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Abstract

Being essential to life on earth, the hydrogen bond and its configuration, performance, and
functionality become increasingly inspiring. We humbly share a three-body coupling X:R-Y
system involving a pair of retractable and polarizable Z-X and R-Y dipoles. The (:) is the
negative polar end of a dipole. The R is not limited to hydrogen. The X:R-Y bond covers at
least four situations, meets the unique criterion of force combination, and possesses at least
five characteristics. Specifically, the lone-pair-engaged N/O:H-O/N/C bonds feature properly
the performances of H20 and CHNO molecular assemblies; the dipolar MP or atomic vacancy
VO replaced MP/V?:R-Y bonds could coordinate molecular physisorption for catalysis and
hydrogen storage; and the polarity-inverted M*-O%:MP formed during chemisorption drives
the oxidation bonding and electronic dynamics. The combination of X:R attraction and X:<:Y
repulsion is decisive to the performance of the X:R-Y system that follows the hydrogen bond
cooperability and polarizability (HBCP) regulation in the segmental length, energy, and
specific heat [Sun et al, Phys Rep 2023; 998:1-68]. The X:R-Y exhibits extraordinary
adaptivity, recoverability, sensitivity, catalytic capability, and chemical reactivity. A
perturbation such as mechanical compression, thermal loading, electronic polarization, or
molecular undercoordination changes the X—Y distance by lengthening one segment and
shortening the other. The HBCP premise has substantiated the understanding of water ice
anomalies, molecular hydration interfaces, CHNO energetic assemblies, and oxygen
chemisorption, inspiring promising ways of thinking about single-atom catalysis and low-
dimensional high-Tc superconductivity. Further extension of the amplification to other areas
such as biological science and cell engineering would be even more fascinating and

promising.
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1 Introduction

The hydrogen bond is ubiquitous and important yet its configuration, performance, and functionality
remain an issue of challenging '*. The IUPAC-recommended Z—X---H-Y bonding system focuses
mainly on the X---R attraction and refers the X:--R to the hydrogen bond by assuming both the Z—X
and the H-Y as less dependent, non-polarizable, and rigid®. The H is less electronegative than X and

Y. The X:--H attraction is named nonbond because there is little charge sharing between X and H.

Having about 0.1-0.2 eV cohesive energy, the weak X---H nonbond interaction could involve multiple
factors® such as electrostatic interactions, charge transfer, p-resonance assistance, steric repulsion,
cooperative effects, dispersion, and secondary-electrostatic interaction, in addition to delocalization of
the paired or unpaired lone electrons” ® and nuclear quantum effect for lighter atoms specifically® !°.
The two-body X---H system has been succeeded in describing intermolecular interactions® and
molecular dynamics in processes such as ice nucleation'!, liquid-solid transition'?, evaporation'?,
molecular motion under a certain kind of perturbation, and the lifespan of a molecule residing in a

specific location'. An extension'> 16

suggests that the hydrogen bond should include the polarity-
inversion involving non-classical hydridic and dihydrogen formation, meeting the requirement of

X---H attraction.

From the two-body O---H nonbond perspective, one often takes an H2O molecule as the primary

structural unit, such as the TIPnQ model series (n < 5)'7- 18

in dealing with the manner and mobility of
motion for a water molecule that is approximated as a rigid dipole consisting of n fixed point charges
and constant H-O length and Z/H-O-H angle. However, it remains challenging to accurately predict
water's phase diagram and anomalies due to the missing link between the strong intramolecular H-O

bond and the weak intermolecular O---H interactions'® '°.

From the perspective of Hamiltonian perturbation®’, one may realize that bonds and electrons are
carriers of energy and the primary building blocks. Relaxation of bond length and energy and
polarization of electrons dictate the performance of a substance of concern and determine the manner
and mobility of proton or molecule motion. It would be necessary to consider the cooperativity,
disparity, flexibility, and polarizability of the three-body coupling O:H-O bond that couples the

polarizable and flexible H-O dipoles as a unit with ":" being the electron lone of oxygen formed upon
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reaction taking place 2!. For structure periodicity consideration, the O:H-O is inclusive for inter- and

intramolecular cooperative interactions.

Intensive spectroscopic evidence has shown that when subjected to a perturbation such as mechanical

23,24 26, 27

compression??, thermal loading®* ?*, electrification®®, solvation charge injection®®?’, and molecular
undercoordination?®, or their combinations, the vibration frequency (wt) of the O:H nonbond shifts in
the range of 75-250 cm™! while the o of the H-O polar-covalent bond shifts cooperatively, disparately,
and oppositely in the range of 3600-3200 cm™'. If a perturbation stiffens the wm, the oL will become
softer, and vice versa. It is the O:H-O segmental phonon cooperative relaxation under heating® and
compression?® that has inspired the initiation of introducing the O:<>:0 repulsive coupling
interaction®. The polarizability and cooperativity of the O:H-O segmental length and energy and the
Z0:H-0 angle dictate water’s properties, and therefore, the three-body coupling O:H-O bond should

be the primary unit for structure change and energetic exchange of water.

In this Perspective, we humbly share our findings and understandings accumulated in the past three
decades in developing the three-body coupling X:R-Y bond, from the standing point of Hamiltonian
perturbation-driven bonding and electronic dynamics. As an amplification of the O:H-O, the X:R-Y
must meet a certain number of criterion, be more generalization, follow certain regulations, and possess

common characteristics, as detailed in subsequent sections. Therefore, the R is not limited to hydrogen.

The presentation is arranged as follows. Section 1 overviews the status and challenging issues of
hydrogen bond relevance. Section 2 introduces the basic regulations of hydrogen bond cooperativity
and polarizability (HBCP)?! for the coupling system and the bond order-length-strength correlation
and nonbonding electron polarization (BOSL-NEP)*?> for the effect of atomic/molecular
undercoordination. Section 3 discusses the essentiality, criteria, and characteristics of the X:R-Y
coupling systems including electron lone pair engagement, dipolar replacement, and charge polarity

inversion.

