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Electronegativity is a cornerstone of chemical intuition, essential for ratio-
nalizing bonding, reactivity, and material properties. However, prevailing
scales remain empirically derived, often relying on parameterized models
or composite physical quantities. In this work, we introduce a universal
electronegativity scale founded on the Atomic Mean Inner Potential
(AMIP), also known as the average Coulomb potential, a fundamental,
quantum-mechanical property accessible through both first-principles
computation and electron-scattering experiments. Our scale, denoted
XaMmip,p» is an analytic function of just three ground-state atomic descriptors
and carries explicit physical units. It demonstrates excellent agreement
with established scales and successfully classifies bonding types across 358
compounds, including adherence to the metalloid “Si rule”. Beyond repli-
cating known trends, xap,i2 proves to be a powerful predictive tool,
accurately determining Lewis acid strengths for over 14 000 coordination
environments (R? = 0.93) and v-ray annihilation spectral widths for 36
elements (R? = 0.97), outperforming previous methods. By linking elec-
tronegativity directly to a measurable quantum property, this work
provides a unified and predictive descriptor for electronic structure and
chemical behavior across the periodic table.
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1 Introduction

Electronegativity is a foundational concept in chemistry,
crucial for describing and predicting trends in chemical
bonding and reactivity across the periodic table [1-5].
Introduced by Pauling [1] in 1932, it quantifies an
atom’s ability to attract electrons within a chemical
bond. Despite its utility, the original formulation lacks a
direct physical basis and well-defined units.

This practical significance has motivated numerous
alternative definitions. Mulliken grounded electronega-
tivity in atomic properties, defining it as the average of
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an atom’s ionization energy and electron affinity [3].
This concept was later connected to density functional
theory (DFT) by Parr et al. [6], who equated it to the
negative of the electronic chemical potential, —9E/ON.
Other scales have related electronegativity to configuration
energies [5], effective nuclear charge, or atomic size [4, 7,
8]. While these developments have enriched the theoretical
framework, many of them rely on composite empirical
parameters or face challenges in reconciling theoretical
predictions with observed chemical behavior. For exam-
ple, scales based on ionization energies are inherently
energy-dependent, whereas those based on valence or
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size are tied to the electron density distribution.

A physically rigorous definition of electronegativity
should be directly connected to the electronic potential
— the fundamental force responsible for electron attrac-
tion. We propose that the Mean Inner Potential (MIP)
is an ideal candidate for this purpose. The MIP represents
the spatial average of the electrostatic potential within
an atom, a property that intrinsically incorporates both
the electron density and the atomic size [9]. It is a
measurable quantity, accessible through both first-prin-
ciples electronic structure calculations and electron-scat-
tering experiments.

Herein, we introduce a new electronegativity scale
derived directly from the MIP. This approach is both
simple and parameter-free, requiring only the principal
quantum number as an additional input. By anchoring
our scale in this single, well-defined physical property,
we avoid the ambiguities and adjustable parameters that
complicate existing scales. The result is a transparent
and analytically derived electronegativity measure with
a clear quantum-mechanical interpretation, offering a
unified framework for understanding chemical bonding.

2 Results

2.1  Mean Inner Potential

The Mean Inner Potential (MIP), denoted Vj, is defined
as the volume average of the electrostatic potential V(r)
within a finite crystal, with the potential referenced to
zero at a point infinitely far from the crystal. This quantity
arises from the non-uniform distribution of electrons
within the crystal and can be measured experimentally
using techniques such as electron holography [10-14].

