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Although they exist ubiquitously in human bodies and our surroundings, the impact of nonbonding lone
electrons and lone electron pairs has long been underestimated. Recent progress demonstrates that: (i) in
addition to the shorter and stronger bonds between under-coordinated atoms that initiate the size trends
of the otherwise constant bulk properties when a substance turns into the nanoscale, the presence of lone
electrons near to broken bonds generates fascinating phenomena that bulk materials do not
demonstrate; (ii) the lone electron pairs and the lone pair-induced dipoles associated with C, N, O, and
F tetrahedral coordination bonding form functional groups in biological, organic, and inorganic
specimens. By taking examples of surface vacancy, atomic chain end and terrace edge states, catalytic
enhancement, conducting—insulating transitions of metal clusters, defect magnetism, Coulomb repulsion
at nanoscale contacts, Cu3;C,H, and Cuz0,; surface dipole formation, lone pair neutralized interface
stress, etc, this article will focus on the development and applications of theory regarding the energetics
and dynamics of nonbonding electrons, aiming to raise the awareness of their revolutionary impact to the
society. Discussion will also extend to the prospective impacts of nonbonding electrons on mysteries such
as catalytic enhancement and catalysts design, the density anomalies of ice and negative thermal
expansion, high critical temperature superconductivity induced by B, C, N, O, and F, the molecular
structures and functionalities of CF, in anti-coagulation of synthetic blood, NO signaling, and enzyme
telomeres, efc. Meanwhile, an emphasis is placed on the necessity and effectiveness of understanding the
properties of substances from the perspective of bond and nonbond formation, dissociation, relaxation
and vibration, and the associated energetics and dynamics of charge repopulation, polarization,
densification, and localization. Finding and grasping the factors controlling the nonbonding states and
making them of use in functional materials design and identifying their limitations will form, in the near
future, a subject area of “nonbonding electronics and energetics”, which could be even more challenging,
fascinating, promising, and rewarding than dealing with core or valence electrons alone.
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I Introduction

e Materials can be categorized according to their atomic coordi-
nation environments: full-, heterogeneous-, tetrahedral-, and under-
coordination.

e In addition to the size trends of known constant bulk properties,
materials at the nanoscale demonstrate new phenomena that bulk
specimens do not show.

e The intriguing properties caused by weak and localized
nonbonding interactions and the electronic distribution are beyond
the expectation of currently available theoretical approaches.

o Thus, it would be efficient to explore from the perspective of bond
and nonbond formation, dissociation, relaxation, vibration, and the

associated energetics and dynamics of charge repopulation,
polarization, densification and localization, in the valence band and
above.

Materials at the nanoscale demonstrate novel properties of
two types. One is the size and shape induced tunability of the
otherwise constant quantities associated with bulky species. For
example, the elastic modulus, dielectric constant, conductivity,
melting point, efc, of a substance no longer remain constant but
change with its shape and size;! the other is the emergence of
completely new properties that cannot be seen from the bulk such
as the extraordinary high capability for catalysis,? nonmagnetic—
magnetic and conductor-insulator transitions.® These two enti-
ties form the foundations of nanoscience and nanotechnology
that has been recognized as one of the key drivers of science,
technology and economics in the 21st century.

Generally, the energy levels of an isolated atom evolve into
energy bands and the centers of the bands shift towards lower
energies (larger absolute values) upon the atoms being assem-
bled, because of the involvement of interatomic interactions; the
band centers shift further to energies that are even lower than
those of the bulk when the solid size is reduced due to stronger
bonds between under-coordinated atoms.* An isolated atom
does not have a detectable melting point or mechanical strength
as the bulk counterparts do, since these quantities are associated
with interatomic bonding interactions. Phase transition can only
happen to the assembly rather than to an isolated atom; the
critical temperature of phase transition changes with solid size,
both elevation and depression can happen depending on the
interface conditions.®> At the nanoscale, the catalytic ability of
Au, Pt, Pd and Rh increases by folds or orders of magnitude;**
noble metals such as Au, Ag, Ru, Rh turn from conductor to
insulator and from nonmagnetic to magnetic because of the
pinning of the otherwise conducting s-electrons by under-coor-
dination.® The under-coordination of carbon atoms surrounding
a graphite surface vacancy,’ at the edges of a monolayer terrace®
and graphene ribbons,”!° show an unexpected Dirac resonant
peak in the vicinity of the Fermi energy associated with magne-
tism and high protrusions in scanning tunneling microscopy
(STM) imaging.

If a chemical reaction happens, the situation is more
completed. Besides the known process of valence charge
transfer, densification, localization, and polarization take place
to the valance electrons. The involvement of the nonbonding
lone electron pairs and the antibonding dipoles has led to
many amazing phenomena that the parent materials do no
exhibit. These fascinating properties include the high critical
temperature superconductivity induced by O, N, C, F, etc, the
negative thermal expansion (NTE) of ice and some spin ice
glasses. The involvement of H-bonds, nonbonding lone pairs
and dipoles cause H,O to demonstrate many anomalies in the
liquid and solid phases such as the volume contraction of ice
at heating. H-bonds form the functional group for biological
specimens such as DNA, proteins and cells, which are the
basic construction blocks of living bodies and drugs. The
involvement of broken bonds and nonbonding states make the
solid materials at the nanoscale much more complicated and
they are hardly understood from conventional theoretical
perspectives.
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Besides the constituent elemental atoms, the key factors
dominating the behavior of a substance include: (i) the interac-
tion among atoms through charge sharing in terms of bonding,
charge non-sharing or polarization in terms of nonbonding, and,
(ii) the ways of configuring charge in both real and energy spaces.
The core band energy shift, dominated by interatomic bond
energy, provides fingerprints of what has happened to the elec-
trons in the valence band and above as the latter provides
perturbation to the Hamiltonian.

Materials can be categorized according to their atomic coor-
dination environments: full-, heterogeneous-, tetrahedral-, and
under-coordination. The full coordination system refers to the
ideal elemental bulk of infinite size without any defect, edge, or
impurity. Heterogeneous coordination refers to atoms associated
with impurities, interfaces, alloys, compounds and artificial
superlattices. Tetrahedral coordination refers to those with
molecular structures like HF, H,O, NHj;, and CH,; with
hybridized sp orbits and the H atoms are replaced with atoms of
other arbitrary elements such as metals. Under-coordination
includes adatoms, defects, atomic chains, atomic sheets, grain
boundaries, surfaces, and hollow or solid nanostructures in
various shapes. Amorphous structures should be categorized to
the under-coordinated system. A nanostructure differs from an
amorphous structure in that the under-coordination is concen-
trated on the skin of the former but the coordination imperfec-
tion is distributed randomly in the latter. Besides the commonly
known regular bonds associated with charge transportation,
under-coordinated systems are always associated with coupling
the quantum entrapment of energy and electrons and polariza-
tion of the lone electron, if it exists, by deeply and densely
entrapped core electrons near to the under-coordinated atoms
because of the shorter and stronger bonds between them.!
Tetrahedrally coordinated systems are generally associated with
the coupling of lone electron pairs and lone pair-induced anti-
bonding dipoles.’>'* Heterogeneously coordinated systems are
associated with quantum entrapment or crystal potential eleva-
tion depending on the strength of the interatomic bond, of which
the nature changes upon alloy and compound formation.
Therefore, “coordination bond-and-band engineering” would be
more efficient in dealing with the chemical and physical prop-
erties of a substance in terms of predictive design and control-
lable fabrication.

Very often regular bonds, broken bonds, and nonbonds
coexist in one specimen. For instance, a graphite specimen
contains both covalent and nonbonding w-electrons due to the
sp? orbit hybridization. The latter differentiates graphite from
the bulk diamond — graphite is a conductor yet diamond is an
insulator though the covalent bond in graphite is shorter
(0.142 nm) and stronger (vibration wavenumber of 1553 cm™)
than those of diamond (0.154 nm, 1331 cm™"). Unrolling a single-
walled carbon nanotube (SWCNT) generates a graphene nano-
ribbon (GNR) with the presence of huge number of broken
bonds at the edges. Even such lower coordinated edge atoms
substantially differentiate the GNR from otherwise rolled
SWCNT or a large graphene sheet in many respects. Phenomena
demonstrated by the GNR can not be seen in the SWCNT or the
graphene sheet. The edge Dirac states give rise to many unusual
phenomena such as the unconventional magnetism that enables
carbon-only ferromagnetism, the spin glass state, spin quantum

Hall effect,'*'” ultrahigh electric and thermal mobility,'®'®
extremely low effective mass, and a group velocity of 1/300 times
that of the light traveling in vacuum, ezc. Another example is the
involvement of the intermolecular lone pair interaction and the
intramolecular regular bond interaction, which makes the most
abundant H,O to have fascinated us for more than a century.?®

Overwhelming contributions have been made in recent decades
to the fabrication, characterization, and functionalization of
nanostructures for technological developments. Considerable
theoretical effort has also been made to the understanding of the
physics and chemistry of materials at the nanoscale. It is quite
often that one phenomenon induced by size is associated with
numerous modeling arguments, such as the blue shift in photo-
luminescence,*>* elastic enhancement,?>* and melting point
depression®® of nanostructures. However, mechanisms behind
the bulk-unseen phenomena of the conductor—insulator transi-
tion,? the presence of extra energy states associated with atomic
vacancy,’ edge,** adatoms,® and chain ends,**** the extremely
high catalytic ability,* and the nonmagnetic-magnetic transi-
tion® at the nanoscale remain poorly understood.

It is my personal view that all the intriguing property changes
that emerge and their interdependence provoked by atomic
under-coordination could share a common origin — interaction
between the under-coordinated atoms and the associated
dynamics and energetics of charge entrapment and polariza-
tion." In addition to charge transfer, the dynamics and ener-
getics of the nonbond and antibond will dominate the chemical
processes as they significantly re-facilitate electrons in the valence
band and above. Because of the localization, inhomogeneity and
energy difference between the broken bonds (0 eV), nonbonds
(1072 eV) and regular bonds (10° eV), currently available
quantum or classical approximations are inadequate to describe
the irregular broken bonds and nonbonds. Generally, in theo-
retical quantum approaches, one often employs the sum of
interatomic potentials of regular bonds and their averages with
great difficulty when dealing with the nonbonding weak inter-
actions or the severe geometric and energetic relaxations caused
by the broken bonds at grain boundaries. The ab initio method
may derive the respective features but a clear physical picture is
required for one to understand the origin of what one has derived
from calculations.

In the past two decades, we have focused on: (i) the tetrahedral
coordination bond-and-band formation dynamics of oxygen,
nitrogen and carbon reacting with solid surfaces with the
involvement of nonbonding lone pairs and antibonding
dipoles;'**3 (ii) the under-coordination bonding for monatomic
chains, monatomic sheets, defects, vacancies, surfaces, and
nanostructures with the involvement of local bond contraction,
quantum entrapment, and lone electron polarization;' (iii)
heterogeneous coordination bonding for impurities, interfaces,
composites and compounds, with either interface quantum
entrapment or quantum elevation and charge depletion;* and
(iv) the behavior of materials under the external stimulus of
coordination, temperature, and pressure.*’” Our efforts have
derived preliminary theories of bond-band-barrier correlation
mechanism, the bond order—length—strength (BOLS) correlation
mechanism, and the local bond average approaches, which serve
as the foundation of the subject of “nonbonding energetics and
electronics” of this article.
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Extending previous understandings,’'*134647 this work, with
experimental evidence and discussions on prospective applica-
tions, aims to highlight the importance of nonbonding electrons
in determining the unusual behavior of low-dimensional systems
in the fields of biological, organic, and inorganic specimens. By
taking examples of graphite surface vacancies, GNR and terrace
edges and atomic chain end states, insulating metal clusters,
defect magnetism, diamond-metal adhesion, superhardness and
superelasticity of nitrides, superhydrophobicity of nano
compounds, superfluidity of nanoliquids in microchannels,
supersolidity in solid “He, and superlubricity of nanocontacts,
this work will discuss development and applications of theory
regarding irregular nonbonding states and applications. Addi-
tionally, with the aid of the developed knowledge, we attempt to
interpret some long-standing puzzles such as the high critical
temperature (7¢c) superconductivity induced by B, C, N, O and
F, the molecular structures and functionalities of NO signaling
and CF,4 anti-coagulation in synthetic blood, as well as the
density anomalies of ice.

II Regular bonds: interatomic potential and electron
configuration

e [Integration of the interatomic potential and wave function
determines the bond energy and charge distribution.

e Interatomic regular bonds and the associated charge distribution
in the valence band determine the traditionally-known physical
properties of a condensed specimen.

e The regular bonds define the Hamiltonian, atomic cohesive
energy and related properties, including the band structure, group
velocity, effective mass, melting point, mechanical strength,
dielectrics, etc.

e The bonding charge follows the dispersion relationship and
occupies the allowed energy states in the valance band and below.
o All detectable properties can be closely related to the nature,
order, length, and energy of the bonds involved.

Covalent, ionic, and metallic bonds are the most common
kinds of interatomic interaction.*® These regular bonds are
realized through localised valence charge sharing by neighboring
atoms in the ionic and covalently bonded systems or de-locally
by all atoms of the entire body of a metal.***® The energies of the
regular bonds are several electron volts (eV) in magnitude at
equilibrium. The nearest distance between atoms or ions at
equilibrium corresponds to the bond length. For example, Na
interacts through a metallic bond with a cohesive energy of
1.1 eV per atom, which determines the Na to be ductile, electri-
cally and thermally conductive. NaCl is an ideal specimen of an
ionic bond with a cohesive energy of 3.28 eV atom™!, which
makes NaCl harder, with a high melting point and makes it
soluble in polar liquids such as water. Diamond demonstrates an
ideal covalent bond with cohesive energy of 7.4 ¢V atom ' and is,
so far, the hardest natural material with a high melting point of
3800 K; diamond is insoluble in nearly all solvents. The polar—
covalent bond, the form in between covalent and ionic bonds,
exists in most alloys or compounds. The nature of the bond or
the way of charge sharing in a specimen is dictated by the
difference in the electronegativity of the constituent elements of
the specimen.

The interatomic potentials for these stronger interactions
dominate the atomic cohesive energy, the Hamiltonian and hence
the band structure, dispersion relations, the allowed density-of-
states (DOS) of the valence band and below, the effective mass
and group velocity of charges in various bands as well. At
equilibrium, the coordinates of a pairing potential correspond to
the bond length and bond energy (d, E;) that determine the
binding energy density, Ep/d®. The product of the number of
bonds (z) of an atom and the cohesive energy per bond is the
atomic cohesive energy (zE},). All the detectable quantities of the
bulk materials such as the critical temperature for crystal struc-
tural phase transition, electronic and optical properties, hard-
ness, elasticity, melting point, are all closely related to the bond
nature, order, length, and energy represented by m, z, d, E,
respectively, or their combinations such as the cohesive energy,
energy density, and lattice vibration frequency. The cohesive
energy determines the thermal stability; the binding energy
density determines the elasticity and mechanical strength. These
regular bonds and their functionalities are well described using
quantum approximations because of their periodically-ordered
homogeneity and uniformity.