Section 4 briefly introduces the O:H-O bond and its performance and functionality on water properties.
Section 5 describes the O:H-O extension to the O/N:H-N/C for the structural stability and energy
storage of the CHNO molecular assemblies®*3®. Water and explosives share the same kind of hydrogen
bonds whose covalent part expands under compression and contracts when heated. Section 6 shares

our findings on the bond relaxation in the hydration cells of acid, base, and salt solutions °.
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Section 7 justifies the dipolar M- or atomic vacancy V° substituted M/V%:R-Y bond that follows the
HBCP and the BOS-NEP regulation, showing the undercoordination derived bond contraction, core
band entrapment, and the valence electron polarization. Ether the undercoordinated MP or the V°
replaces the X: dipole providing the negative polar end of electron rich. An uncoordinated Rh" dipole
forms the Rh":H-C bond with an adsorbed CHs molecule. The combination of the Rh":H attraction and
the Rh":<>C repulsion stretches and weakens the H-C toward dissociation. Section 8 addresses the
polarity-inverted M":R-Y bond (Cu*-O*:Cu®) presented during oxygen chemisorption on the
Cu(100;110) surfaces. The Cu*-O*:Cu® relaxation and polarization, the O-Cu chains and the Cu20

planes should be potential elements contributing to the low-dimensional high-Tc superconductivity.

The last section 9 summarizes the present contribution and provides a perspective on future directions.
The response of the coupling pair of the elastic and polarizable dipoles would suffice to deal with the
strongly correlated systems. Further extension of the presented exercises should be even more

fascinating and rewarding.
2 The HBCP and BOLS-NEP regulations

The notion of HBCP?! for the effect of the X:<>:Y repulsive coupling regulates the performance of the
X:R-Y bond when subjected to a perturbation. The BOLS-NEP?? correlation dictates the performance
of any bond between undercoordinated atoms or the intramolecular bond of an undercoordinated

molecule. Fig. 1 plots and illustrates these regulations:

Regulation BOLS-NEP3%37 HBCP for O:H-03%3!
g
§ C. =d]/d, = 2/{1 +exp[(l2 —z)/ (82)]} d,, =2.6950p "
é {c =E JE, {dL /d,, = 2/ {1 +exp[(d,—d,,)/ 0.2428]}
o
e

Mass density p, O—O distance doo, O:H
length dr, H-O length du, p = 1, dro =
1.6946, and dno = 1.0004 A are bulk
reference at 277 K for H20:4H20
tetrahedron configurated structure.

Bond contraction coefficient C.,
Coordination number z (or CN), bond
length d, bond energy E, bond nature
index m, subscript of bulk b.

Notation
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Atomic or molecular undercoordination : .
o The X:<:Y repulsion drives the X:R-Y to
g shortens and strengthens the bonds . .
2 . relax cooperatively its segmental length,
= between  undercoordinated  atoms, . . .
o . . . energy, and specific heat associated with
g= associated with the core and bonding 7 o
= polarization or thermal depolarization
= electron self-entrapment and ) }
. o when subjected to perturbation.
nonbonding electron polarization.
30%  bond  contraction for Liquid heating stiffens the H-O and
monatomic chains and graphene softens the O:H phonons associated
edges®. with depolarization> 24
3 12% for the fcc(001) first layer Compression stiffens the O:H and
5 spacing . softens the H-O toward O:H-O
-E 10% H—O bond contraction of water segmental length symmetry
= droplets’®. associated with depolarization®’.
Bond contraction happens to the Molecular undercoordination®® or
outermost two atomic layer electrification®® stiffens the H-O and
spacings®® %, softens the O:H.
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NB
polarization

08}
Core level
entrapment

07}

12 10 8 6 4 2
Atomic CN (z)

Fig. 1| HBCP3' and BOLS-NEP3 regulations. (a) The O:H (d.) and H-O (dn) length
cooperative relaxation under perturbation of pressure (P), temperature (T), electric field (E),
and molecular coordination (z) with inset showing the H20:4H20 tetrahedron with
conservation of the number and orientation of the O:H-O bonds. The upper right inset
illustrates the O:H-O segmental length cooperative relaxation with respect to the coordination
origin H. The 0 is the £O:H-O bond angle. A perturbation changes the O—O distance by
shortening one segment and lengthening the other due to O—O repulsive coupling. (b) The
atomic-CN resolved bond length contraction, core band quantum entrapment, and

nonbonding electron polarization (inset).

3 Criteria and characteristics of the X:R-Y bond
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The amplified X:R-Y bond integrates two flexible and polarizable dipoles, Z-X and R-Y. The Z can
be free from the X:R-Y for the structure periodicity reason, as the X:R-Y could be sufficient to feature
the inter- and intramolecular interactions for the entire bonding network. The coupling X:R-Y bond
length and energy are inclusive of necessary parameters determining the performance and functionality

of the bonding system.

The X:R-Y bond must meet the unique criterion of force combination:

1) Force combination. The X:R Columb attraction and the X:<:Y repulsion pair up the Z-X and R-
Y dipoles. The X:<>:Y repulsion not only equilibrates the inter-dipolar X:R attraction but also
correlates the inter-dipolar X:R nonbond and the intra-dipolar R-Y polar-covalent bond, which
dictates the performance and functionality of the X:R-Y bonding system when responding to a

perturbation. The R-Y can be covalently bonded such as Hx that turns to be an instantaneous H**-
H®- dipole under the force of London dispersion. The X:R-Y follows the HBCP regulation,

provided that the X:<:Y repulsion is sufficiently strong. Therefore, any three-body interaction
meets this criterion can be categorized into the extended hydrogen bond, without needing

electronegativity discrimination.

Following the HBCP and BOLS-NEP regulations, the X:R-Y bond may have the following

characteristics:

1) Length and energetic disparity. The X:R and R-Y have discriminative length, energy, and
vibration frequency. For the O:H-O instance, the cohesive energy of O:H is 0.1-0.2 eV, and vibrates
at 75-200 cm™ frequencies as compared to the H-O bond that has 5.1-4.0 €V cohesive energy and
vibrates at a faster pace of 3700-3200 cm™'.>! One can only break the H-O bond in gaseous phases
by a 121.6 nm laser beam radiation. ** The vibration frequency depends on the length (d) and

energy (E) in the form of w? oc E/d*> oc Yd, with Yd being the stiffness of the oscillator and the

elastic modulus Y oc E/d°.

2) Specific heat disparity. The vibration frequency ® and the cohesive energy E of a segment
uniquely determine its specific heat (0, ®p). The ® defines the Debye temperature (®p) according
to Einstein's relation of ®/®p = constant. The integral of the specific heat (0, ®p) up to the

temperature of thermal dissociation equals the segmental cohesive energy E. As a result, the (200
8
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cm, 0.2 eV)L for the O:H nonbond and the (3200 cm™, 4.0 eV)x for the H-O bond discriminate

the segmental specific heats®.