The foundational expression for the MIP of a unit cell
with volume Q was first derived by Bethe [9] and is
given by

Vo= =

V(r)d3r.
a ), (r)

(1)
By decomposing the total potential V(r) into a sum of
atomic contributions, 3. Vi(r), this expression can be
rewritten as [15-18]

Vi(r) d®r.
Q ; x/crystal ( )

For a monatomic crystal, application of Poisson’s equation
leads to a form that explicitly reveals the dependence of
the MIP on the second moment of the total charge
density (including contributions from all electrons, both
core and valence), py(r) [9, 17, 18]:

27 <, 3 27 5
= —— i = — ZZ ).
Vo 30 EZ /o r°pei(r) d°r ) Ei (riy. (3)

(2)

By taking the Fourier transform, both the atomic
electron density and the atomic electrostatic potential
can be expressed in reciprocal space k [19-21]:

f@(k) = / p(r) exp(2mik - ) d®r, (4)

1
£Ow) = 5 [ otr) exp(zribe 1) & (5)
Here, k=2s with s=sin0/)\, and K = h2?/(2rmge) =
47.87658 when ¢(r) is measured in electron volts [19].
The X-ray scattering factor f(*)(s) and the electron scat-
tering factor f(°)(s) are related through Mott’s formula
[22]:

A2 f9s)]

F(s) = (6)

52
The coefficient A = 0.023 934 when s is measured in units
of A=1. Here, Z is the nuclear charge, f@)(s) is given in
units of the electron charge, and f(¢)(s) has units of A.

We now introduce an important quantity, f©(0),
known as the forward-scattering factor, or equivalently,
the atomic scattering factor for fast electrons at zero
scattering angle, corresponding to the limit s — 0. For
neutral atoms, the zero-angle electron scattering factor
f©)(0) is related to the second moment (r?) of the total
charge density as

()

where qq is the Bohr radius, (r?) is expressed in atomic
units, and £(<)(0) is given in A.

When the electron scattering factor is parameterized
as a sum of Gaussian functions,

fE(s) = Z a; exp(—b;s®) , (8)

as adopted in our previous work [21], the evaluation of
£(©)(0) is straightforward:

OO =3 a o

In a more general case, both (r2) and f(¢)(0) can be
obtained directly from all-electron atomic calculations
based on density functional theory (DFT). Finally, the
mean inner potential of a finite crystal can be expressed
in terms of the forward-scattering factor f(¢)(0) from
electron scattering theory [17, 19]:

K e
Vo= > i (0), (10)
J
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where K = h?/(2rmge) = 47.876 58 when the scattering
potential is measured in electron volts [19], n; is the
number of atoms of type j, and £(¢)(0) is proportional to
(r?). These atomic moments can be computed accurately
using all-electron density functional theory [23] or
obtained from spectroscopic data or atomic scattering
factor tables [17, 21].

Interestingly, the above expressions demonstrate that
the mean inner potential contains rich information about
the atoms in a crystal, which motivates our proposal to
construct a new electronegativity scale based on the
MIP. As shown above, the MIP is directly related to the
second moment of the charge density, indicating that it
provides a measure of the effective “size” of an atom
within a crystal and is therefore highly sensitive to the
valence electron distribution [24].

Furthermore, Coulomb interactions play a central role
in determining the structure and reactivity of molecules
and solids. First, Coulomb interactions are essential for
maintaining structural stability. In molecules, the
attraction between positive and negative charges deter-
mines interatomic distances and bond angles, and thus
the molecular geometry. In solids, the arrangement of
positively charged ions and their interactions with electrons
govern the stability and morphology of the crystal
lattice. Second, Coulomb interactions also influence the
reactivity of molecules and solids. Chemical reactions
typically involve processes such as charge transfer and
covalent bond formation, which are closely associated
with Coulomb interactions. In solids, electron—electron
Coulomb repulsion affects material properties such as
electrical conductivity and optical response, thereby
influencing the physical and chemical behavior of the
material. Third, the Coulomb (electrostatic) potential is
an essential component in describing the quantum
behavior of atoms, molecules, and solids, as it constitutes
a major part of the effective one-particle Hamiltonian in
Hartree-Fock and Kohn—-Sham formalisms [16]. The
expressions above establish that the MIP is fundamentally
governed by the second moment of an atom’s charge
density. It therefore provides a direct and robust
measure of an atom’s spatial extent and its valence electron
distribution. Since Coulomb interactions are central to
chemical structure and reactivity, the MIP emerges as a
well-grounded and physically transparent quantity on
which to base a new electronegativity scale.