IIT Broken bonds: local bond relaxation, charge and
energy entrapment

e Broken bonds lower the z value of the edge atoms, which causes
the Goldschmidt—Pauling bond contraction associated with bond
strength gain.

o The shorter and stronger bonds provide perturbation to the local
Hamiltonian, atomic cohesive energy, binding energy density and
related properties.

e Structure relaxation associated with local quantum entrapment
of charge and energy taking place nearby the under-coordinated
atoms.

e Broken bonds dominate the size trends of bulk quantities at the
nanoscale because of the local bond modification and the varied
fraction of under-coordinated atoms.

e Size, temperature, and pressure coupling effect proceeds only in
the surface up to skin depth.

3.1 Principle: BOLS correlation and size dependency

The broken bonds refer to the under-coordinated atoms at sites
surrounding vacancies, defects, edges, surfaces and the skins of
grains and cavities. Adatoms, atomic chains, atomic ribbons, and
hollow tubes and spheres are also formed by under-coordinated
atoms with bonds fewer than those in an ideal bulk taking the
atomic CN of 12 in an fcc structure as the standard. Materials at
the nanoscale can be represented by a high fraction of atoms with
an effective atomic CN (or z) between the values of 0 and 12.47
The z equal to zero value corresponds to an isolated atom and
z =12 to an atom in the ideal bulk interior. These two extreme
situations are unlikely happen in reality under normal circum-
stance. For other structures such as bce and sc configurations,
the bulk atomic CN can be normalized by the standard. The
association of the proportion of such under-coordinated atoms
and the strong interactions between them originates from the size
dependency of materials at the nanoscale."*” All the detectable
quantities such as the Young’s modulus, dielectric constant,

This journal is © The Royal Society of Chemistry 2010
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Fig. 1 (a) The BOLS correlation mechanism (solid line) formulates the
atomic “CN-radius” convention of Pauling and Goldschmidt*** with
further evidence (scattered symbols) measured from Au particles, Au-Au
atomic chains and others, as discussed in the text and Ref. 1. (b) Sche-
matic illustration of the broken-bond induced local strain and quantum
entrapment at the terminating edges up to three atomic layers.*>

magnetic momentum, efc, are inversely dependant on solid size,
K~', with K being the dimensionless form of the characteristic
size. It has been shown®® that the linear dependence of the
detectable quantities on the inverse size is dominated by the
surface skin of a limited number of atomic layers, while atoms in
the core interior retain their bulk nature, making no contribution
to the size dependency.

The under-coordinated atoms demonstrate different kinetics of
growth nucleation, atomic diffusion, and chemical reaction.5'-
The diffusion rate at these atomic sites is very high and the growth
rate at these points is rather low. The chemical and thermal stability
at these sites are very low. The physical properties at sites nearby
under-coordinated atoms are different from those of the bulk."4”-%

Although the broken bonds with zero energy at boundaries
make no apparent contribution to the performance of materials,
their impact on the ones remaining nearby is indeed profound.*’
They cause the remaining bonds of the under-coordinated atoms
to contract spontaneously with an associated increased in bond
strength, which in turn produces localized strain and causes
potential well depression with a consequence of localized densi-
fication of charge, energy and mass. The shorter and stronger
bonds between under-coordinated atoms provide significant
perturbation to the Hamiltonian, atomic cohesive energy,
binding energy density, and associated properties when the
fraction of the under-coordinated atoms is increased.

The consequence of the broken bond follows the BOLS
correlation, as illustrated in Fig. 1:*

. =dfd=2/{1+expl(12—2)/(82)]}
;" =E/E,

"= Eyy/Epq

zpe;™ = Ej.[Eg,

bond strain)
bond strength)

(
(
(binding energy density)
(atomic cohesive energy)

»

Where m is the bond nature indicator, 7 is the dimensionality,
Z = z/zy, 1s the reduced CN with zy, = 12 being the bulk standard.
Any detectable quantity localized near the broken bonds can be
formulated by the above parameters of bond strain, bond energy,
binding energy, and atomic cohesive energy change, as listed in
Table 1.

Generally, the properties of a material change with its size in
two opposite trends: one is the size-depressed properties that are
related to the atomic cohesive energy, including the
critical temperature of phase transition (melting, evaporation,

Table 1 Formulation of the functional dependence of the measurable
and typical quantities on the bonding parameters

Detectable quantity Q q (z, m, d, Ey)
Critical temperature 7 o« zEy
Young’s modulus Y « Epd™?
Bang gap width (Eg) and core level o Ey,

shift E( o0 )-E(1)
Raman optical shift (w) (u is the
reduced mass of bonding atoms) o

EN\?
)

ferro-paramagnetic, ferro-paraelectric, superconductive, efc),
activation energy for atomic diffusion, frequency of atomic
vibration, etc; the other is size-elevated properties relating to the
bond energy such as the band structure related properties, band
gap, core level shift, or binding energy density such as Young’s
modulus, mechanical strength, ezc.>*’

One may take a specimen of any shape containing N atoms for
illustration, the measurable quantity Q(e) = Ng if no surface
effect is considered, where ¢ is the atomic scale density of the
measured quantity Q. Considering the contribution from the
under-coordinated atoms in the outermost three atomic layers,
we can replace the N;q with Nq; in the ith atomic layer con-
taining N; atoms with ¢; representing the surface effect, which
yields the following scaling relation in terms of local-bond-
average approach. This relation is in consistent with the
measured size dependence,

Ul ™

Q(w)[l + A;/K} (Theory)
O(K)=Nq+ =3 Nilg; — q) =

O()[1 + B,/K] (Measurement)

where,

A; =K3> =5 7i(Aq/q)
v, =Vi/V =1Ci/K
2

where v; is the surface-to-volume ratio of the ith atomic layer. The
parameter 7 represents the dimensionality of a thin slab (z = 1),
cylindrical rod (tr = 2) and a spherical dot (t = 3). K = R/d is the
dimensionless form of size, or the number of atoms lined along the
radius of a spherical dot or a cylindrical rod, or across the thick-
ness of a slab. By is the slope of the measured linear dependence
and A’q an intermediate constant. With the established functional
dependence of Q on the bonding parameters, ¢(m, z, d, E), as
sampled in Table 1, we can readily predict the curvature (with K~!
being positive for a solid dot, zero for the surface of a bulk, or
negative for a cavity), shape (1), and bond nature (m) dependent
property changes of a nanosolid without needing hypothetic
parameters. From a linearization of the measured size dependence
with respect to K!, one can obtain the intersection Q( ) and the
slope of B4 = A’y. More details regarding the size dependency of
nanostructures are referred to ref. 1 and 47.

3.2 Bond and band engineering

The impact of the BOLS correlation on the band gap modulation
is apparent. As the band gap is proportional to the cohesive
energy per bond, the gap will expand when the size of a semi-
conductor shrinks, such as for Si nanowires.’” For metals, the
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Fig. 2 STS conductance of (a) crystalline Pd particles with diameter in
the range of 1.6-4 nm*” and (b) of Si nanowires with diameters decreasing
from 7 (curve 1) to 1.3 nm (curve 6)*’ revealed the band gap generation in
(a) and band gap expansion in (b) at the nanoscale.

valence band will split, generating the artificial band gap, which
may explain why a conductor turns to be an insulator when its
size turns to be the nanoscale,® such as Au*® and Pd* nano-
structures. The artificial band gaps for Au and Pd clusters
increase with the reducing number of Au and Pd atoms in the
clusters. The typical scanning tunneling spectroscopy (STS)
conductive spectra for Pd and Si nanowires are compared in
Fig. 2.

Without igniting electron—phonon interaction at 7 = 4 K or
electron-hole production or combination, the vehicle for the
quantum confinement theory, STS revealed that the Eg of Si
nanorods increases from 1.1 eV to 3.5 eV when the wire diameter
is reduced from 7.0 to 1.3 nm and that the surface Si-Si bond
contracts by ~I12% from the bulk value (0.263 nm) to
~0.23 nm.”” This finding concurs excitingly with the BOLS
expectation: CN imperfection shortens and strengthens the
remaining bonds of the lower-coordinated atoms associated with
Eg expansion that is proportional to the single bond energy.
Similarly, the size-enlarged Eg of Si nanorods, Si nanodots, Ge
nanostructures, and other III-V and II-VI semiconductors at the
nanoscale follows closely the BOLS prediction without involving
electron-hole interaction, electron—phonon coupling or quantum
confinement. 66!

3.3 BOLS-enhanced capability of available techniques

It is worth noting that the new degrees-of-freedom of size not
only allows us to tune the physical properties of a specimen but
also provides us with opportunities to gain the conventionally
unavailable information such as the core level energy of an iso-
lated atom and its shift upon bulk formation,** the frequency of
dimer vibration and its shift upon bulk formation,*”-¢* for
instance, by combing the BOLS theory and the measured size
dependence of X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy.

Here we just show the XPS results for illustration. The prin-
ciples for deriving such information are very simple. The core-

level energy shift from that of an isolated atom is dominated by
the crystal potential in the Hamiltonian. The eigen wave-
functions, ¢,(r), for the core electrons remain unperturbed by
coordination reduction as these electrons are strongly localized.
v is the quantum number for a specific energy band. Any
perturbation in the Hamiltonian of an extended bulk solid will
lead the core level to shift further from that of the bulk. The
direction of the shift depends on the perturbation to the poten-
tial. The perturbation includes bond contraction, bond nature
alteration, charge polarization, and other external stimuli. As the
crystal potential at equilibrium corresponds to bond length and
bond energy; the core level shift is proportional to the bond
energy.

Analytically, the core level shift of a surface and a nano-
structure of K size can be formulated by the combination of band
theory®* and the BOLS correlation.®®> The single-body Hamilto-
nian is perturbed by the shorter and stronger bonds, denoted
with dy:

H(Ay) = av? V. : Ve (1)[1 + A
(Br) = =54 Vaion(r) + Very (n)[1 + Arr]
where
cm—1 (surface)
Ay = 3)
S vi(Com—1)  (nanostructure)

Thus, the core level shift for a surface follows the relation,

. Kincrease

| =
i AE (2)=AE (12)[1+a] 14 §
l 6 &
' AE(12) 1 %
: i
110
112

Fig.3 Atomic CN-resolved core level shift.*® The energy of the quantum
entrapment perturbs the Hamiltonian that determines the binding energy
(BE) shift from that of an isolated atom, E,(z) — E,(0), which is
proportional to the bond energy at equilibrium: [E,(z) — E,(0))/[E(12) —
E(0)] = E;: E, = C7™. Si(z = 4) and Sy(z = 6) represent the fist and the
second surface layers and B (z = 12) the bulk component. Syefec (z = 2, 3)
represents the contribution from adatoms or edges atoms. The energy of
the convoluted envelope changes with solid size because of the variation
in surface-to-volume ratio.

This journal is © The Royal Society of Chemistry 2010

Nanoscale, 2010, 2, 1930-1961 | 1935


http://dx.doi.org/10.1039/C0NR00245C

Downloaded on 11 October 2010
Published on 02 September 2010 on http://pubs.rsc.org | doi:10.1039/CONR00245C

View Online

Table 2 The energy levels of an isolated atom E,(0) and its bulk shift derived using the combination of BOLS-enabled XPS from nanostructures,

adatoms, atomic ribbons, and surfaces

eV Au 4% Cu 2p® Cu 3d* Si 2p*? Ru 3d%¢ Pd 3d*” Rh 3d¢ Pt 4f° C 1s%
E,(0) 81.51 931.00 5.11 96.74 275.88 330.26 302.16 67.21 282.57
AE, () 2.87 1.70 2.12 2.46 3.66 4.36 4.37 3.28 1.32

E(2)~E(0) _(e0Vera + 810, (r) + 20, — )
E,(12) - E,(0) (@, Vena(o, (1) + 120,(r - d))

[+ 128 — (12 = 2)B][1 + Ay(2)]
a+ 128

_ B(12 —z)
N <1 +a(1 +128/a)

Where o= —(@,(N|Veryse(Ml,(r)) and B = — (@, (") Veryst(Nl@u(r — )
are the exchange and overlap integrals; f/a = 1/100 and
(@Ml (r — d)) = 0; (@,(N|e.(r)) = 1 because of the localized nature
of the eigen wavefunction for electrons in the core shells.®®

Therefore, we have a general form for the size and surface
induced core level shift:

{ E,(z) = E,(0) + [E,(12) — E,(0)][1 4+ A4]
Z = 4(1 -i‘()75/1()7 Iy =1 +2, Z3 = 12

)[1 +Au(2)]=1+ Ay(2)

4)

The perturbation 4y takes the forms in eqn (3) for surfaces and
nanostructures. For the latter, the sum is over the outermost
three atomic layers.

As illustrated in Fig. 3, the upper part is a typical XPS spec-
trum that is broken down into components representing contri-
butions from different surface shells and the bulk with each
component an effective atomic CN. If the solid size is reduced,
the spectral intensities of the surface and defect components will
increase with the fraction of such under-coordinated surface and
defect atoms rendering the intensity of the bulk component in the
XPS. When the solid size is increased from one atom, the energy
level shifts from the E,(0) to E,(z) until a maximum of the unit
cell size (K = 1.5, or z = 2) and then reverses up to the bulk value
of E,(12), as illustrated in the lower part of Fig. 3.

By integrating BOLS theory with the XPS technique, one can
readily determine the E,0) value and its bulk shift
AE,(12) = E,(12) — E,(0), as listed in Table 2, by matching the
prediction to the measured size dependence of AE,(K) = E(K) —
E,(0) or decomposing the XPS profile from a surface. Combining
XPS, Auger spectroscopy and BOLS theory, we can also obtain
additional information regarding the coefficients of screening
and charge transport in a reaction.*®

3.4 Unification of defects, surfaces, and nanostructures

Defects, surfaces, and nanostructures of various shapes are
correlated by atomic under-coordination. The interaction
between the under-coordinated atoms and the nearby charge
distribution is the origin of the unusual performance of such
under-coordinated systems. The broken bonds-induced strain
and bond energy gain results in excessive energy on the surface of
skin depth, and therefore, a surface exhibits higher stress and
tension than those in the bulk interior. The surface energy, stress
and tension determine the processes and phenomena at a solid or

liquid surface including structural reconstruction, relaxation,
adhesion, reaction and friction. A solid surface is often harder
and more elastic than the bulk interior but the surface melts
easier. On the other hand, the cohesive energy of an under-
coordinated surface atom is generally lower than that of the bulk.
Therefore, surface and defect atoms are chemically and thermally
less stable.

The longstanding confusion about surface energetics and their
dimension units can thus be clarified as:” (i) the energy density
gain (in unit of eV nm~?) in the surface skin consisting of two
interatomic spacings, (ii) the residual cohesive energy of the
discrete surface atoms (eV atom '), and (iii) the energy per unit
area (eV nm™?) required for cutting one body into two parts.
Term (i) is related to the elastic modulus and mechanical
strength, as well as the electroaffinity, and term (ii) to the ther-
modynamic activities such as activation of dislocation motion,
diffusion and phase transition. This classification clarifies why
a surface is harder yet melts easier, and why a surface atom is
thermally and chemically less stable. The defect serves not only as
the center that initiates mechanical failure but also sites of energy
entrapment, between which the competition determines the
strength of materials at the nanoscale.”