3) Strong cooperativity and polarizability. When a perturbation occurs, the X:R-Y responds
cooperatively, disparately in length scale, and oppositely in direction. For instance, when under
compression, the H-O/N bonds expand, the O:H nonbond contracts, toward O:H-O segmental
lengths symmetrisation 4. Conversely, when the O:H-O/N undergoes molecular undercoordination,
vacuuming, electrostatic polarization, or liquid and ice-I heating, it relaxes in a contrasting way
due to the strong X:<>:Y repulsion, see FIG. 3a-e in the Section 4. The X:<>:Y Columb repulsion
polarizes the nonbonding electrons of X and Y, and the extent of polarization depends on their

charge quantities and separation.

4) Extraordinary adaptivity, recoverability, and sensitivity. The combination of the X:R attraction
and the X:<:Y repulsion makes the soft X:R oscillator extremely elastic and sensitive to a

perturbation*? 43

, which ensures the extraordinary adaptivity and recoverability of the entire X:R-
Y bonding system to a perturbation, such as ice slipperiness** and skin hydrophobicity of water

and superfluidity of droplets traveling in microchannels *.

5) High catalytic capability and chemical reactivity. When subjected to molecular

undercoordination, the X:R-Y systems show high chemical reactivity and catalytic capability*® 7
because of the local strong electric field of the enhanced dipoles that gather electrons from the H”
to O% of the surface H20 molecules.*® * The surface dipoles make the “on-water catalyst” that

accelerates substantially reaction rate °*>! and the hydro-voltaicity for electricity harvesting.

FIG. 2 illustrates typical configurations of the X:R-Y bond 2!:3!:3* — electron lone pair (:) engagement,
dipolar or atomic vacancy replacement, and negativity polarity inversion. The X:R-Y bond meets the
unique criterion of force combination, follows the HBCP regulation under perturbation, and the BOLS-

NEP when subjected to molecular undercoordination.

In the first situation involving electron lone pair or equivalent such as unpaired n-bonding electrons,
see FIG. 2a, R denotes any atom of less electronegative than Y and X. X refers to the negative part of
the Z-X dipole with ":" being the negative polar end of electron-rich, pointing towards the positive R

that acts as the coordination origin of the X:R-Y system. The X:R nonbond is identical to the
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convention of X---R attraction ° but it would be clearer to discriminate the lone pair contribution.
Typical examples include X = O (3.5), N (3.0); Y = X, C (2.5); and R = H (2.2), with brackets

specifying their electronegativity values.

vin

C-repulsion

Lone-pair-involved Dipolar-replaced Polarity-inverted
N/O:H-O/N/C MP:R*-Y- Cu*t-02 :CuPf

FIG. 2| Possible X:R-Y bond configurations as framed. (a) Lone-pair-engaged N/O:H-O/N/C
bonds for H,O and CHNO molecular assemblies?? 3¢, The O—O repulsion couple the intermolecular
O:H nonbond (vdW, should be an attraction between the lone-pair and the proton, instead) and the
intramolecular H-O polar-covalent bond (exchange interaction), driving the HB follows the HBCP
regulation when perturbed. (b) Dipolar (vacancy)-substituted MP:R*-Y- bond for molecular
physisorption and single-atom catalysis. Fr and Fa denote the repulsion and attraction, respectively.
The protruding MP polarizes and stretches the R-Y dipole by repelling Y-and attracting R*. Atomic
vacancy shares the same function of polarization. (c) Polarity-inverted M*-O*:MP bond for oxygen
chemisorption on Cu(100) surface. Formation of the CusO. pairing etrahedron?! results in layer
spacing expansion, oppositely coupled CuP:<>:CuP crossing the missing row vacancies, which derived

the O-Cu chains and CuxO planes for the low-dimensional high-T¢ superconductivity®2.

On the second occasion, FIG. 2b, a dipole M” replaces the X: to form the M":R*-Y~ bond (one can
omit the valence sign subsequently for convenience). Atomic or molecular undercoordination results
in bond contraction and nonbonding electron polarization®?, making the atom at the topological apex
an protruding dipole pointing outwardly®’. The MF can point outward or inward of the solid, which
determines the subsequent R-Y dipolar orientation. Furthermore, one can replace the M" with an
atomic vacancy V° as the vacant edge atoms show stronger resultant effect of polarization with
apparent protrusions and the Dirac-Fermon resonant of energy states associated with the core band

entrapment and nonbonding polarization for graphite instance % 33.
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The third situation is the charge polarity inversion, see FIG. 2c. A typical example is the Cu*—O*:Cu”
bond or M*-O*:MP for general situation of oxygen chemisorption with O* being an anion and CuP a
dipole (FIG. A1-A2 and Table A1)?!, which meets the force criterion of O*:Cu® attraction and Cu*—
Cuf(positive end) repulsion. The Cu™—O? dipole induces the Cu atom into a Cu® dipole through the

London dispersion force - the instantaneous dipole-induced dipole interaction >,

4 The O:H-O bond and HzO irregularities

The equal number of protons and lone pairs allow each H2O molecule to form a tetrahedral motif with
the other four nearest neighbours through O:H-O bonding (Fig. 1a inset). The O:H—O bond is the
unique element that carries energy and determines the crystal structure. Any change of the bond angle

and the segmental length and energy will transit structural phase and physical properties.

The computational results in FIG. 3a-e confirmed the expected O:H-O segmental cooperative
relaxation: the weaker O:H nonbond becomes shorter and stiffer when under mechanical compression
and liquid cooling, while the stronger H-O bond expands towards the O:H-O segmental lengths
symmetrisation and mass densification. When the transitional quasisolid (QS) phase between liquid
and solid cools down, water under molecular undercoordination or electrification, the O—O spacing
increases associated with a decrease in mass density, as the O:H—O bond segmental relaxes disparately
and contrastingly to the effect of compression. High-energy electron diffraction'* revealed that a 3315
cm! laser radiation could relax the H-O and the O:H by ~0.04 A cooperatively, oppositely, and

simultaneously in amplitude on an 80-fatosecond timescale, evidencing the segmental cooperativity.