In the following, we describe our strategy for
constructing an electronegativity scale based on the
mean inner potential.

2.2 Electronegativity from the Atomic Mean Inner

Potential

We construct a new electronegativity scale based on the
mean inner potential V. Since electronegativity is an
intrinsic atomic property, the forward electron scattering

factor f£()(0) is, by definition, an atomic quantity,
whereas the total crystal volume Q is not. It is therefore
necessary to define an atomic volume Q,; in order to
construct the atomic mean inner potential (AMIP), wvy;,
for atom j in the crystal:

£9(0)

Uoj:K %)

(11)
a.j

Considering that f(9)(0) is directly related to the
second moment of the total charge density, we use the
mean valence atomic radius — defined as the first
moment of the valence charge density — to determine
the atomic volume. The mean valence atomic radius is
given by

/7" po(r) d3r

/ pulr) &

For main-group elements with sp valence configurations
(e.g., ns valence s electrons and n, valence p electrons),
the mean valence atomic radius can be further expressed
as

Ty =

(12)

[ rmaputr) + mapylr)

Ns +Np

(13)

Ty(sp) =

More explicitly (e.g., within atomic DFT calculati-
ons), the mean valence atomic radius for main-group
elements with sp valence electrons can be expressed as

/T‘ [nsps(r) + Np1/2 Pp1/2 (T‘) + Tp3/2 Pp3/2 (’I")] d3r

Ng + Npryz + Npayz

7y (sp) =
(14)

Ngrs + Np1/2Tp1/2 + Np3/2T /2

- . (15)

Ng + Tp1/2 + Np3/2

For transition metals with 3d, 4d, or 5d electrons, as
well as lanthanides and actinides with f electrons, the
radial contraction effect arising from incomplete Slater
shielding must be taken into account. As d or f electrons
are progressively added across a transition-metal or
lanthanide/actinide series, their screening of the nuclear
charge is incomplete. In particular, nd and nf electrons
are spatially localized and shield outer ns electrons less
effectively than s electrons shield one another. As a
result, the effective nuclear charge experienced by the
valence s orbital increases, leading to a systematic radial
contraction that is most pronounced within a given prin-
cipal quantum shell.

To account for this effect, we introduce a weighted,
occupancy-based linear combination for transition
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metals and the lanthanide/actinide series:

/7‘ [nsps (T) + ndndpd(r) TPy (T)] d&*r

Ns + NaNa + NNy

ry(sdf) =

NsTs + Nd (nds/zrd?,/z + nds/z’f’ds/Q) + Ny (nfs/zrfs/z + nf7/27‘f7/2)

Ns + NaNg + NNy

Here, ng and n; denote the contraction factors for the
transition-metal and lanthanide/actinide series, respec-
tively. To minimize empirical parameters, we define n,
and n; as the inverses of the maximum occupancies of
the d and f orbitals, i.e., ny =1/10 and ny =1/14. This
choice is physically motivated to account for orbital
contraction effects while maintaining a parameter-minimal
framework. Alternative contraction-correction schemes
may also be considered, and their systematic evaluation
is left for future work.

This formulation is fully consistent with the treatment
of sp-orbital elements and is based on charge-density-
weighted radial moments, thereby providing a rigorous
theoretical foundation. The weighted linear combination
ensures that the resulting valence radii properly reflect
the spatial distribution of electrons across all relevant
shells.

The corresponding mean valence atomic volume is
then defined as

dr

Qa,j = ?T”U,j' (17)

Substituting Eq. (17) into Eq. (11), we obtain the AMIP
as

O KR90)  Kf) )
’UO] - Qa,j - A 3
3

In this formulation, the dimension of vy; is the same
as that of the mean inner potential V; (i.e., volts), as
defined in Eq. (11). The mean inner potential of a finite
crystal can therefore be rewritten as

Qg i
Vo= Z (JQ J) Yoy -

J

(19)

The plots of three key quantities— the forward electron
scattering factor f(¢)(0) (a), the valence radius r, (b),
and the atomic mean inner potential v(0) (¢) — for the
main group elements are shown in Fig. 1.