Knowledge of the surface energetics can also be applied to
bonds at the inner surfaces of nanocavities,” which helps one to
understand why foams composed of nanometre-sized pores are
lighter but stronger, and why they are chemically and thermally
less stable. These properties add advantages to the porous foams
that can be used in impact energy management, catalysis and
sensors, as well as hydrogen storage and drug delivery.

With a given form of interatomic potential, u(r), one can derive
the analytical expressions for the elastic modulus and the stress at
the ith atomic site:

B =-V oy E/d> (Elastic modulus)
v r=d
] 0 r=d)
P, =— Oui(r) o (Stress)
av wi(r)/r (r#d)

)

where V' o 12 is the volume. It is seen that the P and B share the
same dimension but in different elastic and plastic regimes. The
elastic modulus and stress are related more like “brother and
sister” rather than “father and son”, with which they are often
confused.

Bond contraction turns the skin of a liquid drop to a struc-
turally ordered, solid-like, and elastic covering sheet.”>”* Nor-
mally, a solid skin melts first, yet a liquid skin solidifies prior to
the liquid interior because of the lowered critical temperature for
liquid—solid phase transition at the surface. This finding offers an
understanding of the formation mechanism for gas bubbles and
liquid drops as well as the origin of surface tension of a liquid. It
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has been found that bonds surrounding atomic impurities also
contract with an association of locally bounded states (entrap-
ment as well).”® These findings suggest that the excessive interface
energy arises from the bond deformation and bond nature
alteration at a compacted interface. Surfaces, defects, and
nanostructures are thus correlated by the atomic under-coordi-
nation and the subsequent bond contraction.

3.5 Coordination, temperature, and pressure coupling

Since the works of Alivisatos and co-workers,””’® there has been
a huge database showing consistently that the critical pressure
(Pc) for the transition from the less-coordinated structural phase
to the denser structures increases with the reduction of crystal
size. For the bulk CdSe, the transition pressure is 2.5 GPa but
when the size is reduced to 1-3 nanometres across, the transition
pressure increases to a value of 5 GPa. The size trend for the
pressure-induced y-Fe,O; (maghemite) to a-Fe,O5; (haematite)
transition showed that 7 nm nanocrystals transform at 27 GPa, 5
nm ones at 34 GPa, and 3 nm ones at 37 GPa.” Fig. 4a shows the
typical V—P profiles” measured at the ambient temperature for
SnO, bulk and powders of 14, 8, and 3 nm across. The critical
pressures for phase transition change with both K and P. The Pc
is higher for the smaller solid. The slope of the VP profile,
8 = dVI(Vodp), corresponds to bulk compressibility. Although
the pressure-induced 7 enhancement has been intensively
investigated, factors controlling the size trend of the pressure-
induced phase transition in nanocrystals and theoretically
reproduction of the observed trends have long been difficult
challenges. The coupling of solid size, temperature, and pressure
has led to new phenomena requiring clear understanding.

If the nanostructure is under externally applied pressure and
temperature, only the parameters of d and E; among (m, z, d, E})
can be changed before phase transition. The coupling effect on
the bond length and bond energy can be expressed as,

d(z, T,P,..) =T](1 4+ Ax)

=do(1+ (c; — 1)) (1 + JTa,»(t)dt) (1 + rﬂ,-(p)dp)

E(z;, T,P,..) = Ey[1 + Y AE}]

=E [1 + (¢gm—1) — JTn,-(z‘)dt - J:Op,-(v)dv..}

0
(©6)

where the superscript x denotes the component of 7, P. «; is the
thermal expansion coefficient; §; the compression coefficient, and
n; the specific heat per bond. In fact, reducing the sample size,
lowering the temperature, and increasing the pressure result in

App = —JII " plads =| Iilt.'a}.l’,u -1 .l"|ll."lx,,
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Fig. 4 (a) The V-P profile for SnO, nanocrystals phase transition from
rutile to cubic structures.” The square, diamond, circle and up-triangle
symbols represent bulk, 14 nm, 8§ nm, and 3 nm SnO, samples, respec-
tively. Corresponding critical transition pressures are denoted as Pcyp,
Pcy, and Pc;, while Pcs for the 3 nm crystal is beyond the measured
pressure range. (b) Schematic illustration of the pressure-enhanced bond
energy and volume compression. The integration of the V—P profile
represents energy stored in the crystal to raise the 7 for phase transition,
under the conditions of bond number conservation.*

the same effect of bond shortening and strengthening. As will be
shown in section 6.2, compressive stress has the opposite effect
on the intra-molecular hydrogen bond that can be weakened and
elongated under pressure. Compressive stress shortens the bond
length and increases the unit cell distortion energy or the cohesive
energy per bond. The increase energy A Efcorresponds to the area
of VHAS in the V-P profile, as shown in Fig. 4b,®* which can be
expressed as,

Vv P
AEF = —J pi(v)dx = {J vdp — VP] /Vo @)
1 0
where p is the external pressure and ¥ the unit cell volume under
p=0Paand T=0K.

The joint effect of multiple fields on the cohesive energy of
nanocrystals can be integrated based on the rule of energy
superposition. These external stimuli provide perturbations in
the crystal cohesive energy, in a similar way to the effect of bond
order loss,®® based on the core-shell configuration,

Ea(K.PT) = 2B (N =3 _ N+ 3, Nisi
where
Ei = Eo+ ) AE}
_ ®
Ey = Ep+ ) AE;

E;pand E} are the cohesive energy per bond in the ith atomic site
and in the bulk without other stimuli. Considering the effect of
multiple-field coupling and the relation of E,,;(,0,0) = Nz,Ep,
we have,

Ewh(K> xi) =2 (Eho + Zx AEI:) (N - Zis3 Nf) + Zis3 N"Zi(EiO + Zx AE}Y)

EL‘{)h(Ku X)
Emh( ®©, 07 0)

7(14— Ey (1=Eis7) + s viza | 6" + yom

X X _ X 9)
— Zr AEb —m Z\(AE’ AEb) (
= (1 +E7h() ‘|‘Z,~53 YiZib ¢ = 1 +E—bo

X

AE} AE?
=1+ s ri(aa™ —1)] + Z\Eihob{l + 2= i <Zib % - 1>]
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Fig. 5 (a) Comparison of the predicted (solid curves) with the measured
(scattered symbols) pressure-induced 7¢ elevation for solid-solid tran-
sition of SnO, nanocrystals derived from Fig. 4b and the size-induced T
depression for solid-liquid transition of CdS nanocrystals, showing
compensation of the relative changes.®? The empty square is an extrap-
olation of the 3 nm SnO, solid, the transition pressure of which is pre-
dicted to be 43 GPa. (b) Theoretical reproduction of the size and pressure
dependence of the phase transition of CdSe nanocrystals at room
temperature (A7 = 0).31:82

The first part represents purely the effect of size and the second
part the joint effect of other stimuli. The effect of multi-filed
coupling proceeds only in the surface up to skin depth, as seen
from the 2nd part of the 2nd term.

From eqn (9), we can obtain the K¢, T, and Pc dependence of
the solid—solid phase transition at the nanoscale,

AT(K.p,T) _ Ep(K.p, T)
TC'(OQ,O,O) Ero/1(°°7070)
T AE LY AE 2 AE} Zpc
T Ey tx Ey Zis} R ZmTEZ A Z;g we(zne," — 1)
AE? AE}
5| Bt (& ) sGancr™ - )|
Ke = : Ey > AE}

AT(‘(K%pv TU) _ Zx AE‘[’;
Te(,0,0) Ep

(10)

A combination of eqn (7) and (10) with only the P and K
involvement has allowed us to reproduce the measurements as
shown in Fig. 5.

IV Nonbonding interactions associated with
tetrahedral coordination

e Nonbonding interactions with energies similar to that of the body
temperature and a vibration frequency in the tera-Hz regime
contribute insignificantly to the Hamiltonian or atomic cohesive
energy.

e However, these nonbonding electrons add impurity states near to
Ep, which neither follow the standard dispersion nor occupy the
allowed energy states.

e The coupling of lone electron pairs and the lone pair-induced
dipoles due to sp orbit hybridization plays an important role in the
Sfunctions of biological, organic, and inorganic compound elec-
tronics.

e Most importantly, the lone pair can modulate interface stress and
facilitate self-lubrication with high elasticity under the critical
load.

e In the hydrogen and hydrogen-like bond, the shorter intra-
molecular bond and the longer intermolecular nonbond change
their lengths and energies oppositely and simultaneously.

4.1 Principle: lone pair and dipole creation

Nonbonding and antibonding interactions are associated with
the reaction process of tetrahedrally-coordinated bond forma-
tion.'!3 In addition to the process of charge transportation from
donors to the electronegative acceptors, sp orbit hybridization,
charge localization and polarization take place. The
“nonbonding” states refer to the energetic electrons involved in
the nonbonding lone pairs, antibonding dipoles, as well as H-like
and C-H-like bonds. An ionic impurity in a metal will also
induce dipoles.'*#3 The Van der Waals bond, having a maximal
energy of several tenths of an eV, should be in this category as it
represents dipole—dipole interaction instead of charge sharing.
CHy, is a typical case of intermolecular Van der Waals bonds and
intramolecular C-H covalent bonds with intermolecular cohe-
sive energy of 0.1 eV atom~!. The weak intermolecular interac-
tion makes the CHy soft, with a low melting point and soluble in
covalent liquids.

The weak interactions contribute insignificantly to the
Hamiltonian or the atomic cohesive energy. These electrons,
however, add impurity states in the vicinity of the Fermi energy,
which neither follow the regular dispersion relations nor occupy
the allowed states of the valence band and below. They are
located in the correct energy scope for STM/S. The lone pair and
dipole interactions not only act as the most important function
groups in biological and organic molecules but also play an
important role in inorganic compounds.

Nonbonding lone pairs and antibonding dipoles are generated
in a reaction with sp® orbit hybridization being involved, such as
in the processes of,

R

Antibondng
{Dipole)

Work-function
-——

/ kﬂiconductor ‘\
\y

Fig. 6 (a) NH; and (b) H,O molecule and (c) the corresponding modi-
fication of the valence DOS for metals and semiconductors with four
excessive DOS features: bonding (< EF), lone pairs (< Ef), electron holes
(< EFf), and dipoles (> Eg). The three DOS features closing to the Ef are
often overlooked yet they are crucial to the performance of a compound.

Nonbonding
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NH; — 3H*-N*- (:HP)
H,O — 2H*-O> (:2HP)
HF — H*F (:3H")

Where the “:” represents the lone pair and the superscript p the
antibonding dipole. The “~” stands for the ionic or polar cova-
lent bond. Usually, the parts in the brackets are omitted in
formulating reactions because they share no charges with the
electron acceptors. Replacing the H atoms with atoms of an
arbitrary element that is less electronegative than N, O, or F,
H-like bonds and the lone pairs are generated as well. Under UV
irradiation or thermal excitation, the hybrid sp* orbit can be
dehybridized, the lone pairs and dipoles are removed accord-
ingly, altering their functionalities.

A typical H,O and NH; molecule and the charge density
modification in the valence band and above are illustrated in
Fig. 6. The sp* orbit hybridization in the electronegative atoms
produces four directional orbits, each capable of being occupied
by two electrons, forming a quasi-tetrahedron. These four
directional orbits can hence support the occupancy of eight
electrons. The central O atom, for example, has six 2s?2p* elec-
trons and requires another two to complete its valence shell.
Therefore, the O forms two bonds with its nearest neighbors by
taking one electron from each to share the orbits, while its
remaining two orbits are occupied by the lone electron pairs of
the O. Likewise, a nitrogen atom needs three electrons for
sharing and generates one lone pair. Similarly, a F atom forms
a tetrahedron with three lone pairs. In additional to the weak
interactions with energies of ~50 meV, as detected using Raman
and electron energy loss spectroscopy (EELS),'® these lone pairs
polarize the neighbouring atoms instead causing their change to
dipoles. Strikingly, the manner of electronic distribution, bond
type, bond length and bond energy surrounding the central O or
N atom in the tetrahedron are all anisotropic.

Counting from lower to higher binding energy (Fig. 6c), the
DOS features are the bonding state (O>~ or N*7), electronic holes
(H"), lone pair electrons (:) and dipoles (HP). Such a valence DOS
structure is also applicable in describing molecules similar to HF
with three lone pairs being involved. In semiconductor
compounds, hole formation occurs at the upper edge of the
valence band, which expands the semiconductor’s band gap

Fig. 7 STM images and the corresponding bond configurations for (a)
Cu3C,H, and (b) Cuz0, on the Cu(001) surface.'®**%8 The bright
protrusions are dipoles induced by H* in (a) (labeled 2) and by the lone
electron pairs of oxygen in (b) while the depressions are ions (see text for
equations formulating the reaction dynamics and individual atomic
valances).

further, turning a semiconductor into an insulator. In metallic
compounds, the holes are produced at the Fermi surface, hence
causing the formation of a band gap. This is the reason for the
metallic compound’s loss of conductivity to become either
a semiconductor or an insulator. Nonbonding states are situated
in the band gap to form impurity states close to Fermi surface,
while antibonding states are situated above the Fermi energy.
The production of dipoles will shift the surface potential barrier
outwardly with high saturation,® opposing to the effect of the
charged ions. The former can be observed using STM as
protrusions, while the latter depressions. The orientation of such
a tetrahedron in a bulk is also subject to its coordination envi-
ronment.® The difference between N, O and F is in the structural
symmetry and the number of lone pairs in one tetrahedron.

4.2 Cu3C,;H; and Cu30; on the Cu(001) surface

Fig. 7 shows how the dipoles are generated in the processes of
chemical reactions and how these reactions can be formulated
with identification of the valence state of an individual atom. The
STM images and the corresponding bond configurations are
shown for the C;H, molecule chemisorption on Cu(001) (1 x 1)
surface®® and the O-induced Cu(001) (2 x 22) R45° surface
reconstruction.’® The Cu3;C,H, molecular configuration was
optimized using density function theory (DFT) calculations®
and the Cu;0, bond structure was determined by very-low-
energy electron diffraction (VLEED) calculations.’” These
chemical reactions can be formulated with identification of
individual atomic valences as follows:
For the C;H,—Cu(100) (1 x 1) surface reaction:

C,H, + 4Cu (surface) + Cu (substrate) = 2C*~ (hybrid) + 2H* +
2Cu?* (surface) + Cu?* (substrate) + 2Cu? (H* induced, labeled 2)

For the O,—Cu(100) (2 x 24/2) R45°surface reaction:

O, + 4Cu (surface) + 2Cu (substrate) = 20*" (hybrid) + Cu**
(surface) + 2Cu* (substrate) + 2Cu® (lone pair induced) + Cu
(missing vacancy)

The high protrusions in the STM images correspond to the Cu?
dipole states induced either by H* in (a) or by the lone electron
pairs of oxygen in (b) but the depressions to the Cu** and O*~
ionic states in both cases. The “dumbbell” shaped depression in
(a) is the Cu** and C* states; the “dumbbell” shaped protrusions
in (b) are the Cu? < CuP pairing dipoles crossing over a raw of
missing Cu atomic vacancies in the surface layer.®” The “dumb-
bell” pairing dipoles interact through Van der Waals repulsion
force. STS measurement from the CuP: O*  : CuP chain at the
O-Cu(110) surface® revealed that the lone pair states are located
at —2.1 eV below Ef and the dipole states extend in the range of
0.5-2.0 eV above Eg.'* Quantitative analysis using the combi-
nation of STM®* and VLEED?**% revealed that the Cu;O,
pairing-tetrahedron forms in four discrete stages while the O
turns from the O'~ to the O*" state. It has also been found that
the O* : Cu? nonbonding part expands while the Cu*-O*" bond
contracts at the surface, which may provide an explanation of the
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anomalous phenomena of the NTE of ice and spin ice glasses
volume contraction up heating.