FIG. 3f shows the O:H—O phonon frequency cooperative thermal relaxation. Heating stiffens the H-O
(~3200 cm™') and softens the O:H (~ 200) and ZO:H—O bending (~800) cooperatively, indicating that
the O:H expands following the regular rule of thermal expansion while the H-O contracts showing the
negative thermal expansivity. Sum frequency generation (SFG) spectroscopy has confirmed the
essentiality of inter- and intramolecular coupling interactions®. The ZO:H—O bending mode (~1600
cm’™') remains silent. Inset shows the coordination-resolved H-O peak components of bulk (3200),
surface (3450), and free H-O radical (3610 cm™). This set of observations inspired the initiation of the

presented coupling O:H-O bond and the HBCP regulation.

Lagrangian-Laplace resolution to the coupling hydrogen bond oscillation dynamics®® converted the

measured segmental length and vibration frequency into the force constant and cohesive energy of the
11
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segment. One can thus obtain the potential paths for the relaxing O:H—O bond, as exemplified in FIG.
3g. Compression shortens the O:H bond and lowers its energy, while the H-O bond, in contrast. Both

segments move along the potential curves in the same direction.
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FIG. 3| O:H-O bond cooperative relaxation in the segmental length, energy, vibration
frequency, and its functionality on the phase structures and density transition. Segmental
length response to (a) Mechanical compression, (b) Liquid and (c) Quasisolid (QS) cooling, (d)
molecular undercoordination, and (e) electrostatic polarization. (f) O:H-O vibration frequencies
thermal relaxation #. (g) Potential paths for the relaxing O:H-O bond under compression (from I. to
r.. P=0-60 GPa®) toward segmental lengths symmetrization. Frequency and cohesive energy
defined (h) specific heats nu(6, ©5y) and n(6, ©On) whose combination specifies the phase
boundaries and the exotic QS phase bound at temperatures of extreme densities close to T, and Tn3'
(i) Specific heat nu/nu ratio determined density thermal evolution of bulk water and 4.4 nm-sized
droplet®” (6 < 277 K), which triggers the QS phase negative thermal expansivity for ice buoyancy.

Insets (h and i) show the respective formulations.

The specific heat curves in FIG. 3h interact with each other to form the phase boundaries of Vapor,
Liquid, QS, Ice-I, and Ice-XI phases. The exotic QS phase boundaries correspond to temperatures of
extreme densities that are close to the temperatures for melting (Tm) and ice nucleation (Tn). The

Liquid phase ends at the Vaporization temperature (Tv). The response of the O:H-O segmental
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vibration frequency and cohesive energy to perturbation disperses the phase boundaries. The solid
lines in the diagram represent the outward dispersion of the QS boundary, which occurs due to factors
like electrification, pressure reduction, or molecular undercoordination. These perturbations can lead
to surface pre-melting, supercooling at Tx and Tv, and superheating at Tm'2. Conversely, mechanical
compression causes the QS boundaries to move inwardly, leading to ice regelation and instant ice

formation**, as compression lowers the Tm, raises the T, and recovers when the pressure is relieved.

The formulation shown in FIG. 3i coordinates the thermal evolution of the mass density of water. The
segment with lower specific heat responds regularly to a thermal loading, while the other segment
behaves contrastingly due to the O—O repulsive coupling interaction. In the liquid and ice-I phases,
where nL < nu, the O:H behaves regularly while the H-O exhibits negative thermal expansivity. During
the QS phase cooling, the situation reverses since nL > nu. Cooling shortens the H-O bond to a lesser
degree than the O:H bond expansion. This segmental disparate relaxation results in an expansion of
volume and a drop in mass density, which triggers ice buoyancy. In the ice-XI phase, the O:H-O bond

remains silent®® due to the low-temperature approximation of nL = nu ~ 0.

The HBCP premise ensures the presence of unusual water and ice properties. From FIG. 4a and b, one
can see changes in phonon abundance and frequency of H-O bonds from the original state of pure
water to the treated specimen. With the perturbative differential phonon spectroscopy (PDPS) 32, one
can refine and quantify the phonon abundance transition from the reference to the species after
conditioning by integrating the PDPS peak. The PDPS process involved differentiating the reference

spectrum from the spectra of treated specimens, with all peak areas normalized.

Electrification or molecular undercoordination shortens the H-O bond and stiffens its phonon, leading
to polarization and an 8% elongation of the O—O spacing, according to DFT calculations and XPS
measurements??. The relaxation shifts the H-O vibration frequencies from the bulk reference of 3200
to approximately 3450 cm™'. The skins of water and ice*’, the ionic hydration cell?®, and the electrified
water bridge?® share the same H-O bonding identity of undercoordination. An ultra-violet
photoelectron spectroscopy examination uncovered that electronic hydration and molecular
undercoordination of water droplets lowers the bound energy of a hydrated electron from 2.4 to 1.2

and 0.4 eV when moves from the centre to the skin of a droplet and a (H20)s cluster. >% ¢
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The PDPS analysis®! of 5% deuterium-contained water droplets ranging from 1.7 to 4.0 nm in size °!
showed that the D-O bond within the skin shell, which is 0.295 nm thick, contracts by 10% from its
bulk value of 0.10 nm. This D-O contraction leads to a blue shift in the D-O vibration frequency, from
around 2480 to 2600 cm™!, and the H-O phonon lifetime from 2.6 ps for bulk to 50 ps for the 1.7 nm
droplet’?.

-100  -50 0 50 100 150 200
P (MPa)

—o-lce-QS

270} -m-lce-Vapor

¥ 265

260

255

3200 3400 3600 3800

o (cm™)

2800 3000

FIG. 4 | Resolution to typical anomalies of water and ice. (a) Water and ice share the same
supersolid skin characterized by 3450 cm-' and polarization®®. The supersolidity of elasticity and
electric repulsivity foster the slipperiness of ice** and the hydrophobicity and toughness of the water
skin. (b) An electrified water bridge® showing the same 3450 cm' feature has a16 MPa elasticity
stabilizing at 330 K®. The high thermal diffusivity of the skin supersolidity and the O:H-O bond
memorability claim the causes of (c, d) Mpemba paradox (insets show observations®® 7). Theoretical
reproduction®' of the pressure-induced (e) Tm depression and (f) Ty and Ty elevation resolves the H-
O cohesive energy dominance of ice regelation** and O:H energy dominance of the instant ice

formation ©8.

