(A) Bond d(A) Strain (%)
O,=S 1.544 O,-H, 0.984 -1.64%
C-H, 1.090 0,:H, 1.758 3.74%
S-C 1.833 0,=S 1.557 0.84%
_V.H:h C-H, 0.965 -11.47%
ﬂ,k & A 0,H, 2.452 44.69%

o L H,-O, 0.965 -3.54%

H;
DMSO+2H,0

S-C 1.826 -0.38%

*The bond lengths of O:H and H-O for the reference H20 are 1.6946 A and 1.004 A, respectively.'”

Conclusion

In this work, to explore the bond type and relaxation dynamics at the hydration interfacial, the relative
polarity and concentration effects on the vibrational frequencies and bond length of THF- and DMSO-
water binary solution were investigated. Using the combined techniques of the PDPS analysis and

DFT computation, we have clarified that:

1. Three unusual types of molecular interactions. Those are: 1) the coupling O—H:0 and C—H:O
bonds, 2) the charge-inverted H:O-C and H:O=S, and 3) the H<>H repulsion bridged C-H«>H-

O interactions at the THF and DMSO hydration interfaces.

ii. Forces driving the disparate and cooperative relaxation of the bonding segments. The
polarization effect induced by the solute dipoles and the inter- and intramolecular coupling
interactions cooperatively and disparately relax the bonds of both the solutes and the hydration

interfaces.
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These findings would enrich the connotation of hydration interfacial bonding profoundly by
incorporating the coupling, charge inversion, and coupling-enabled cooperativity and polarizability
upon perturbation, which should offer alternative impacts on dealing with systems involving

molecular interactions, such as cryoprotectants, electrolytes, etc.

Methods

Materials

Organic reagents of tetrahydrofuran (THF, 99.9%) and dimethyl sulfoxide (DMSO, 99.7%) were
purchased from Shanghai Titan Scientific Co., Ltd. All chemicals were of analytical grade and used

without further purification. Deionized water was used as a solvent throughout the experiments.

Raman measurements

Raman spectra measurements were carried out on a confocal Raman spectrometer (HORIBA) in
a back-scattering configuration with a spectral resolution of 1 cm-1. 150 puL of deionized water or
binary organic-aqueous solution was injected into a customized quartz cell and excited by a laser
(emission wavelength of 532 nm, output power 50 mW) at room temperature. A 10x long-working-
distance objective was used to focus laser light onto the sample and collect the scatted light. The signal
was detected by a multichannel ultra-low temperature (213 K) charge-coupled array detector. The
Raman spectra in the wavenumber range of 104000 cm-1 were recorded. Each spectrum is an

accumulation of a single scan with an exposure time of 10 s.

The perturbative differential phonon spectroscopy (PDPS) analysis method

A perturbative Raman spectroscopy refines the relaxation of the bond length and energy in terms
of vibration frequency o that features the stiffness of a oscillating dimer in responding to a load of
perturbation. The vibration frequency corresponds to the curvature of the potential at equilibrium, u(r).
From the perspective of dimensionality, the Aw shift depends on the division of the square root of the

bond energy E by the bond length d with x being the reduced mass of the vibrating dimer. The
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following equations describe the perturbative differential phonon spectroscopic (PDPS) method:*®

0’u (r)| E
Aw= . fi hift
® o | oc e (a: frequency shift)
dLn(@) = 14D qE (b: extended Gruneisen)
dLn(r) 2E,|dr
1 1
Al (@)= —— (@) » (©) (c: DPS refinement intensity)
N I (w)dw J.w o (@)do

One can readily correlate the frequency shift (Aw) to the relaxation of bond length (d) through the
equation of frequency shift, which suggests that if a phonon peak undergoes redshift, its vibrating bond

will expand and both the bond energy (E) and the d relax in opposite directions.

The -dE/dr is the force F(x0+d (q)) of the relaxed dimer upon 6 (q) amount of relaxation under
the q perturbation. The q is an applied field such as compression, temperature, or electrification used
as a probe during detection. During the PDPS analysis, the spectra are collected under identical
conditions. After background correction and peak area normalization for all the spectra, we could
derive the valuable PDPS information by subtracting the referential spectrum (here the pure water or
organics) from the concerned samples. The resulting PDPS provides crucial indications of the
contraction or elongation of corresponding bond by evaluating the A®. In the PDPS, the regions above
and below the lateral axis correspondingly represent the net gain and loss of phonon abundance. The
peak integral refines the abundance transition of the frequency Aw and structural order of concerned
samples. In the present Raman investigations, to eliminate the possible effect of the -CH stretching
vibration on the -OH stretching vibration, the Raman spectrum in the range of 3050-3850cm™ was
selected for H—O analysis and the baseline was subtracted from the data using the exponential

function.
Computational method and models

The restricted B3LYP exchange-correlation functional was used for all calculations with the
Gaussian 09 program *’ suite employing the TZVP *® basis set. The DFT-D3 method *° was consistently
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used to include the dispersion contribution. Solvation effects were considered implicitly using the

Polarizable Continuum Model (PCM) model.
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