It has also been found using XRD and extended X-ray
absorption fine structure (EXAFS) measurements®® that Cu,O
and Ag,O exhibit a NTE of the lattice parameter over extended
temperature intervals (from 9 to 240 K for Cu,O, up to 470 K for
Ag,0O) and anisotropic thermal displacements of M atoms
(M = Cu, Ag). EXAFS measures a positive expansion of the
nearest-neighbors M-O pair distance and a perpendicular to
parallel anisotropy of relative motion, much stronger than the
anisotropy of the absolute M motion. The M-O bond is much
stiffer towards stretching than bending. According to the
EXAFS data, out of the 12 M—M next-nearest-neighbor pairs,
the 6 connected via a bridging oxygen undergo negative expan-
sion, while the 6 lacking the bridging oxygen undergo positive
expansion. These results show a rather complex local behavior,
which, while confirming the connection of NTE to O—Cu-O
bonding, is in consistent with our VLEED findings at the
O-Cu(001) surface.

The impact of the nonbonding lone pairs and the antibonding
dipoles is abundant. For example, the presence of antibonding
dipoles lowers the work functions drastically by more than 1
eV,” which greatly aids electron emission for imaging and
display.®*®* The nitrogenation of diamond and carbon nano-
tubes, the oxidation and fluorination of metals, etc., have all been
widely used in industrial sectors. It is expected that proper
doping of N, O and F to the surface of low workfunction metals
could be beneficial to the field emission.*?

4.3 Interface stress neutralization and metal-nonmetal joining

It has been discovered®® that N chemisorption generates tensile
bond stress while C chemisorption results in compressive bonds
at the Ni(100) surface from the STM images of the adsorbate-
induced “clock and anticlock” reconstructions. The presence of
only one lone pair of N makes a great difference in the surface
stress. These findings would help in designing processes and
functional materials for practical applications at an interface.

It becomes clear from the above analysis®® that carbon-
induced compressive stress prevents diamond from being grown
adhesively to metal substrate — a long standing challenge for
industrial applications. However, thanks to the lone pair of
nitrogen that could alternate the situation by giving rise to the
tension, it is possible to neutralize the interfacial stress between
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Fig. 8 Comparison of (a) the hardness and elastic recovery of GaAIN
with that of amorphous carbon and (b) the Raman frequency shifts of
oxides, nitrides, and carbides. The carbides show no lone pair vibration
features at low frequencies.”®

diamond and a metallic substrate by integrating a graded TiCN
buffer layer into designs.®® In this exercise, we introduced
nitrogen in the vacuum chamber of film deposition using
microwave-enhanced plasma CVD with an Ar—-CHy gas mixture
and then gradually reduced the partial pressure of nitrogen down
to zero. The film is then grown very firmly on metals. Mechanical
tests confirmed the desired high adhesion, verifying the design
and the associated modeling considerations. The use of such
a graded buffer layer to neutralize interfacial stresses can also be
extended for use in other nonmetal-metal joining applications in
order to improve their interfacial strengths.

4.4 Lone pair induced tera-Hz lattice dynamics, self-
lubrication, and superelasticity

We can also design artificial crystals based on such a bond struc-
ture configuration: the intra-layer bonds are mainly ionic or
covalent, while the interlayer is dominated by the relatively weaker
lone pairs. This structure is similar but not entirely the same to that
of graphite, whose inter-layer is dominated by Van der Wales 7t-
bond interactions. The design of this structure imparts a low
frictional, and hence greatly lubricating, nature with high hardness
below a critical load. Fig. 8a compares the measured hardness and
elasticity of a GaAIN film*” versus amorphous carbon.®® Strik-
ingly, the nitride is harder and more elastic with a 100% elastic
recovery opposed to the latter. The latter is often harder than the
former in real high-load applications. Experimental results also
showed that the coefficient of friction for the nitride is much lower
than that of amorphous carbon or diamond. However, as the
applied load increased past a critical value (uN level), the coeffi-
cient of friction increased drastically, indicating the failure of the
weaker nonbonding interactions, as we have expected.

Fig. 8b compares the nonbonding vibration features detected
using Raman spectroscopy for randomly selected oxides,
nitrides, and carbides. The results clearly show the expected tera-
Hz (f = 102 = cv = 3 x 10® x v, with » being the wavenumber
limited to 30-350 cm ™! and vibration energy of 4-45 meV) low-
frequency vibrations in oxides and nitrides with an intensity that
is proportional to the number of the lone pairs in one tetrahe-
dron. The peak frequency is determined by the force constant
and the reduced mass of the pairing atoms, (k/u)"?, via
nonbonding interactions. For an oxide tetrahedron, there are
two lone pairs while for a nitride there is one. None are present in
the carbide tetrahedron. These results are evidence of the
essentiality of tetrahedral bond formation with discrimination of
the presence of lone pairs to N and O.

From the observations, we may clarify that surface enhanced
Raman spectroscopy (SERS) in the tera-Hz range corresponds to
the resonance of lone pair vibration of biological molecules
adsorbed on rough metal surfaces. The high enhancement SERS
factor of 10'*-10"* allows the technique to be sensitive enough to
detect single molecules. Such order of phonon vibrations also
exist in the ZrWOg NTE specimen.*

V  Nonbonding interactions associated with under-
coordination

e Associated with atomic under-coordination, nonbonding lone
electrons are strongly and locally polarized by the deeply and
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trap depression

E

Fig. 9 Schematic illustration of the atomic under-coordination induced
local bond contraction (d; < d;), the associated quantum entrapment (7)
and the polarization of the nonbonding states (P) by the densely
entrapped bonding and core charges. This sequence of processes modu-
lates the Hamiltonian by crystal potential splitting and charge distribu-
tion in all bands.

densely entrapped core and bonding electrons that follow the rule of
BOLS.

e Similar to the lone pairs and dipoles, the polarized lone electrons
follow neither the dispersion relationships nor occupy the allowed
states in the valence band and below but they generate the midgap
impurity states in the vicinity of Fermi energy.

e Coupling of the entrapment and the polarization originates
properties that bulk materials do not demonstrate.

5.1 Principle: Nonbonding electron polarization by quantum
entrapment

At the terminating end of a solid, the characteristics of the
nonbonding lone-electron states become even more pronounced.
Polarization occurs to the lone electrons, if they exist, by the
densely trapped bonding and core electrons of the under-coor-
dinated atoms, as illustrated in Fig. 9. As a consequence of the
shorter and stronger bonds and the polarization screening effect,
denoted with A, the single-body Hamiltonian turns to be:
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Fig. 10 STM/S probed (a) Au-Au atomic chains, (b) the additional end
states at —0.7 eV, (c) the apparent dimensional and (d) the line scan
difference between the end and the chain interior atoms.*

HO1) = 4 V(1) Vo)1 + 84
where
1+ Ay =
C." =E./E, (BOLS trap depression)
{p = (E,(p) — E,(0))/(E,(12) — E,(0)) (Polarization screening)

(1n

The p is the coefficient of polarization to be determined from
XPS measurement. E,(x) represents the peak energy of the z or P
component in the XPS spectrum.

The following phenomena are expected to happen due to the
coupling of the local bond relaxation, quantum entrapment, and
lone electron polarization:

(1) The locally locked lone electron dipoles will form at sites
surrounding atomic vacancies, defects, adatoms, GNR edges,
atomic chain ends, terrace edges, etc.

(i) The dipole states are readily probed using STM/S as high
protrusions with energies near to EFf.

(iii) The quantum entrapment and polarization will split the
crystal potential that can be readily resolved using a newly
developed photoelectron residual spectroscopy (PRS) technique.

(iv) Valence band splitting is expected to be responsible for the
conductor—insulator transition and the origin for the tunable
surface and nanostructure plasma resonance.

(v) The polarized lone electrons demonstrate non-zero spin
values responsible for the measured magnetism in the graphene
edge,® graphite atomic vacancy,” monolayer terrace edge'® or
graphene ribbon edge'® terrace edge’ and nonmagnetic metal
clusters,'® but their stability and intensity are subject to confir-
mation for practical device applications.
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Fig. 11 STM image' (a) of a Au nanowire and (b) the line scans
crossing the wire at the top, middle and bottom sites and (c) the dZ/dV
spectra recorded at the three different locations demonstrates the width
effect on the polarization of the occupied LDOS.
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Fig. 12 The size-resolved valence LDOS of Au-MD and Au-CO clus-
ters shows that as the number of atoms is reduced the LDOS moves up
towards Er (positioned at 0). The polarization trend agrees with the
STMY/S observations of gold islands of different sizes'* and from the gold
monatomic chain.*> The DOS of the smallest island moves up the most
and the polarization is most significant at the chain end.

(vi) Coulomb repulsion at the contact interfaces would be
responsible for the superhydrophobicity, superlubricity, super-
fluidity and supersolidity.*®

5.2 End and edge states: STM/S and PRS

5.2.1 Au atomic chains, nanowires, and clusters. Atomic scale
charge polarization has been frequently observed using STM/S.
Fig. 10 shows the STM/S probed (a) Au—-Au atomic chains, (b)
the corresponding energy states, (c) the apparent height and (d)
the line scan difference between the end atoms and the chain
interior.*> The polarized states at —0.7 eV is associated with an
apparent height difference of 0.02-0.03 nm. The high protrusion
and the apparent dimension represent a high saturation of the
surface potential, same as oxygen-induced dipoles.”® Fig. 11
shows (a) the STM image'® of a Au nanowire and (b) the line

scans crossing the wire at the top, middle, and the bottom
positions and the (c) corresponding d//dV spectra, which
demonstrates that the extent of polarization increases when the
wire width is decreased.

Although the STM/S has revealed the common feature of the
protrusions and the states at the edges, their physical origin
remains puzzling. In order to clarify the physical origin for the
observed polarization and to verify the BOLS prediction, we
conducted DFT calculations of the well-defined cuboctahedral
(CO-13, 55, 147) and Marks decahedral (MD-13, 49,75) gold
clusters.”* The resultant LDOS of the MD and CO clusters in
Fig. 12 demonstrates the size dependence of charge polarization.

DFT calculations confirmed the BOLS expected lattice strain,
charge transfer in real space from the inner to the outer atomic
shells, valence charge polarization from lower to higher binding
energies of the well-defined gold clusters. Bonds between the less
coordinated atoms at corners or edges contract more signifi-
cantly than those in the cluster interior. The Au-Au distance
contracts up to 30%, in line with experimental observations of
the Au cluster™ and Au-Au chain bonds.'® Meanwhile, the
charge flows from the inner shell to the outermost of the clusters
by an amount up to 1.5 electrons per atom, which agrees with the
STM/S measurement from Au-Au chains deposited on
NiAl(110) surface;** chains containing three to seven Au atoms
are found to host up to three extra electrons. Furthermore,
under-coordination induced potential well depression and the
size dependent Au 4f core level shift®? are also in line with the
mean inner potential well depression detected using transmission
electron microscopy.'?

5.2.2 Ag monomer, dimer, and clusters. Fig. 13 shows the STS
probed LDOS evolution due to the polarization of the unoccu-
pied states of a Ag monomer, Ag quasi-dimer and Ag, dimer
under positive bias.’®” The unoccupied states shift from 3.0, 2.7

s

dvdv / iV
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Fig. 13 STM/S profiles of (a) the under-coordination effect on the polarization of the unoccupied state of (b) a Ag monomer, Ag quasi-dimer and Ag,
dimer under positive bias.'” The unoccupied states (c) for the monomer, quasi-dimer, and dimer are located at 3.0, 2.7 and 2.4 eV, respectively. (d)
Normalized STS spectra acquired from clean Ag(111) surface and Ag, (n = 1-5, 10) clusters. The dashed lines indicate the respective zero of the

spectra.'®
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Fig. 14 STM images of (a) the graphite surface vacancy’ showing high
protrusions associated with (b) the Dirac resonant states nearby Eg. The
surface without vacancies shows no such states. (c) Purified graphite
surface and vacancy C Is states with extra P and 7 states due to variation
of atomic CNs.

to 2.4 eV with an increase of the effective CN of the system. The
quasi-dimer retains some of the monomer nature while the dimer
exhibits the weakest polarization effect. The STS spectra in
Fig. 13d acquired from clean Ag(111), monomers (Ag;), dimers
(Agy), trimers (Agsz), tetramers (Ag,), pentamers (Ags), and
a compact silver assembly (Ag,) with probably n = 10 show the
same trend of the under-coordination-induced polarization.'®

5.2.3 Graphite vacancy and GNR edges. Atomic vacancy
generated by Ar* spraying at a graphite surface® shares the same
LODS features to that of the edge of ZGNR,® as shown in
Fig. 14: high STM protrusion and Dirac resonant peak at zero
bias. When the STM tip moves towards the edge, the polariza-
tion becomes more pronounced and the Dirac peak moves nearer
to Eg. At the clean graphite surface or in the GNR interior, no
such features can be resolved. The edge Dirac states give rise to
many unusual phenomena such as the unconventional magne-
tism that enables the carbon-only ferromagnetism, spin glass
state, spin quantum Hall effect,’*'” ultrahigh electric and
thermal mobility,'®'® extremely low effective mass, and a group
velocity of 1/300 times that of light traveling in vacuum, efc. The
mobility of the vacancy states is lower than the edge states.

The STM/S finding of graphite surface and vacancy states is
indeed exciting. However, clarification of the nature and origin
of the observation remains challenging. Therefore, gaining
statistical information about bonds and electrons in the valence
band and below and localized in the atomic-scaled zones, beside
that provided by STM/S, is very important but so far it is by no
means possible. Such information gained from sources other
than STM/S is greatly needed not only for a better understanding

of the vacancy states but also for materials design and processes
control.