Electrification or molecular undercoordination converts ordinary water into a gel-like, less dense (3/4
unit), hydrophobic, viscoelastic supersolid phase’!. This supersolid phase is more thermally diffusive
and mechanically and thermally stabler than pristine water®®. The supersolid phase of water ice has a
range of remarkable properties. It enhances the dielectric properties of water ice’’, widens the bandgap

of ice”!, and increases its catalytic capability and chemical reactivity 774 The supersolid phase also
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prolongs the lifetimes of phonons®? and hydrated electrons®® 7>, This supersolidity promises 120 K
super-elasticity of ice microfibers* and 330 K stability of the electrified, highly elastic water bridge

over the rims of infilled containers®.

According to the numerical resolution to Fourier fluid thermodynamics®!, the supersolid skin of 3/4
mass density of the standard raises the thermal diffusivity, o oc p’!, that promotes the outward heat
flow involved in the Mpemba paradox®®. The Mpemba paradox shows that warm water cools faster
when its initial skin temperature is higher than its interior till an equilibrium. Consistency in theoretical
and experimental observations (shown in FIG. 4c and d) % ¢7 clarified that the Mpemba paradox
proceeds in the following stages. The H-O bond absorbs energy through thermal contraction, followed
by cooling and energy emission in the reverse, at a rate proportional to its initial storage or bond length
deformation. The high thermal diffusivity of the liquid skin leads to rapid heat diffusion crossing the
supersolid interface. Therefore, the resolution to the Mpemba paradox evidences the O:H-O bond

memorability and water skin supersolidity.

To theoretically reproduce the Tc—P (Tc = Tm, Tx, and Tv) lines shown in FIG. 4e and f requires the
respective d//dp > 0 for Tm depression and d//dp < 0 for Tn and Tv elevation (formulation in the inset
of FIG. 4e). Seen the pressure effect on O:H-O relaxation from FIG. 3b, the H-O takes responsibility
for the Tm depression, and the O:H for the Tv and Tv elevation. Theoretical matching to the Tc—P
curves confirmed that ATm oc AEn and AT~ oc ATv oc AEL, which clarified the bonding origins of ice
regelation and instant ice formation (insets FIG. 4e and f) **. The compression-derived polarization
and O—O contraction opposing the thermal depolarization and O—O expansion cause the least
compressibility of water at ~320 K’°,

29

5 Electron lone pair engaged N/O:-H-N/C bond

The PDPS refinement of the Awn in FIG. 5a uncovered that the covalent H-O bond of the O:H-O
undergoes thermal contraction and pressure elongation, according to the frequency ® dependence on
the length r and energy E of an oscillating on the base of ®? oc E/d?,**

{4

fﬁi
dr

dLn(E)
dLn(r)

dLn(r)

dLn () —(1+ 7,

T 2E,
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The -dE/dr is the force F(ro+0(q)) of the relaxed dimer relaxing by a 8(q) amount under a perturbation
q.

The O:H-N bond for the explosive TATB (CsHeNsOs)>> and LLM-105 (CsHsN4Os)** assemblies share
similar spectral peak shifts of the O:H—O bond whose covalent part shows negative compressibility
and negative thermal expansivity (FIG. 3b). In contrast, the dangling H-N bond in LLM-105 responds
to perturbation regularly because of the absence of O:<:N coupling, and the dangling H-N bond
vibrates at higher frequencies than the covenant part of the O:H-N due to the effect of
undercoordination that shortens and stiffens the dangling one. Serving as food additives and fertilizers,
Biurea (C2He¢N40O2) and Oxamide (C2HsN202) also exhibit the w(P) spectral features of water’” 7%, In
nitromethane (CH3NO2)*®, the H-C bond experiences thermal and compression contractions. The
compression affects the H-C bond much more than thermal perturbation, as shown in FIG. 5c. This
occurrence suggests that the O:<>C repulsion is insufficiently strong to ensure the HBCP full
functioning. The negativity difference between C and H (2.5-2.2 = 0.3) may be too small to ensure the

required strong O:<>C repulsion.

The explosive compound known as full-nitrogen cyclo-Ns= can only be stabilized under acidic
conditions by forming cyclo-Ns :(4H3O"; 3H30" + 2NH4") complexes® 7> 3% The force diagram in
FIG. 5d shows that the N atom undergoes sp?-orbital hybridization with its lone pairs occupying the
third orbitals in the plane. The circumferential repulsion between protons of the H3O" shortens the
H-O bond of the H3O". The combination of the N:<>:N repulsion, covalent N-N interaction, the

aromatic © bonding in the ring, and the radial stretching N:H-O bonds stabilizes the central N5~ ring.

The resultant force of H<>H repulsions stretches the radial N:H—O bond, which shortens its H—O bond
and shifts the lone pairs outwardly (see FIG. 3b reversing pressure direction). The outward shift of the
lone pairs weakens the N:<>:N repulsion and breaks the interaction equilibrium of the N—N that will
contract. The interplay between the N:H—O tension and the inter-proton repulsion not only stabilizes
the cyclo—Ns~ complexes but also stores excessive energy by shortening all covalent bonds. Any
N:<:N or H&>H disruption can destabilize the system, leading to detonation. The X:H-Y bond
structure shall promise structural stability, energy storage, ignition, detonation dynamics, sensitivity

to perturbations, and radiation power for the CHNO energetic substance®! 52,
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FIG. 5 | Mechanical and thermal response of the H-N/O bond for H20 and energetic CHNO
molecular assemblies. PDPS refinement of the pressure and thermal effects on the oy for (a) the
H-O bond of H,O%', (b) the H-N bond of TATB%®, and (c) the H-C bond of Nitromethane3®.
Compression lengthens and softens the H-N/O bonds while heating does it contrastingly, except for
the O:H-C whose H-C contracts under compression and heating because of the insufficient strong
0O:<C repulsion. (d) The resultant force of the circumferential H«>H repulsion stretches the radial
N:H-O bond and weakens the N:<:N repulsion, which not only stabilizes the cyclo—-Ns:(4~5)H;0*
complex 3379 but also stores energy by shortening all covalent bonds.

??