Recent theoretical'® and experimental'® investigations
revealed that gold atoms attached to single vacancies near the
edges of GNR tend to be on top of the vacancy, as in an infinite
graphene sheet. Energy of 5 eV is needed for the Au atom to
move through the vacancy to the other side of the sheet, but the
Au atom can migrate in a lateral direction together with the
vacancy, with a migration barrier of about 2.2 eV. The sites near
the edges of the GNR are energetically more favorable for gold
atom vacancy pairs than sites in the middle of extended graphene
layers. The migration barriers for different pathways show that it
is easier for the gold atom to move towards the edge where it can
be captured. When the gold atom reaches the edge, it can migrate
along the edge with an energy barrier of only 1.4 eV. The lowered
barrier of Au atom migration along the edge provides further
evidence for polarization without charge transition between the
Au and carbon being likely. Using DFT and TB methods,
Krasheninnikov et al''! found that the mechanism of single
vacancy migration in nanotubes is different from that in
graphite, as the curvature of the nanotube atomic network
breaks the trigonal symmetry of a perfect graphene sheet, making
the diffusion anisotropic, and strongly influencing the migration
barrier.!? They further demonstrated that the formation energy
of a double vacancy in nanotubes is smaller than that for a single
vacancy, a behavior different from most monatomic solids,
including graphite. The defects also affect the elastic modulus of
CNT'® as vacancies serve as not only the centers of mechanical
failure but also sites of energy trapping.*’

Driven by our increased knowledge and in the particular STM/
S findings,”® we have developed a unique method of photoelec-
tron residual spectroscopy (PRS) that has enabled us to purify
the bond and electronic information within the atomic-scaled
selected zones surrounding defect, surface, subsurface, and bulk
by altering measurement conditions and surface treatments and
combining the collected spectra according to need. With this
method, we have studied a number of under-coordinated systems
including Rh and Pt adatoms,® CuPd and AgPd interfaces,*®
graphite surface with and without atomic vacancies that were
generated by a spray of energetic Ar* ions.'**

BOLS reproduction'**!'¢ of the elastic modulus™”!*® and the
melting point'*® of carbon nanotubes, and the C 1s core level shift
of carbon allotropes®-'?° has revealed that the C-C bond between
two-coordinated atoms contracts by 30% from 0.154 nm to
0.107 nm and the bond energy increases by 150% with respect to
those of diamond, giving an optimized bond nature indicator of
m = 2.56 for carbon. Meanwhile, we have been able to determine
the energy level of an isolated C atom, E;4(0) =282.57 eV, and its
bulk diamond shift, E£,4(12) — E5(0) = 1.32 eV, and the following
z-dependence of the C 1s energy shift that is used to calibrate the
XPS spectral components:©?

C—2.56

C—2.56
z :282‘57+1‘32{p: (eV)

E(2) = £4(0) + £.02) - Eu(O){ §
(12)

This relation allows us to specify the effective atomic CN of the
PRS components. Fig. 14c shows the PRS purified C 1s DOS

from graphite surface with and without vacancies. Results show
clearly that at the clean surface, only quantum trapping states (T)
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are present while the atomic vacancy generates the extra polar-
ized states. The effective atomic CN of the graphite surface skin
is centered at ~3.2 and for the vacancy neighbors is at ~2.5. A
drop in one CN makes a huge difference in the electronic
structure. The vacancy induced P states are centered at
283.63 eV, or 0.31 eV above that (283.94 e¢V) of bulk diamond.
Therefore, p = (283.63—282.57)/1.32 = 1.06/1.32 = 0.80, which
means that screened potential is 20% shallower than that in
diamond, while the vacancy trapping potential is C-%%s — 1 =
0.97 times deeper. At the surface, the C-C bond contracts by
Cii= —17% and the skin quantum trap depression by

53% = 1.61 = (287.7-282.57)/1.32 folds that of the bulk
potential.

PRS findings confirm the BOLS prediction and clarify that the
atomic under-coordination induces local strain and quantum
entrapment (T) of core charge and energy; the densely and deeply
trapped charges polarize in turn the other m-electrons and the
dangling o-bond electrons, leading to the STM/S mapped
protrusions and the Dirac resonant Ef states,” which, in turn,
partially screens and splits the crystal potential, giving rise to the
P states in the XPS C 1s profile. Therefore, the STM/S and PRS
are correlated, providing more comprehensive information than
using STM/S alone.

The experimental discovery'® that the minimal energy
(7.5 eV/bond) required for breaking a 2-coordinated carbon
atom near a vacancy is 32% higher than that (5.67 eV/bond)
required for breaking a 3-coordinated carbon atom in graphene
provides direct evidence for the BOLS prediction that the broken
bonds do enhance the neighboring bond strength. The findings of
bond contraction of gold cluster surface layers,® Nb,'*! Ta,'*
and Mo surfaces also conform the BOLS expectation.

5.2.4 Pt and Rh adatom catalysts. The key to the catalytic
enhancement and catalyst design is an understanding of the
ability and the direction of charge flow between the gaseous
specimen and the catalyst. In order to identify the charge-flow
direction of the under-coordinated catalysts, we® analyzed the
PRS of Pt'**!%5 and Rh'**'?® adatoms based on the developed
premise. A previous BOLS deconvolution'*® of the XPS 3d;/,
spectra for Rh and Pd surfaces with three Gaussian peaks, has
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Fig. 15 The PRS spectra® due to (a) Pt(6s’) and (b) Rh(5s') adatoms
(coverage in ML) revealed that the Pt adatom serves as an acceptor while
Rh adatom as a donor in catalytic reactions because of the broken bond-
induced local strain and quantum entrapment (T) for both Rh and Pt,
and the s-electron polarization (P) for Rh only. The valley B corresponds
to the bulk component while the valley at 307.25 eV for Rh arises from
the coupling of quantum entrapment and polarization. The inset in (a) is
the PRS for the hexagonally reconstructed Pt(001) surface with denser
edges,'?® exhibiting the same features as that of Pt adatoms.

derived the effective z for the first/second layers of the flat
fce(100), (110) and (111) surfaces to be (4.00/5.73, 3.87/5.40, 4.26/
6.31),°” with C4 = 0.88 detected from the (100) surface of Nb'*!
and Ta'? as references. The deconvolution gives rise to the
expression for the coordination-resolved Rh 3ds, and Pt 4f;),
core level shift:¢

E,(z) = < E,(0)> + AE,(B)C"

{ 302.1647 +4.3653C-' (Rh 3ds))

67.2086 + 32814 (P 4f;)

Typical PRS spectra are compared in Fig. 15. As expected, the
BOLS anticipated global quantum entrapment occurs at both
Pt(5d"°6s%) and Rh(4d®5s') adatoms. Polarization does happen,
only to the otherwise conducting s-electrons of Rh. In addition to
the trapped states at energies of z = 4 and 6, the original trapped
states centered at z = 3 disappear with an addition of the
polarized P states centered at 306.20 eV, above the bulk
component, B, or the spectral valley. The valley at 307.25 eV
comes from the effect of polarization-entrapment coupling. The
polarization screens the crystal potential and hence the polari-
zation and quantum entrapment split the crystal potential.
Meanwhile, the polarization also screens the trapped component,
and then the second valley is generated at the lower end of the
spectrum. This sequence of processes is exactly the same as that
of the graphite vacancy or graphene edge atoms.

It is seen that the extent of entrapment and polarization
increases with adatom coverage up to 0.25 ML. The spectral
difference between Pt and Rh coincides exceedingly well with the
BOLS expectation that only the otherwise conductive half-filled
s-electron of Rh adatoms can be polarized and locked as dipoles,
no longer making a contribution to the conductivity. These
polarized s-electrons are suggested to be responsible for the
magnetism of the small clusters as well.™»'?* It is important to note
that the adatom or defect states may include one or two
components. One corresponds to the global quantum entrap-
ment in the lower energy and the other polarization of the
otherwise conducting lone electrons. The presence of the polar-
ization is subject to the electronic configuration in the top edge of
the valence band of the specimen. The coupling of the entrap-
ment and polarization may create a valley in the deeper band tail,
see b, causes a negative shift of the entire core band.

We have also examined the Pt 4f;, PRS of the hexagonally
reconstructed Pt(100) surface with denser edges,'®® as shown in
the Fig. 15a inset. The PRS displays the same quantum entrap-
ment nature as those demonstrated by Pt adatoms. Due to
a contraction of the Pt-Pt distance, the reconstructed Pt(100)
topmost layer accommodates about 25% more atoms than the
ideal (100) layer. This finding further supports the BOLS
derivatives regarding the structural relaxation and quantum
entrapment by the shorter and stronger bonds between under-
coordinated atoms.

It is suggested that the quantum entrapment increases both the
electroaffinity and the work function but the polarization does
oppositely. Therefore, the Rh adatom is identified as a donor and
Pt as an acceptor in the catalytic reactions. It is clear now why the
under-coordinated atoms of the two elements are functioning
differently in the processes of NO and CO oxidation and
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Fig. 16 The PRS spectra for (a) the W(110), W(540) (0.16 ML) and
(320)(0.28 ML) surface,'**-'** and (b) the Rh(111) vicinal (553) (0.26 ML)
and (151513) (0.07 ML) surfaces'? and the missing-row type recon-
structed Rh(100) surfaces with same edge density (0.5 ML) but slightly
different atomic CNs."?® Components above the bulk valley correspond
to the polarization screening and the components below to the trapped
states. The valley at lower energies represents the effect of T and P
coupling.

hydrogenation. This approach has also been applied to the Cu/
Pd and Ag/Pd nanoalloys revealing that the Cu/Pd serves as an
accepter but Ag/Pd as donor in the catalytic reactions,*
demonstrating the power of the PRS technique.

5.2.5 Rh and W edges: Coupling of quantum entrapment and
polarization. The power of PRS is further demonstrated by
decoding the edge-density-resolved XPS of W(110) and Rh(111)
vicinal surfaces and the missing-row type reconstructed Rh(100)
surface, as shown in Fig. 16. One can hardly distinguish the
spectral difference of surface with different edge densities from
the original spectra but PRS can discriminate the differences
crisply. The PRS spectra for (a) the W(110), W(540) (edge atom
density of 0.16 ML)) and (320)(0.28 ML) surface,'**'** and (b)
the Rh(111) vicinal (553) (0.26 ML) and (151513) (0.07 ML)
surfaces’®” and the missing-row type reconstructed Rh(100)
surfaces with same edge density (0.5 ML) but slightly different
atomic CNs.'? The (1 x 2) represents the reconstruction pattern
of which the every other row is missing and the (1 x 4) the every
other pairing raw is missing. The PRS is able to resolve the slight
CN difference in the (1 x 2) and the (1 x 4) missing rows of the
same coverage.

From the comparison, it is suggested that the under-coordi-
nated W atoms could be an alternative donor in catalytic reac-
tions, though the functionality of W is subject to further

3

verification. Nevertheless, the PRS provides a powerful means
for catalyst design and identification.

5.2.6 Summary. From the above discussions, one can find
that all under-coordinated systems demonstrate the feature of
global quantum entrapment and the subjective polarization. The
coupling of T and P generates artificial gaps in the valence band
whose width is inversely proportional to the solid size as
observed from Si nanowires,”” Au and Pd nanoparticles.®® The
valence LDOS of the Au monomer and dimer,** Au-Au
chain,**"% Au nanowire,'™ and Ag adatoms,'”” Fe chains on
InSe substrate,'* Cu chains on Cu substrate!®” are all move to
upper energies.

The findings presented can be extended to other under-coor-
dinated atoms. For instance, the change of surface charge
distribution caused by electrons trapped at defects of a SiO,
surface has been observed by using a mirror electron microscope
(MEM) under monochromatized ultraviolet (UV) light irradia-
tion."®® Scratches on the SiO, surface deposited on a silicon wafer
were formed by mechanically polishing to create spatially
distributed defects on the SiO, surface. Exposure of the SiO,
surface to UV light with energy above 4.25 eV that is the
threshold energy for internal photoemission from silicon to SiO5,
produced significant change in the contrast in the MEM images.
This contrast change is mainly due to negative charging by the
photoexcited electrons trapped at the defects along the scratches.
The density of the scratch trapped electrons was estimated to be
10" cm 2.

Most strikingly, the PRS has been able to correlate the STM/S
to the XPS and clarify the physical origin of the vacancy-induced
states in various bands. The physical picture is now clear. The
broken bond induces local strain and quantum entrapment with
an associated densification and entrapment of the core charge
and energy. The densely and deeply trapped charge in turn
polarize the otherwise conducting electrons, leading to the STM/
S mapped protrusions and the Dirac resonant Ef states. The
polarization of the nonbonding electrons will in turn partially
screen and split the crystal potential, giving rise to the P states in
the core bands. This procedure holds generally true for under-
coordinated systems with nonbonding electrons such as the
otherwise conducting electrons in the half-filled s-orbit of
Ag(5s'), Au(6s'), Rh(5s"), etc, as demonstrated. The situation
may change if the nonbonding electrons are absent such as in
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Fig. 17 (a) Size dependence of the magnetic moments of Rh,,(5s') particles measured at low temperature shows the size-enhanced and quantized Mg(N;)

with oscillating features.'**'*(b) Molar magnetization at 1.8 K of Pt;3 clusters on NaY substrate before (I) and after (II) hydrogen desorption,

142

compared with that of Pt nanoparticles of 2.3 nm (420 atoms, I11), 3.0 nm (940 atoms, IV) and 3.8 nm (1900 atoms, V)'** (c) Temperature dependence of
Pd(5s°4d'®) nanoparticle magnetizations under zero-field cooling (ZFC) and field cooling (FC).'*
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Co(4s?). Anomalous states also exist such as W(5d*6s*) because
of the complicated valance charge configuration.

5.3 Diluted magnetism: defect locked dipoles

5.3.1 Nonmagnetic metals at the nanoscale. It is surprising
that nanoclusters consisting of nonmagnetic elements such as
Rh," Pd,"®® and Pt'*® exhibit magnetic properties, as shown in
Fig. 17, which is beyond the expectation of traditional magnetism
theory.? The size trend of Rh magnetization suggests a dominance
of the number ratio of surface atoms.! Magnetization
measurements on Pt clusters consisting of 13 & 2 well-character-
ized atoms monodispersed in a zeolite confirmed the predicted
extraordinary magnetic polarization with up to 8 unpaired elec-
trons on a cluster, corresponding to a magnetic moment of 0.65(5)
up per atom. However, the effect is partly quenched by hydrogen
chemisorption.” The magnetization of Pt nanoparticles also
decreases with the increase of particle diameter, as shown in
Fig. 17b.1* The effects of hydrogen desorption and size change on
the magnetization indicates that only atoms on the surface
contribute. In a bulk specimen, the ratio of such unpaired surface
electrons is extremely low and therefore its magnetism is hardly
detectable. From the maximum magnetoresistance change, the
conduction electron polarization of the Pd nanoparticle super-
lattice is estimated to be similar to 4%. The nonferromagnetic Pd
nanoparticles are evolved into ferromagnetism without protective
agents; therefore, the origin of ferromagnetism in the chemically
prepared Pd nanoparticles is associated with the intrinsic char-
acteristics of the Pd nanoparticles, but not the effect of the exis-
tence of a protective agent.'® It is noted that the s-orbital of Pt
(6s°) and Pd(5s") are empty, no magnetization is supposed to
exhibit. However, the polarization may extend to the for d elec-
trons and then situation changes.

5.3.2 Graphite vacancy and GNR edges. Wang and
coworkers'® measured the magnetism of graphene at 2 K and
300 K fabricated at (a) 400 and (b) 600 °C and suggested that the
magnetism is associated with the defects on the graphene,
because the higher defect density presents to the sample fabri-
cated at high temperature. It has also been found that weak
magnetic momentum is detectable in the graphite nanostructures
at 4 K under a maximum applied field of 20 kOe."® From
systematic calculations using a combination of the mean-field
Hubbard model and first-principles calculations on the magnetic
properties of disordered graphene and irradiated graphite,

Yazyev'*” concluded that only single-atom defects can induce

ferromagnetism in graphene-based materials.

In order to confirm the defect magnetism of GNR, we have
recently calculated the effect of quantum entrapment and polar-
ization and the magnetism of graphene vacancy and edges of the
AGNR, ZGNR and rec-ZGNR, using the BOLS incorporated
tight-binding mean-field Hubbard model. Results shown in
Fig. 18 suggest that in addition to the global quantum entrapment
of the under-coordinated vacancy and edges, the Dirac resonant
peak presents only at the vacancy and the ZGNR edges. The
midgap Dirac states are associated with non-zero magnetism, spin
up and down. We also found from the calculations that the zigzag
edges exhibit Er resonant states with non-zero spin and it is more
significant to the reconstructed GNR edge.

5.3.3 Oxides and nitrides. Perhaps the most surprising
finding in magnetism is that nonmagnetic semiconductors such
as ZnO, GaN,"® CuO, and TiO,'* become ferromagnetic at
room temperature and above, when they are doped with just
a few percent of transition metal cations such as V, Cr, Mn, Fe,
Co, or Ni.’*® Dilute magnetic oxides are transparent and wide
bandgap materials. Defects have been identified to promote the
magnetism in ZnO.'! This phenomenon is observed in thin films
and nanocrystals, but not in the well-crystallized bulk material.
Substituting a small amount of nitrogen for oxygen can also
exhibit high Curie temperature and small coercivity. The
magnetic moment tends to decay with a characteristic decay time
of weeks or months. The decay of the magnetization can be
reversed by UV irradiation. Unfortunately, the dilute magnetism
cannot be understood in terms of the conventional super-
exchange or double-exchange interaction theories of magnetism
in insulators; nor can a carrier-mediated ferromagnetic exchange
mechanism account for the magnitude of the Curie temperatures,
which are well in excess of 400 K (1/30 eV). Coey et al'>*
proposed that the ferromagnetic exchange in dilute ferromag-
netic oxides and nitrides is mediated by the shallow donor elec-
trons that form bound magnetic polarons, which overlap to
create a midgap spin-split impurity band. High Curie tempera-
tures arise only when empty minority-spin or majority-spin
d states lie at the Fermi level in the impurity band.

As for d° ferromagnets, reports exist for nitrides and hex-
aborides, for thiol-coated noble metal nanoparticles, purely
organic systems, and even for silicon, with a spin-split impurity
band near the Ef, being coincidence with that generated by the
lone pairs or the dipole states as we have discussed.

(b)
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Fig. 18 (a) The LDOS contour plot of the AGNR shows the Ef resonant states localized at vacancy position 10, being consistent with that observed
from graphite surface vacancies;’ (b) comparison of the LDOS at vacancy, edge, and the GNR interior. (d) The spin-resolved LDOS shows only atomic

vacancy magnetism.
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Fig. 19 Magnetization curves of (a) the graphite nanostructures prepared by pyrolysis of PVC 1273 K and measured at 4 K by a SQUID magnetometer
under a maximum applied field of 20 kOe,"*¢ and (b) graphene samples fabricated at (a) 400 and (b) 600 °C measured at 2 K.'*s High-temperature

preparation generates more defects.

5.3.4 Impurity states versus the dilute magnetism. The dilute
magnetism associated with under-coordination can be unambig-
uously attributed to the locally locked and polarized nonbonding
electrons including the lone s-electrons in metals and dangling
bond electrons in C, the lone electron induced dipoles in oxide and
nitrides. These electrons are usually delocalized and paired,
exhibiting no values of spin. However, near the broken bonds,
situations change entirely. These electrons will be locally-pinned
and polarized by the deeply and densely trapped bonding and core
electrons. These locked electrons no longer make a contribution to
conductivity but demonstrate measurable magnetism.

In contrast to the magnetism displayed by nanoclusters of
noble metals and graphene nanoribbons, the diluted magnetism
displayed by nanostructured oxides is mainly the result of dipoles
at surfaces, instead of the locked dipoles due to polarization of
unpaired electrons. However, in the presence of additional O
atoms, these dipoles give away the polarized electrons to form
bonds with the former, which leads to a reduction of the
magnetic character, in the same way as hydrogen surface termi-
nation. A Curie temperature higher than 400 K corresponds to
a lone pair interaction of ~0.05 eV (600 K) and the UV reversion
corresponds to the removal of surface contamination or dehy-
bridization of sp orbits that diminish the surface dipoles. The
presence of antibonding dipoles at the open surface may corre-
spond to and increase the oxygen vacancies as referred to above.

However, I have three reservations on the under-coordination-
induced dipole magnetism for practical applications. Firstly, the
stability of the magnetrons with energy in the Fermi level and
binding energy in meV level. Any perturbation by UV irradiation
or thermal excitation may demolish them. Secondly, chemi-
sorption by exposing the sample to the environment may
decrease the magnetism. Finally, the intensity, as shown in
Fig. 17 and Fig. 19, depends on the total number of defects. The
weak magnetism may not be sufficient for the sensitivity
requirement of practical devices.

5.4 Conductor—insulator transition: band gap opening and
surface plasmonics

By combining STM and high-resolution EELS, Jiang et al.'s?
found that the band gap of two-dimensional Al islands grown on
Si(111) substrates increases with decreasing island size. On the
other hand, these originally highly conductive materials are no
longer conducting; they become insulators instead when the solid

size is reduced to 2-3 nanometres.'>* It has been reported that the
conduction band splits into two branches in ultrathin films such
as Ag, Au, Pd, etc.5®%155 The separation between the branches
expands with the inverse of film thickness.

The transition from conductor to insulator of noble metal
clusters was ever attributed to the expansion of the Kubo gap:
Ok = 4Eg/3N, where Ef corresponds to the Fermi energy of the
bulk and N to the total number of atoms in the cluster. If the dk is
greater than the energy kT at room temperature (1/40 eV),
electrons cannot transit from the lower sublevel to the next
higher one, conductor-insulator transition takes place.’** The
band gap opening was also attributed purely to the size effect
arising from the lateral confinement of free electrons in a 2D
potential well formed by the islands.*?

However, as an intrinsic contribution, the polarization of the
valence electrons near the upper valance edge by the densely-
trapped bonding and core charges could not be ignored. The
mechanism of band splitting by quantum entrapment and
polarization may complement the formerly mentioned mecha-
nisms. The conductor—insulator transition is evidence of the skin
depth quantum entrapment and polarization of the conductive
electrons. Therefore, both the conductor—insulator transition
and the magnetism of metal clusters arises from the same origin.

The observed conduction band splitting may provide possible
mechanism for the surface plasma generation of nanoclusters of
noble metals such as Ag and Au with oscillation frequency that is
dependent upon the dielectric constant, ¢, charge density, n, and
effective mass of electron, m*, in the surface skin. The plasmon
frequency can be derived as w, = \/ne?/e;m* ceEg\/n/m* as the
real part of the dielectric constant ¢, is inversely proportional to
the square of the band gap roughly.®*!5¢ Therefore, the observed
edge and surface states due to band splitting may be responsible
for the tunable plasmon frequency or the surface enhanced
Raman shift intensity of selected metal surfaces and nano-
structures. In addition to the classical model of surface plasma
oscillation, the model of valence band splitting may provide
a band structure perspective, as optical properties of a material
are related to the band structure.

5.5 Coulomb repulsion at the nanoscaled elastic contacting
interface

Superhydrophobicity, superfluidity, superlubricity, and super-
solidity (4S) at the nanometre-sized liquid-solid or solid—solid
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contact interfaces are indeed fascinating, which have continued
stimulating interest for decades.'®® The 4S phenomena that share
the common characteristics of chemically non-sticky, mechan-
ically elastic and frictionless motion are of great importance not
only to practical applications but also to the fundamental
understanding of interactions between the nanometre-sized
contacts. Unfortunately, the underlying mechanism remains
unclear despite various modeling theories in terms of:

(i) Young’s theory in terms of surface tension and interface
energies.'*’

(ii) Wenzel-Cassie-Baxters’ law'**'* of surface roughness for
superhydrophobicity.

(iii) Electrical double layer (EDL) scheme for the superflu-
idity.'6°

(iv) Prandtl-Tomlinson (PT) theory'®"-'*? of the superposition
of the slope of atomic potential and multiple-contact effects'®®
for atomic scale quantum friction.

(v) Anderson’s theory'®* of local vacancy density enhancement
of crystal imperfections and the Bose—FEinstein condensation
theory for the superelasticity and superfluidity of the individual
segment of the “He crystal supersolidity.

However, some amazing observations are beyond the expec-
tation of the above theories. Considerations from the perspective
of surface roughness and surface energy seem insufficient because
the chemistry and the charge identities alter at the surface skin up
to two interatomic spacings.'®® In particular, the hydropho-
bicity—hydrophilicity recycling effect caused by UV irradiation
and the subsequent dark aging is beyond the scope of Cassie’s
law and the PT mechanism of air pockets dominantes. Further-
more, the superhydrophobicity of alkanes, oils, fats, wax, and the
greasy and organic substances composed of C, N, O, or F as the
key constituent element, is independent of the surface roughness.
Although the atomic vacancies near crystal defects have been
recognized as the key to the supersolidity of “He solid, a corre-
lation between the defects and the superelasticity and superflu-
idity is yet to be established.

From the perspectives of chemical bonding and the unusually
electronic and energetic configurations in the surface of skin
depth, we'® proposed that the Coulomb repulsion between the
“electric dipoles locked in the elastic solid skins or the solid-like
elastic liquid skins” forms the key to the 4S. According to the
BOLS theory, localized densification of charge and energy takes
place in the surface of skin depth.5>'® The energy densification
enhances the local elasticity® or stiffness (the product of the skin
thickness and the elastic modulus) of the skin and the densely-
and tightly-trapped charges will polarize existing surface
nonbonding electrons. The localized polarization of the surface
nonbonding s-electrons makes Au(6s'), Ru(5s'), Rh(5s'), and
Ag(5s") nanocrystals nonconductive and magnetic,® because the
otherwise conducting electrons turn to be the tightly-locked
dipoles.

As illustrated in Fig. 20, the charge density, elasticity, and the
quantum trap depth increases with the surface curvature or atomic
CN reduction. The presence of lone electrons or lone pairs will
generate the locally locked dipoles; Coulomb repulsion between
them will be responsible for the observed 4S. Within skin depth of
the surface, the charge density (n;) and energy density (elastic
modulus, B; follow the relations:! n; = n,C;® B; = B,C;"*>. By
using nanoindentation, one can readily measure the surface
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Fig. 20 BOLS derived curvature dependence of the skin charge density,
elasticity, and the quantum trap depth compared with a flat surface.'?
The repulsion between the electric dipoles locked in the elastic solid skins
or the solid-like elastic liquid skins provides the force driving the 4S and
elaborates Wenzel-Cassie-Baxter’s law of hydrophobicity and hydro-
philicty enhancement by surface roughening. If there is no dipole
formation, the roughened surface will be hydrophilic.

hardness to gaininformation about the surface energy density. The
hardness of the TiCrN surface skin was measured to be twice that
of the bulk interior, evidencing the broken-bond-enhanced surface
energy density.®® It has been found™7* that the liquids of Bi, Sn,
Ga, In, and K are also capped with a strained layer of atoms with
a charge density higher than that of their bulk solids. For instance,
the spacing between the first and second layers of Sn contracts by
10%.7 A recent experimental work revealed that the surface
charge of confined water can induce a strong surface field that
promotes the formation of a thicker water lubrication film on
oxide. The liquid droplet is indeed capped with a solid-like and
elastic skin'®® with tightly-trapped charges due to the universal
surface bond contraction and quantum entrapment of energy and
charge.

A recent first-principles investigation'®” suggested that charged
surface dangling bonds in Si nanostructures provide traps for
mobile carriers that become more stable as the size of the
nanostructure is decreased, which implies that the charged
dangling bonds on Si nanostructures can be fundamental
obstacles in nanoscale doping, and this dopant deactivation
becomes stronger as they become smaller. The asymmetric
doping efficiency between p-type and n-type doped Si nano-
structure is attributed to the preference for negatively charged
acceptor-like dangling bonds over positively charged donor-like
ones owing to a larger quantum entrapment and polarization
effect in the conduction band.

UV radiation with excitation energy around 3.0 eV could
break chemical bonds and ionize surface atoms, which can turn
a hydrophobic surface hydrophilic, as it has widely been
observed. Ar* sputtering the surface is expected to have the same
effect of temporarily removing dipole or monopole. If the
polarized electrons are removed by UV irradiation, sputtering, or
thermal excitation, the 4S characteristics would be lost. Aging of
the specimen will recover the surface charges. The effect of UV
radiation reversing effect is the same as that observed in the
surface magnetism of noble metal clusters and the diluted
magnetism of oxide nanostructures.®'#*!>° Experimental inves-
tigations'® revealed that thermal annealing at temperatures of
600 K or above, oxygen orbital de-hybridization takes place and
the lone pair induced Cu surface dipoles vanish. However, aging
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the samples in ambient conditions will recover the sp-hybrid-
ization and the dipoles as well. It is expected that surface bias, to
a certain extent, may also cause the depletion of the locked
charges though this expectation is subject to verification. Over-
loaded pressure in dry sliding will overcome the Coulomb
repulsion, as the energy dissipation by phonon and electron
excitation could occur under the applied pressure. On the other
hand, if there is a sufficiently large difference in the electro-
affinity between the contact media, a chemical bond may form
under a certain conditions such as heating, pressure, or an elec-
tric field, and the interface will be adherent.

When two bodies of negative charges are placed together,
interfacial Coulomb repulsion will be established, which lowers
the contact pressure and hence the frictional force. This process is
independent of the drying or vacuum conditions or the applied
pressure. However, if the applied pressure is too large compared
with the Coulomb repulsion, situation may change — kinetic
energy dissipation takes place during sliding motion. If either
side of the counterpart of friction is positively charged such as by
H* termination’®® or hole (+) accumulation,'®® an attractive force
will be established and the friction will be enhanced.

The small fluidic drop can be viewed as a liquid core capped
with a solid-like, densely charged, and elastic sheet of locked
dipoles or dipoles at the surface. If the liquid-solid contacted
counterparts are both negatively charged, charge sharing could
not happen and the interface sticking could be thus prevented.
The liquid droplet will react repulsively and elastically to the
contacting body of which the surface is also negatively charged.
If the droplet is sufficient small, the repulsion may levitate it —
giving rise to superhydrophobicity. The findings of the correla-
tion between the surface dipole and contact angle by
Giovambattista et al'” may provide evidence for this under-
standing. In the outermost two atomic layers of a smaller
droplet, the energy density is even higher, the potential trap is
even deeper and the effect of trapping and polarizing is even
more apparent. The liquid drop and the channel wall surface are
both negatively charged and they repel each other without
sticking to the counterparts. The droplet will lose its viscosity and
becomes elastically frictionless. Such a system runs in a way more
like a “magnetic levitation train” or a “hovercraft”. Therefore, it
is clear why surface roughening makes the hydrophilic surface
more hydrophilic and the hydrophobic one more hydrophobic as
indicated by Wenzel-Cassie-Baxters’ law. The surface rough-
ening lowers the surface atomic CNs enhancing the quantum
entrapment and polarization effect.'?