6 Hydration interfacial O:H-O bond relaxation

Solvation injects shaped and sized carriers of charge into a solvent to form a sublattice of hydration

t%. Hydration of electrons, ions,

cells, interlocking with the hydrogen bonding network of the solven
lone pairs, protons, and molecular dipoles mediates the O:H—O bonding network and properties
of the solution through interfacial O:H attraction, H<>H and O:<>:0 repulsion, screened solute
polarization by hydrating water dipoles, intra-solute bond contraction, and inter-solute repulsion
without any interfacial bond formation. The insets of FIG. 6a-c illustrates the occupancy of charge

carriers for the solute of salt, acid, and base, which form the ordered three-dimensional (+; H3O";
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HO"):4H20:6H20 hydration cells?®. The hydrating O:H-O bonds perform differently from the regular

ones and determine the functionality of a solution.
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FIG. 6 |Hydration cell bonding characteristics and functionalities. PDPS refinement of the
interfacial on for (a) NaCl, (b) HCI, and (c) NaHO solutions with insets showing the respective 3D-(;
Hs;0*; HO"):4H,0:6H20 hydration cells. lonic hydration derives the supersolid hydration cells with (a)
characteristic phonon frequencies centered at ~3450 cm'. Solvation of an acid and base crystal
derives the respective H«H and O:<:0 repulsions that lengthen the solvent H-O bond (featured at
< 3100 cm") while the solute H-O bond of the less-ordered HO- contracts, featured at 3610 cm-'. (d)
lonic or lone pair polarization raises the solution surface stress and viscosity while the H«>H repulsion
disrupts the bonding network and surface stress. (e) O:<:0 repulsion lengthens the solvent H-O

bond during base solvation, which releases energy heating the solution. (f) Temperature decay of the
quasisolid (plateau) and the supersolid of saturated NaCl solution (molecular ratio concentration C = 1/10) under

cooling from 293 down to the maintained 253 K.

Ions occupy eccentrically the interstitial hollow sites to form supersolid hydration cells in which the
hydrating O:H—O bond performed the same as its electrification featured at ~3450 cm’, see FIG. 4b
and FIG. 6a. Solvation of an acid or a base crystal introduces excessive protons and lone pairs that
form the repulsive H&>H and O:<:0, respectively. The H<>H and O:<:0 repulsions lengthen the
annexing H—O bond, as mechanical compression does (FIG. 3b and FIG. 5a), giving rise to the <3100

cm’! spectral humps whose abundances depend on the strength of the repulsion, see FIG. 6b and c.
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The H-O bond of the HO™ solute contracts by 10% due to its bond order loss and the BOLS-NEP

regulation, showing the same feature at 3610 cm™' of the dangling H-O bond of water.

The H<>H repulsion that is incapable of polarizing surroundings disrupts the bonding network and
surface stress while the ionic and lone pair polarization does it positively (FIG. 6d) and raises solution
viscosity that follows the Jones-Dole expression®, n(C) = aC+ + bC."2. The a and b are adjustable
parameters. The fully-screened polarization of small cations claims for the linear term C+, whereas the
partially-screened anionic polarization enables the inter-anion repulsion, which claims for the C.2
term of the viscosity of alkali-halide salt solutions. The solvent H-O bond emits energy during base

solvation by O:<>:0 compressive elongation, instantly heating the solutions (FIG. 6¢)*°.

FIG. 6f shows the temperature decay of the pristine water and the saturated NaCl solutions cooled
from 293 K down to the maintained 253 K. The H—O bond absorbs energy in the QS phase by
spontaneous contraction, leading to a plateau of the cooling profile during aging from t(Tm) and t(Tn).
In contrast, the supersolid phase of hydration cells decays exponentially with time, showing that the
H—-0 bond emits energy as it does in the liquid and ice phases by spontaneous cooling expansion (FIG.

3b) without signatures of phase transition.

7 Atomic dipolar substituted M?:R-Y

According to the BOLS-NEP notion, atomic undercoordination shortens the Z—X" distance and
induces the X" dipole pointing to R. The combination of X":R attraction and X*<>Y repulsion stretches
and weakens the R—Y dipole. The degree of atomic undercoordination determines the extent of Z—XP?
contraction, X polarization, the stretching force on R—Y, and hence the efficiency of undercoordinated

dipolar catalysis’> %,

FIG. 7a and b show the PDPS confirmation of the BOLS-NEP driven Rh 3d band splitting into the
polarization and entrapment-polarization from the bulk centre of 306.5 eV component and the DFT
derived 4d5s band polarization named d-band shifting®. The 4d5s polarization makes the
undercoordinated Rh atom a protruding Rh” dipole that attracts the H and repels the C to form the

dipolar-substituted Rh":H—C bond during methane physisorption. The Rh":H-C system follows the
HBCP and BOLS-NEP regulations.
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FIG. 7c confirms the RhP:H—C cooperative relaxation as a function of Rh atomic undercoordination,
derived from DFT computations. The lower the atomic coordination, the stronger the polarization, and

the longer the H-C separation, which is beneficial to H-C bond dissociation.

Therefore, the HBCP and the BOLS-NEP regulate molecular physisorption, which is basis of catalytic
capability and chemical reactivity of atoms at the topological apexes. The coupling pair of MF:R-Y
dipoles meet the force criteria and display characteristics for the three-bodied coupling hydrogen bond.

The catalysis promotes a reaction without any electron exchange with the reactant elements.

a 2e 1 b T (8
Rh@d°5s")3d,, | | e . ! : :
—Eh:k@Rth(ﬁﬂ LQ»L
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FIG. 7| BOLS-NEP driven electronic performance of undercoordinated atoms and the dipolar-
replaced MP:R-Y bond. BOLS-NEP regulated (a) Rh adatoms 3d band entrapment (T) and

polarization (P) measured using XPS32 86 (b) the 4d5s band upward shifting, and (c) Rhs+-Rh bond
contraction derived the RhP:H-C bond cooperative relaxation.

8 Charge polarity inverted M*-O?:MP" bond

The BOLS-NEP and HBCP premises govern not only the process of physisorption but also the bonding
and electronic dynamics of oxygen chemisorption.?! Oxygen chemisorption on the Cu(100;110)
surfaces produces the polarity-inverted Cu*—0?:CuP bonds (see FIG. S1-S2 for detailed information).
During the reaction, the Cu*—0O? bond contracts, and the O*:CuP expands cooperatively, meeting the
HBCP regulation. FIG. 8a shows the four-stage Cu3O2 and the Cu™—0%*:CuP forming dynamics on the
Cu(100) surface resolved using scanning tunneling microscopy (STM) and very low-energy electron
diffraction (VLEED) 2!. The dissolved O2 bonds to the same Cu atom first to form the CuO2 with an
O—Cu?" distance of 0.163 nm, or 88% of its bulk reference of 0.185 nm. Then, each O bonds to a Cu
atom underneath to form the Cu’—O% bond that contracts by up to 4%. The sp’-orbit hybridization

only happens once electrons fully occupy the two bonding orbits of the O, which leads to a CuzOz2 twin
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tetrahedron. Likewise, each O bonds to Cu atoms in the second atomic layer to form the Cu*™—0?:Cu®
bond between the outermost two sublayers. The chemisorption vaporizes the alternative row of Cu
atoms from the (110) and the every-fourth row of atoms from the Cu(100) surface by atomic isolation

and dipolar repulsion?'.