The Coulomb repulsion between the “dipoles locked in the
stiffened skins” of the small grains could help in understanding
the puzzle of *He crystal supersolidity in real space. The densi-
fication of energy corresponds to an enhancement in elasticity,
which stiffens the solid skin allowing the “He segment to react
elastically to a shear stress; the repulsion between the charged
surfaces makes the motion frictionless. The extremely weak
interatomic interaction between the He atoms makes the ‘He
atoms or grains nonsticky — more like hard spheres with close
filled electronic shells. The lack of sticking interaction between
grains will lower the friction coefficient. Lattice contraction of
the supersolid “He segments is expected to happen, though this
contraction may be too tiny'”' and needs to be verified
experimentally.

VI Prospective applications

e Broken bond-induced valance charge entrapment and polariza-
tion splits the valence band and occupation of the upper branch
dominates the catalytic ability of under-coordinated systems.

o The nonbonding lone pairs of O, N, and F could be responsible for
low-frequency of vibration in the NTE, and the Fermi states could
dominate the high T ¢ superconductivity.

e The length and energy of the H,O intermolecular nonbonding
change oppositely to that of the intramolecular bond under external
stimuli.

e The inter- and intra-molecular cooperative interaction is sug-
gested to be responsible for the anomalies of ice and spin ice
glasses.

e Lone pair transition at the body temperature could originate
DNA folding, NO signalling, and the functional of biological
molecules.

6.1 Catalytic enhancement and catalyst design

Pollution from automobiles is emitted in the first 5 min after
startup because Pt- or Pd-based catalysts currently used in
automobile exhaust cleanup are inactive below a temperature of
200 °C. The low-temperature gold catalysts are very inactive
unless the gold is in the form of particles smaller than 8 nm in
diameter. However, self-ignition of Pt nanoparticles happens at
room temperature by exposing the particles to methanol/air or
ethanol/air gas mixtures. Designing efficient catalysts to work at
low temperature for both oxidation and reduction is greatly
desired for environment protection.

Atomic under-coordination or hetero-coordination forms an
optimal route, though mechanism still remains unknown. The
primary role of under-coordinated atoms in determining the
surface chemical reactivity has been well-established as a result of
surface science. It has been found that®> with the every third row
of Au atoms added to a fully Au covered TiO, surface could
improve the efficiency of CO oxidation at room temperature by
a factor of 50 compared with the otherwise fully Au covered
surface. In the case of N, dissociation on Ru(0001) surface, the
activation energy is 1.5 eV lower at step edges than that on the
flat surface, yielding at 500 K a desorption rate that is at least
nine orders of magnitude higher on the terraces, as the dissoci-
ation is largely influenced by the presence of steps.'”? Similar

results have been found for NO decomposition on
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Fig. 21 Step density dependence of the oxygen reduction reaction
(ORR, right axis) and methanol oxidation reaction (MOR, left axis) of
2 nm Pt particles.'®®
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Ru(0001),'7*17* H, dissociation on Si(001),"”* and low tempera-
ture nitridation of nano-patterned Fe surfaces.'” An adatom
concentration of a few percent is sufficient to dominate the
overall reaction rate in a catalytic process because of the higher
reaction rate or lower activation energies of the under-coordi-
nated atoms. For instance, the first methane dehydrogenation
process is highly favoured at the Rh-adatom site on the Rh(111)
surface with respect to step or terrace sites;'”'”® adatoms
deposited on oxides can activate C—H bond scission,'” acetylene
cyclomerization,'®® and CO oxidation.'®! Preferential NO uptake
occurs at Rh(311) and (533) edges.'®*

The presence of defects opens new pathways which signifi-
cantly decrease the thermal stability of the reconstructed Rh(110)
surfaces.’*® Although the activity of electrochemical oxidation of
carbon monoxide and methanol electro-oxidation can be
increased by increasing surface steps on Pt nanoparticles, the
oxygen reduction reaction activity of the 2 nm sized Pt nano-
particle has been found insensitive to the step area, as shown in
Fig. 21, in contrast to the methanol oxidation reaction activity.

Another relevant contribution determining the chemical
reactivity is the surface strain. Gsell et al. '®*'° found preferential
oxygen and carbon monoxide adsorption on the stretched
regions obtained through subsurface argon implantation on
Ru(0001). Wintterlin ez al.'®* measured an enhanced NO disso-
ciation probability at the local expanded areas of the Ru(0001)
dislocations. In the case of a supported nanoparticle catalyst, it
has been observed that adsorption on small clusters can induce
a considerable stress in the surface region.” In any case, the
existence of strain, originating from surface defects or by the
interaction with the support, seems to be a general feature of
surface catalysts. Using an indirect nanoplasmonic sensing
method, Langhammer et al.'®® observed strong size effect in
studying the hydriding and dehydriding kinetics of Pd nano-
particles in the size range 1.8-5.4 nm. The size trend agrees well
with the simulated diffusion-controlled hydriding kinetics. They
attributed this trend to surface tension on hydrogen desorption
from the surface layer.

A possible mechanism for the under-coordinated Au catalyst
enhancement has been proposed as follows.> The catalytic
activity of gold was attributed entirely to the presence of neutral
gold adatoms. These adatoms differ from atoms on bulk gold in
three ways that might enhance their catalytic activity:* (i) they
have fewer neighboring atoms and possibly a special bonding
geometry to other gold atoms that creates a more reactive
orbital. (ii) They exhibit quantum size effects that may alter the
electronic band structure of gold nanoparticles. (iii) They may
undergo electronic modification by interactions with the under-
lying oxide that cause partial electron donation to the gold
cluster. It is noted that the under-coordination enhanced CO
oxidation catalytic reactivity of Au/TiO, monatomic chains and
Au/oxide? nanosolid agrees with the BOLS prediction of the size
dependence of diffusivity with activation energy being propor-
tional to atomic cohesive energy or the critical temperature of
melting. The similarity in the trends of atomic diffusivity and
chemical reactivity indicates that these two identities are corre-
lated in terms of activation energy, though the former is related
to atomic dislocation while the latter to charge capturing.

Obviously, the ability of a catalyst to accept or donate charge
plays a key role in the process of catalytic reactions.* The
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direction of electronic transfer between the gold atoms and the
underlying oxide, and between the gold and the CO gas need to
be clear, which may form the key to the catalytic activity of these
under-coordinated catalysts. An atomic-level understanding of
the local energetic behavior of electrons of low-dimensional
systems and their mechanical properties become especially
important in systems with a large number of highly under-
coordinated atoms.

The objective of catalytic enhancement and catalyst design is
to modulate the electronic structure in the upper edge of the
valence band. One can create vacancies on the valance band edge
or can raise the occupied valence states towards the Ex There-
fore, the catalyst can serve as acceptor or donor, respectively.
According to the BOLS correlation, the under-coordination
induced quantum entrapment and nonbonding charge polariza-
tion provide a possible means. Strain or stress is a consequence of
the surface bond contraction and quantum trapping, and there-
fore, valence DOS and strain are correlated. Therefore, the
involvement of the broken bonds and the nonbonding paired and
unpaired electrons plays a significance role in complex processes
such as the CO < Au « oxide reaction. It is also expected that
a suitable size range may exist for Pt and Pd catalysts to be
reactive at room temperature without ignition. The electro-
affinity is tunable by the cluster size through valence charge
polarization or quantum trapping.’®® The stress is related to the
quantum trapping through interatomic binding energy variation.
Hence, the ability of a catalyst to accept or donate charge is
controllable by varying the atomic coordination.

The purified energy states of Pt and Rh adatoms,® graphite
surfaces and vacancies,” shown in Fig. 15, and the purified
valence DOS of Ag/Pd and Cu/Pd alloys, see Fig. 22,* provide
guidelines for catalyst design. The under-coordinated Pt
acceptor® tends to catch electrons from the gaseous specimen
rather than to donate, which may explain the active oxidation
and the inactive reduction and the charge flow direction between
the Pt nanocatalyst and the gaseous specimen in the processes of
reduction and oxidation (see Fig. 21). Likewise, CuPd performs
the same in the process of reaction. In contrast, Rh adatoms and
Ag/Pd surface alloy donate their valence charge to the gaseous
specimen in reaction, in the opposite way to Pt and the Cu/Pd
alloy.

We suggest that a high degree of under-coordination or proper
hetero-coordination by alloy or compound formation could be
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Fig. 22 PRS purified valence DOS showing the charge flow direction

upon alloy formation suggests that the Ag/Pd surface alloy serves as
a donor and Cu/Pd as an acceptor in the process of catalytic reaction.*®
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5. G

Fig. 23 (a) The low-density of an iceberg, (b) the schemes of Pauling’s

two-in two-out” ice rule for water and spin ice glass molecules and, (c) the

hexagonal ice structure. The tetrahedrally coordinated oxygen is surrounded with four H* neighbors and each H* connected with two O*~ neighbors. For
each H* proton, there are two equivalent positions but for an O*~, two H* protons are in the near and the rest two are in the far positions, leading to the

frustration.

effective approaches for the efficient catalyst design because the
broken bond and interface bond induced quantum trapping and
polarization that determines the direction and extent of valence
charge flow between the gaseous specimen and the catalyst.

6.2 Hydrogen bond dynamics: ice and NTE

6.2.1 Pauling’s “two-in two-out” ice rule. It is usual for liquids
to contract on freezing and expand on melting because the
molecules are in fixed positions within the solid but require more
space to move around within the liquid. When water freezes at
0 °C its volume increases by up to 9% under atmospheric pres-
sure, as shown in Fig. 23(a), compared with liquid argon which
shrinks by 12% on freezing. Generally, the melting point
increases with pressure but the melting point of ice changes with
pressure oppositely. If the melting point is lowered by increased
pressure, the increase in volume on freezing is even greater, for
example, expands by 16.8% at T,,, = —20 °C."°

Pauling?® proposed an “two-in two-out” ice rule and showed
that ice possesses a finite entropy (estimated as 0.81 cal K~' mol™!
or 3.4 JK ' mol™") at zero temperature due to the configurational
disorder intrinsic to the protons in ice. Fig. 23(b) illustrates
Pauling’s ice rule for water and spin ice glass molecules and (c)
the hexagonal ice structure. In the hexagonal or cubic ice phase
the oxygen ions form a tetrahedral structure with an O-O
distance of 0.276 nm, while the intramolcular O-H bond length
was measured only 0.096 nm using XRD and 0.10 nm using
nuclear magnetron resonance. Every oxygen (white) ion is sur-
rounded by four hydrogen ions and each H* is connected by two

O?". Maintaining the internal H,O molecule structure, the
minimum energy position of an H* proton is not halfway
between two adjacent O?~. There are two equivalent positions
that an H* may occupy on the O-O line, a far and a near posi-
tion. Thus a rule leads to the frustration of positions of the
proton for a ground state configuration: two of the neighboring
protons of oxygen must reside in the far position and the rest two
in the near position, so-called ‘ice rules’. Pauling*® proposed that
the open tetrahedral structure of ice affords many equivalent
states satisfying the ice rules. Unfortunately, the correlation
between the hydrogen bond on the density anomalies of ice has
yet to be established.

6.2.2 Negative thermal expansion. The vast majority of
materials have a positive coefficient of thermal expansion and
their volume increases on heating. There has been huge amount
of materials which display the unusual property of contracting
in volume on heating;''"'** i.e. those with a NTE coefficient,'*
following the discovery that cubic ZrW,Og contracts over
a temperature range in excess of 1000 K.'*51%¢ NTE also
happens to diamond, silicon, and germanium at very low
temperature (<100 K)*” and, at room temperature, glasses in
the titania—silica family, Kevlar, carbon fibers, anisotropic Invar
Fe—Ni alloys, and certain molecular networks. NTE materials
can be combined with materials demonstrating a positive
thermal expansion coefficient to fabricate composites exhibiting
an overall zero thermal expansion (ZTE). ZTE materials are
useful because they do not undergo thermal shock on rapid
heating or cooling.

a5 8182k
a.180k
g.178F

4 8176

3
3 -
5 F osarap
= £
§ 51 12 gt
:EHJ = 9170
= H 9.1681-
[T ] 9,166k
s
9.164]

L "

T 45¢
%

1200 1600 2000

o 50 100

i i 0 400 800
T(K)

Fig. 24 (a) ZrW,0g phonon density of states measured at 7" = 300 K.* (b) Temperature dependence of the lattice parameter a (open circles) and
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Various mechanisms have been developed to explain the NTE
in compounds. The models include transverse thermal vibrations
of bridging oxygen in the M-O-M linkages'® in ZrW,Os,
HszOg, the SC2W3012, AIPO4,17, and faujasite Si02.199 The
low frequency phonon modes (centered around 30 meV),” see
Fig. 24, can propagate without distortions of the WO, tetrahedra
and ZrOg octahedra, which is called ‘rigid unit mode’. The rigid-
unit mode also accounts for the weak effect of the 430 K struc-
tural phase transition on the NTE.?* However, the physical
origin for the low frequency vibration remains unclear. Fig. 24
also compares the regular thermal expansion coefficients of AIN,
GaN, and SizNy, which follows the trend of Debye approxima-
tion of specific heat.?*!

6.2.3 The new “bond contraction nonbond expansion” ice rule.
In order to understand the anomalies demonstrated, we need to
understand the bonding identities of oxygen with its neighbors
and the associated H bond and H-like bond first. It has been
clear® that oxygen forms tetrahedron bond with two bonds and
two nonbonds to atoms of other elements. The combination of
the shorter and stronger intra-molecular and the longer and
weaker inter-molecular bonds forms the known hydrogen bond
for more than half a century or the hydrogen-like bond suggested
recently.”® The weak nonbond interaction is associated with low
frequency of vibration, as shown in Fig. 8d, and the additional
impurity states in the vicinity of EF, efc., should be the starting
point of consideration. In fact, the hydrogen bond and the
hydrogen-like bond play key roles in the structure and function
of not only biological molecules but also organic and inorganic.
Hydrogen bonds are responsible for the strength of materials,
such as wood or a spider’s web, and molecular binding, such as
base pairing and folding in DNA. Hydrogen bonding is also
responsible for a wide array of chemical properties, from the
melting point of water to the behavior of enzymes.2*>

From the perspective of hydrogen bonds and hydrogen-like
bonds in oxides and nitrides,'*"* we proposed, as illustrated in
Fig. 25, a linear O*~ : H"~O*" configuration. The H*? repre-
sents the ionized dipole that provides an electron for bonding,
and can be replaced by any element with electronegativity lower
than that of oxygen. The O*~ can also be replaced by F~ and N*~
ions. 2H""-0O?~ forms a molecule. The intramolecular H*"-0O?*~
bond is much shorter and stronger than that of the O* : H*?
intermolecular nonbond. The interaction energy for the former is
several eV but the latter only 30-80 meV, in the frequency of tera-
Hz, or lower than 1000 cm~! wavenumbers.!3

Fig. 25 (a) Schematic illustration of the new “bond contraction
nonbond expansion” ice rule and the 2H,O tetrahedron with the “two-in
two-out” H,O model included. (b) The stronger intramolecular H*?-O?~
bond contracts following the regular rule of thermal expansion and
BOLS correlation while the weaker H? : O~ nonbond expands when the
bonding pair of electrons come closer to the central H*? due to the
polarization of the lone pair “:” by the close-moving densely trapped
bonding electron pair. The net distance of the O>*~ : H*~O*" expands
simultaneously and identically when temperature drops, resulting in the
density anomalies of ice. Applying pressure reverse the processes of low-T
and low-z.

Based on the above considerations, we carried out an MD
calculation, from which it turned out that when the temperature
is lowered from 270 to 250 K, the H*»~O*  bond contracts from
0.0796 to 0.0793 nm and meanwhile the H”": O*" nonbond
expands from 0.1675 to 0.1800 nm with a net expansion of
~4.9%, of which the projection (sin(128.5°/2) = 0.9) along
a given direction agrees fairly well with the known 3.54% linear
or the 11% net volume expansion of ice. The accuracy can be
realized by optimizing the inter- and intra-molecular potentials.
The expected bond contraction and nonbond expansion of H,O
is consistent with what happened to the Cu3;0, bonding kinetics
at Cu(001) surface.®” VLEED optimization of the Cuz0,
bonding dynamics has revealed that when the Cu*-~O*" length
contracts from 0.1850 to 0.1776 nm, the CuP: O* distance
expands simultaneously from 0.1817 to 0.1950 nm.

6.2.4 Inter- and intra-molecular cooperative interaction.
Based on the new ice rule, we anticipate the following:
e The length and energy of the intramolecular H*P~O?~ bond and
the intermolecular H*? : O>~ nonbond change oppositely under
the externally applied stimuli of temperature (7)), pressure (P),
and coordination number (z), originating the unusual properties
of ice and the NTE.
e Unlike the situation discussed in section III, the effect of P
increasing is opposite to that of 7 and z dropping on the H bond

Table 3 Expectation and observed anomalous performance of ice under the stimuli of T, P and z

Expectation observation Low z (BOLS) Low T High P Anomalies
Intramolecular Contraction®”-2* Contraction Expansion®®”
H*"-0* bond energy gain?°>2% energy gain energy loss
Intermolecular Opposite to Hydrophobicity; ' fragility;

H** : 0> nonbond the H*/P—(Q?87,204,205,209

slippery; Tom; Tevp- High heat
capacity; high compressibility

Density Decrease Increase®'?
Acoustic mode Red shift Blue shift**-214
Optical mode Opposite to

Acoustic vibration

1952 | Nanoscale, 2010, 2, 1930-1961

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C0NR00245C

Downloaded on 11 October 2010
Published on 02 September 2010 on http://pubs.rsc.org | doi:10.1039/CONR00245C

View Online

length and energy; both T decreasing and z dropping have the
same effect.

The H*P~O?* bond is suggested to follow the regular rule of
thermal expansion®® and the BOLS correlation while the
O*>" : H"® nonbond does not. The latter expands when
the former contracts; if the bonding electron pairs come closer to
the central H™ the lone pair is pushed away from the center
because of the polarization. Therefore, the density of ice will
drop with temperature. Likewise, the volume expands when the
molecular coordination z is reduced, which is the case of
a monolayer or a thin layer of water. If pressure is applied, the
O’ :H"® nonbond responds first because of the high
compressibility that is proportional to the inverse of energy
density. Using MD simulations, Wang et al?*® found that
a monolayer of water at room temperature exhibits “quasi-solid”
nature that prevents the monolayer from being wetted by a water
droplet. This finding may explain the size effect that could raise
the melting point of the monolayer water.

Table 3 summarizes expectations with evidence of computa-
tional and experimental observations on the unusual perfor-
mance of ice and materials with H-bond involvement. It can be
seen that there is plenty of work that needs to be done, and more
computational and experimental investigations are being carried
out in my group.

Fig. 26 shows the consistency between the present expectation
and computation results of the correlation of the O*H'
and O* : H*" distances in hydrogen bonds,>*® Experimental
measurement under high pressure*® also revealed the same
trends. As expected, the (b) in situ Raman spectra of ice VIII at
80 K revealed blue shift in the (b) low acoustic frequency (200
400 cm™") and (c¢) redshift in optical mode (2800-3500 cm™") as
the pressure is increased.”’®* The former corresponds to the
intermolecular H*? : O?~ weak interaction and the latter to the
intramolecular H*P-~O’~ stronger interaction. As shown in
section 3.1, the Raman shift depends on the atomic distance,
bond order, and energy and the reduced mass of the bonding
atoms or molecules in the form of: w o« z(Ej/w)’/d.

We may explain the slippery or low-friction of ice surface*'

as results of the lone pair weak yet elastic interaction and the
high density of surface charge instead of liquid lubrication.
Furthermore, because of the cohesive energy gain of the two
intramolecular O*>—H*? bonds, a monolayer of water acts
solid-like with high elasticity and charge density because of the
increase of molecular cohesive energy that raises the melting
point. This expectation has been proved using thin film
interferometry by Liu et al.'¢ who have found a higher surface
charge density. The strong surface field induced by the surface
charge establishes a more ordered hydrogen bonding network
that promotes the formation of a thicker water lubrication film
between hydrophilic solid surfaces. This mechanism is the
same as that of superhydrophobicity, discussed in the
section 5.5.

It is also suggested that the weak “:” interaction is responsible
for the “rigid-unit mode”, the 430 K structural phase transition,
and the NTE of ZrW,05.1%5° The low-frequency of vibration of
3040 meV*® of ZrW,Qs is in the same order of N and O induced
Raman shift of ~500 cm~' (Fig. 8d) and the frequency detected
from many oxide surfaces.”® The low frequency corresponds to
the lone pair vibration in tera-Hz range. The findings may also
explain the anomalous increase of the distance between copper
oxide planes on cooling,’® which results in negative thermal
volume expansion, for layered ruthenium copper oxides that
have been doped at the boundary of antiferromagnetism and
superconductivity.

6.3 B-, C-, N-, O-, F-induced high-Tc superconductivity

The original Bardeen—Cooper—Schrieffer (BCS) theory of
superconductivity adequately described the origin and behavior
of conventional superconducting metals and alloys, whose crit-
ical temperatures of transitioning to superconductivity are
extremely low, never higher than 30 K. According to the BCS
theory, superconductivity is governed by a large Bose—Einstein
condensation, resulting from the coupling of electron pairs near
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the Fermi surface, which are known as Cooper pairs, at low
temperatures. However, in 1986 and subsequent years, copper
oxides were discovered to become superconducting at tempera-
tures up to 136 K and even 160 K when this new type of material
were subjected to pressure. The emergence of the new “high-T¢
superconductor” also marked the start of a revolution in its
applications as well as scientific hypotheses regarding it, because
the BCS theory was evidently inadequate.

The fact that some compounds of B, C, N, O, Se, P, and F and
other elements exhibit high-T¢ superconductivity, albeit at
different critical temperatures, implies an underlying similarity in
these inducing elements. Fortunately, it has been certain, as
discussed, that in N, O and F, the sp*-orbit hybridization
generates the nonbonding and antibonding states near the Fermi
surface (see Fig. 6). In turn, these localized lone pair electrons
and highly energetic antibonding electrons may have a high
chance of forming Cooper pairs which dominate the character of
the high-T¢ superconductor. When an external electric field is
applied, these localized pairs of electrons are easily excited and
hence become highly conducting when given suitable channels of
penetration. Compared with the findings of graphene nano-
ribbon edge states,”!® the effective mass of these electrons is
expected to be very small and their group velocity very high.

An important characteristics to note is that these high-Tc
superconductors all assume a two-dimensional layered structure,
such as Cu-O chains or planes, on which superconductivity
mainly occurs. Most strikingly, the unique “CuP: Q* : CuP:”
chains on the copper surfaces upon O adsorption with generation
of diploes and lone pairs have been identified.”® Bound energy
states near the Fermi surface in oxide superconductors®'” has also
been confirmed using UV photoemission spectroscopy, further
corroborating the importance of antibonding and nonbonding
impurity states in effecting superconductivity.

As a possible mechanism governing the high-T¢ supercon-
ductivity, the strong correlation of electrons with spins has
attracted much attention in recent years. However, the presence
of the nonbonding and the antibonding states near Fermi surface
should play at least a role of competence. If the 1s-electrons of B
and C are excited to occupy the hybridized 2sp?® orbits, B and C
would likely form valence band structures similar to those of N
and O and hence resulting in the superconductivity. The expo-
sition of the mechanism of high-T¢ superconductivity from the
perspective of antibond and nonbond formation and the corre-
sponding electronics and energetics would be a revolutionary
approach culminating in a breakthrough.

Fig. 27 Hypothetic (a) CF4 (C** + 4F~ + 4 x (3:)) and (b) NO (N*~ +
O~ + 3(—) +3(:)) molecules. (—) represents the dangling bond and (:) the
nonbonding lone pair.

6.4 CF, anti-coagulation in artificial blood

A key unresolved challenge in creating artificial blood is anti-
coagulation. In 1998, Professor Huang Weiheng from the Insti-
tute of Organic Chemistry, Chinese Academy of Science,
discovered that CF, is an excellent artificial blood anti-coagu-
lant, whose microscopic mechanism is, however, not yet fully
understood. Our current discussion on the sp orbital hybridiza-
tion of C and F and the presence of nonbonding states could be
applied in this instance. As illustrated in Fig. 27, the sp orbits of
C and F undergo hybridization to form tetrahedra. A central C*
ion is surrounded by 12 pairs of nonbonding electrons, resulting
from the four surrounding F~ ions each carrying 3 pairs of
nonbonding electrons. These lone pairs of electrons form
a functional group that attracts and weakly polarizes nearby
atoms, making them mobile in fluids because of this weak
interaction, which translates to an anti-coagulating function.
NF;5 and SF¢ also possess 15 and 18 lone pairs of electrons with
structure being similar to CF,, respectively, and hence are pre-
dicted to display the same character as that of the CF,.

6.5 NO and enzyme telomeres

All organic and living cells are composed primarily of H, C, N,
and O. Similarly, most pharmaceutical products are also
composed of these elements, apart from tiny amounts of dopant
and their molecular configurations. For example, nitric oxide,
NO, is a short-lived, endogenously produced gas that acts as
a signaling molecule in the body. Signal transmission by the gas,
produced by one cell, which penetrates membranes and regulates
the function of other cells is an entirely new principle for
signaling in the human organism. NO can not only be used to
combat many arterial-related diseases, but also plays an impor-
tant role in molecule signaling outside the cardiovascular system
and has become a useful tool in the practice of medicine.
However, the bonding mechanism of NO is yet to be made clear.

If the N and O atoms are linked by a single bond to form an
NO molecule with hybridized sp?® orbits (Fig. 27b) of both, one
side of the molecule has three lone pairs while the other has three
dangling bonds, or twisted by 180°. Such a structure enables the
NO molecule to be located at a certain place by forming bonds
via the dangling ones and meanwhile polarize its surroundings
via the lone pairs, producing regulation channels required in
medication. Under certain chemical conditions, the molecular
orbits of NO can hybridize or de-hybridize to alter their func-
tionalities. In the body, on the other hand, the lone pair electrons

Fig. 28 Scanning electron microscopy of enzyme telomere caps on
chromosome ends.
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and antibonding dipoles produced by O, N and C are mainly
responsible for the synthesis, folding and unfolding mechanisms
of cells, protein, DNA and RNA as well.

The understanding of lone pairs, dipoles, and the broken
bonds may be extended to the function of enzyme telomere
capped chromosome ends, see SEM image in Fig. 28, exhibits the
abnormal end states with the similar characteristics as discussed
above.?"® The protection of chromosomes by telomeres is asso-
ciated with aging, cancer, and heart diseases. This discovery was
awarded the 2009 Nobel Prize in physiology. Further investiga-
tion would be interesting and awarding.

VII Conclusions

I have thus far discussed, with evidence and suggestions of
potential applications, the significance of the nonbonding lone
electron pairs and the lone pair-induced dipoles associated with
the process of tetrahedron bond formation of C, N, O, and F and
the under-coordination-induced quantum entrapment of the core

and bonding electrons and lone electron polarization. The
impact of these often overlooked interactions and the associated
energy states in the midgap region is enormous, in particular at
the nanoscale. These weak interactions and charges can never be
neglected when we attend to substances at the nanoscale. The
opposite trends of length and energy change of the two parts of
the H-like bond are the origins of the density anomalies of ice
and the NTE coefficient of compounds. The coupling of
quantum entrapment and polarization makes a great deal of
difference such as the enhanced catalytic and the observed 4S.
These weak interactions and nonbonding electrons also form
basic function groups in the biologic, organic and inorganic
species. Table 4 summarizes the classification, origins, functions
and possible applications of the bonds and nonbonds.

Utilizing the concepts of these unconventional types of weak
interactions and their energetics, we can look forward to designing
and synthesizing new functional materials. The approach of
studying the formation, dissociation, relaxation, and vibration
of bonds and nonbonds, and associated energetics and dynamics

Table 4 Origin, functionality, and possible applications of broken bonds and nonbonding electrons

Bond and DOS Origin

Functions and applications

Regular bonds (< EF)

Electronic hole (<EF)
positive ions.

Strong interaction, charge sharing

Charge transition in reaction,

Hamiltonian; atomic cohesive
energy; band structure;
dispersion; allowed DOS in
valence band and below; mainly
bulk properties.

Compound band gap formation;
semiconductor band gap
expansion; photon emission and
absorption, photonic sensor

Antibonding dipole (>EF)

Nonbonding lone pair (<Ef)

H-like and C-H-like bonds

Nonbonding lone electron (~Eg)

Broken bonds

Induced by lone pair polarization
or under-coordination induced
local core charge densification

N, O and F sp-orbital hybridization

Bond formation between dipole
and electronegative elemental
atoms

Defect, sp? hybridization in C, half-
filled s-orbit of noble metals

under-coordination

Impurity states generation; work
function reduction; surface
dipole layer formation; surface
energy density gain; electron
cold field emission;
superhydrophobicity; defect
magnetism, etc

Polarizing, functional groups in
organic and biological
molecules, impurity states
generation; hardness and elastic
modulation; quantum friction;
infrared activity; magnetic
modulation; drug design; density
anomalies of ice, NTE, 48S; etc

Dipole state annihilation; work
function recovery, impurity
states annihilation; surface
stabilization; surface
passivation; antioxidation

Midgap defect states; Dirac
resonance; defect magnetism;
end and edge states; 4S; graphite
electrical conductivity; catalytic
enhancement, efc.

Modulation of bulk properties;
structure relaxation;
Hamiltonian, cohesive energy,
electro-affinity modulation; local
densification of charge, energy
and mass; lone electron
polarization; size dependency of
all bulk detectable properties;
band gap opening; etc.
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of electron transportation, polarization, localization, and densi-
fication effects on a microscopic level is essential to facilitating
a deeper understanding of the macroscopic behavior of functional
materials. In particular, the invention of photoelectron residual
spectroscopy (PRS) has enabled us to purify information of bond
and nonbond formation, charge and energy entrapment and
nonbonding electron polarization in the atomic-scaled zones
underneath that a STM/S can scope. It is more revealing than
using XPS, UPS, AES, STM/S alone. With the developed
knowledge and the specific PRS technique, we will be able to
actively control the process of bond and nonbond formation
towards knowledge creation and invention. Finding and grasping
with factors controlling the nonbonding states and making them
of use in functional materials design will form, in the near future,
a subject area of “nonbonding electronics and energetics”, which
would be even more challenging, fascinating, promising, and
rewarding than dealing with core or valence electrons alone.}
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