4 - stage Cu30: bonding kinetics
Cu(601) - (/2 x 22 )R45°
Step 1 (CuOz):

20"+ Cu?* bong forms with a
Cu missing

Step 2 (Cu;02):
2(0%* - Cu*) bond follows

Step 3:

BA12 & BL2 relaxation \ o Cu,
Q ©Cu,
Step 4: y OBa
Orbital hybridization A A o
producing lone pairs & Cu' o
oYy

FIG. 8| BOLS-NEP driven the dipolar-replaced Cu*-0%:CuP bond during O-Cu(110; 110)
chemisorption. The polarity-inverted Cu*-0?%:CuP bonds (framed) bridge the outermost two layers of
(a) the Cu(100) and (b) the Cu(110) surfaces. The oppositely coupled, dumbbell like CuP:<>:CuP
dipoles cross over the missing-row vacancies (open circle) on the Cu(100) surface (FIG. S1-S2), and
the CuP:0%:Cur dipolar chain formed between the every-other-row of Cu vacancies on the Cu(110)
surface. Atomic undercoordination shortens the Cu*-0%* and lengthens the O%:Cur. (c) Crystal

structure and the CuO: plane of cuprite oxide HTSC?. STM images printed with permission from?"- 8.
89

The Cu"—O?:CuP is the exact situation of the polarity-inverted coupling X:R—Y bond. The polarized
CuP points away from O* to the open end of the surface. The BOLS-NEP-regulated Cu'—O*
contraction lengthens the O*:CuP by up to 10% through Cu’<>Cu®(positive end) repulsive coupling.
Therefore, O—Cu(100; 110) chemisorption produces dipoles, ordered atomic vacancies, and the
coupling Cu*—O?:CuP bonds that follow the HBCP regulation. The Cu’:0?":CuP chains sat alongside
vacancies on the (110) surface, and the oppositely coupled CuP<>Cu® dipoles bridge over the vacant
rows of the (100) surface. The chemisorption enlarges the (100) layer spacing from 0.175 to 0.193 nm
by 10% through O:Cu® expansion.

Most high temperature super conductors (HTSC) prefer the layered structure with gaps serving as
channels for transporting. Dirac fermions of the undercoordinated edge atoms serve as carriers. The
topological edge superconductivity (TESC)” of FeTeSe and the interface FeAs/FeLaO3’! share a

similar conductance to the Bi-2212 HTSC??, albeit with different Tc values and resonant peak
21

https://doi.org/10.26434/chemrxiv-2024-2fgsc 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-2024-2fgsc
https://orcid.org/0000-0003-2076-1133
https://creativecommons.org/licenses/by/4.0/

separations crossing the Femi energy”. The Bi-2212 conductivity is thickness independent. The
monolayer Bi-2212 has an identical Tc = 105° K and a resonant peak at 30 meV?? to its bulk parent™.
Comparatively, the Tc and the energy gap of the TESC are one order lower than that of cuprite oxides.
At the Tc, spin thermal decoupling may happen, and the energy gap disappears. Therefore, both TESC

and HTSC share a common origin of atomic undercoordination-induced polarization, albeit Tc values.

Findings in the O—Cu(100; 110) chemisorption may assist in understanding the low-dimensional
HTSC and TESC. The Bi-2212 conduction channel is composed of a half-unit cell that contains two
CuO2 planes of mirror symmetry: Cu’—O?>:CuP:<:CuP:0>—Cu’, with an association of shorter
Cu™—0? and longer CuP:0%" in addition to the ordered vacancies and purposed doping. The expanded
0?":CuP:<>:CuP:0% spacing with ordered vacancies and dopants may offer the required channel for

quantum transport.

The spin-resolved electronic polarization of lower effective mass and higher group velocity may act
as carriers. The weak O?:CuP of 30-80 meV vibrates at much lower frequencies?!. For reference, the
surface O:H nonbond of 100 meV vibrates at ~80 cm™ compared to its bulk of 200 meV and 200 cm™
!. The polarization lowers the effective mass that is proportional to the reciprocal curvature of the
dispersion curve E(k), m*(k) oc [Vi2E(k)]™!, and raises the group velocity v(k) in the v(k) oc ViE(k) form
of the locally polarized electrons with k being the wavevector’®. When excited, the polarized charge
carriers of lower effective mass and higher group velocity travel freely and cohesively in the channels
under the assistance of the soft and elastic phonons. Interactions between the slow O*:Cu® oscillators
and the polarized electrons might be responsible for the electron-phonon coupling. The oppositely
coupled or the paralleled configurated energetic dipoles might promise for the observed pair density
waves”. The undercoordination-induced bond contraction could clarify the observed “Fermionic

attraction” along the monatomic Cu—O chain®.

One may consider the selectivity of the light elemental constituents of group V-VII. These atoms
undergo sp*-orbital hybridization with a production of nonbonding lone pairs that induce the larger
atoms into antibonding dipoles with states near or across the Er. These localized electrons may have a
high chance of forming Cooper pairs under the assistance of the slow and elastic O*:Cu” phonon. The
discovery of monolayer Bi-2212%2, the topological edge UTe2”* and FeTeSe”, and the interface
FeAs/FeLaO3"! superconductivity may evidence the significance of lone pairs of O, Te, Se, and As,

and atomic undercoordination contributing to the TESC and HTSC.
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The strength of the spin-spin coupling may be related to the coherent peak separation and the Tc.
Therefore, the spin coupling in the TESC is weaker than the HTSC because the former has much lower
Tc, cohesive energy, and conductivity along the even under-coordinated atoms at edges. Nevertheless,
the contribution from the spin-resolved polarization should play dominant roles in the TESC and low-

dimensional HTSC. Further verification of expectations would be fascinating and rewarding.

9 Conclusion

In summary, by involving the X:<>:Y repulsion, one can extend the two-body oriented hydrogen bond
X--R to the three-body coupling X:R-Y bond that unites a pair of elastic and polarizable dipoles and
being inclusive of the inter- and intra-dipole interaction and their correlation. One can amplify the
X:R-Y bond to at least three situations of electron lone pair engagement, dipolar or atomic vacancy
replacement, and charge polarity inversion. The decisive factor of the amplified hydrogen bond is the
combination of the X:R attraction and X:<>:Y repulsion regardless of the negativity specificity of the
constituent elements, which entitles the X:R-Y bond with disparate geometry, energy and specific heat
cooperativity, and polarizability, endowing the extraordinary deformation adaptivity, damage
recoverability, perturbation sensitivity, catalytic capability, and chemical reactivity of systems
involving the coupling X:R-Y interactions. The amplification has led to substantial improvement in
understanding water ice anomalies, hydration interfacial identities, CHNO molecular assembles,
molecular physisorption, and oxidation, as well as promising ways of thinking about monatomic
catalysis and low-dimensional high-Tc superconductivity. The impact of further extension and
application of the X:R-Y bond would be enormous on areas far beyond the presently addressed issues

such as cell engineering and life science.
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Appendices

Polarity-inverted Cu*—0?:Cu® bond formation during chemisortion *' and its cooperativity and
polarizability

The HBCP*' and the BOLS-NEP* premises govern the processes of O-Cu(001) chemisorption and other
surfaces *'. The reaction creates the coupling Cu’—O*:Cu® bonds of polarity inversion and dipolar replacement.
The bond links the outermost two atomic layers, together with missing row vacancies and outward pointing
dipoles. A combination of STM and LEED has quantified four-stage CuzO, formation on the Cu(001) surface
transiting from O™ to O* with the production of the oppositely paired Cu’<>CuP dipoles crossing the missing
rOWS.

[010]

top view

quadrupole
protrusion

(a)

FIG. S1 Top and side views of the structure model and parameters for the Cuz;0; on O-Cu(001) surface
21 Structural configuration for a, Cu(001)-(2 V2xV2)R45°—20% reaction, and b, the parameters for LEED
calculations. The coupling Cu'—O*:Cu’ bond bridges the outermost two atomic layers of the Cu(001) surfaces,
and the oppositely couple Cu’<Cu” dipoles cross over the every-fourth missing row of Cu(001), giving rise to
the STM image of (c). Undercoordination shortens the Cu*—0? while the Cu'<>Cu’(positive end) repulsion
lengthens the O*:Cu” cooperatively. The polarity-inverted Cu’—0*:Cu’ bond follows both the HBCP*! and the
BOLS-NEP scaling regulations *2. The Cu(001)-(2V2xV2)R45°—20°? reaction proceeded in the ways of ':

O, (adsorbate) + 4 Cu (surface) + 2 Cu (substrate)
= 2 O (hybrid) + Cu™ (surface) + 2 Cu" (substrate)------- (Cu30; bonding)
+ 2 Cu? (buckled up and crossing the MR) + Cu (vacancy) -(bonding effect).
The O prefers the center of a quasi-tetrahedron. Atoms 1 and 2 are Cu™? and Cu’. Atom 3 is CuP dipole and M

is the Cu vacancy arising from the isolation of this atom and repulsion from Cu’. Atom 4 is a metallic Cu atom.
The oppositely coupled 3«3 for CuP<>Cu’ dipoles bridge over the MR vacancy.
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FIG. S2 | Cooperative relaxation of the polarity-inverted Cu*—0*:Cu’ bond *'. LEED spectral intensities

(a-c) at 7.1, 9.1, and 10.3 eV show four discrete reaction stages for the O—Cu (001) surface. d-f Calculated

results from varying individual bond variables of bond contraction coefficient Q,, bond angle /102 and dipolar

dislocation DCuy for 400 L oxygen-exposure provide the resemblance of the measurements at different stages

with output in Table 1.

1) ®o<30L:The7.1eV peak intensity decreases and disappears at 30 L, while other peaks remain (a).

2) 30L>®0<35L: The 7.1 eV peak intensity recovers slightly, and rest remain (a).

3) 35L>00<200L: The 7.1 eV peak attenuates while one new peak at 9.1 eV emerges; and then both the
9.1 eV and the 10.3 eV peak intensities increase up to their maxima at 200 L.

4) ®o >200L: The entire spectrum attenuates.

30

https://doi.org/10.26434/chemrxiv-2024-2fgsc 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-2024-2fgsc
https://orcid.org/0000-0003-2076-1133
https://creativecommons.org/licenses/by/4.0/

TAB S1 | LEED derived four-stage O-Cu(001) surface bonding dynamics. Parameters are specified in
FIG. S1b. *!

1 (<30 L: BL1 formation); 2 (30 ~ 35 L: BL2 & £102 change);

Reaction stages | parameter |3 (35 ~ 200 L: 2102 expansion); 4 ( > 200L: DCuy increase)

Exposure (L) 25 30 35 50 100 200 |400 |600 >800
Bond Q, 0 0 0.04 |0.04
contraction

Bond angle (°) BA12 92.5 94.0 98.0 (100.0 (101.0 [102.0

Q:1=0.12 DCuy 0.125 |0.150 |0.150 |0.150 |0.150 |0.150 |0.250 |0.355 (0.450
Atomic -DCu, |0.1460 |0.1440 (0.1268(0.0938(0.0844(0.0709(0.1495|0.2239|0.2849
dislocation -DOx 0.1814 |0.1796 |0.1802|0.1831|0.1852|0.1877
(A) DO, -0.0889 |-0.0447 |0.0618(0.1158(0.1422|0.1682
Layer spacing D12 1.7522 |1.7966 |(1.8287|1.8824(1.9086(1.9343
BL1 1.628
Bond length
A) BL2 1.850 1.776

BL3 1.8172 |1.8326 (1.8833]1.8983|1.9053(1.9121(1.9262|1.9396|1.9505
BA13 95.70 |98.82 |104.24|105.12|105.64|105.33|105.30({104.01{103.83
BA23 91.80 [93.11 |95.75 [96.46 |96.83 |95.18 |99.52 |(101.67|103.43
BA33 165.87 |160.83 (145.26(144.32(143.02|141.82(139.43|135.38|135.71

Bond angle

(%)

*Vacant space is identical in value to that in the previous cell. All information is provided by fine-tuning
(BA12, Qz, DCuy) variables.
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