To construct an electronegativity scale, we normalize
the atomic mean inner potential vy by the principal
quantum number n,, yielding

@

v

XAMIP,1 = = IKf ( )
Ng ng8lq

(20)

(16)

[
For clarity, the element-independent prefactor is placed
on the left-hand side, while all element-dependent quan-
tities appear on the right-hand side.

While yamip1 exhibits a non-linear correlation with
the Pauling scale [Fig. 2(a)], a strong linear relationship
is achieved by taking the square root of this quantity
[Fig. 2(b)]:

o 1/2
XAMIP,1/2 = (> = <K
Nq

Both expressions are fully analytic, contain no empirical
parameters, and each term possesses a clear physical
interpretation.

These scales can be reformulated in terms of charge-
density moments as

_ K ()
XAMIP,1 = In nq(rv):”’

1/2

f(e)(o)) 1)

ng8lq

(22)

and
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Fig. 1 The forward electron scattering factor f(¢)(0) (a),
the valence radius r, (b), and atomic mean inner potential
vo () for elements across the entire periodic table [from H
(1) to No (102)].
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Fig. 2 Correlation between the proposed electronegativity
scales and the Pauling scale (xr) for main-group elements.
(a) xr versus xawmme,1, fitted to a function of the form a\/z + c,
revealing a nonlinear relationship. (b) xr versus Xawmmw,i/2,
fitted to a linear function az+c (a=0519, c=0.349),
demonstrating a strong linear correlation.

_ K e 3K [ f0)
XAMIP,1/2—\/; g~ N \ g (r)? (23)

By employing all-electron density functional theory
(DFT) calculations for atoms, the values of f(¢)(0) and
r, can be obtained, and thus ysvp can be determined.
In this work, we performed all-electron atomic calculations
using the ldI.z module of Quantum Espresso [25]. The
code employs fully converged atomic basis sets, and rela-
tivistic effects are treated explicitly through the Dirac
equation for heavy elements, including spin—orbit
coupling and self-interaction corrections. The revised
Perdew—Burke-Ernzerhof (revPBE) generalized gradient
approximation (GGA) functional [26], which has been
shown to yield binding energies in closer agreement with
experimental values, was adopted in this study.

Within our framework, the radial moments, forward
electron scattering factor, and atomic mean inner potential
— as well as the proposed electronegativity scales — can
be derived analytically. For the hydrogen atom, we

obtain
(rf)(H) = 34§, (24)
ro(H) = 2%, (25)
7 0)(H) = ap. (26)

Since n,(H) =1,
measures become

the corresponding electronegativity

ﬁfw()i

where aq denotes the Bohr radius.

Notably, the values of r,(H) and £()(0)(H) are invariant
with respect to the choice of exchange—correlation func-
tional, including the local density approximation (LDA)
[27], the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) [28], and revPBE [26].
Hydrogen therefore serves as a natural and robust reference
point. On this basis, a dimensionless electronegativity
scale normalized to the electronegativity of hydrogen
can be constructed.

Using hydrogen as this reference, we define the final
normalized AMIP-based electronegativity by scaling the
raw AMIP electronegativity to reproduce the Pauling
electronegativity of hydrogen. Specifically, the normalized
electronegativity for element X is defined as

XAMIP,1 2
/ 97ra0

X)/nq(X)

Vo (H) ’
(29)

XAMIP,1/2 (X)

e = xe(H
XAMIP,l/z(H) (H)

XKMIP,I/Z (X) = xe(H)

where yp(H) =2.20 is the Pauling electronegativity of
hydrogen, vo(X) is the atomic mean inner potential of
element X, and n,(X) is the principal quantum number
of its valence shell.

Substituting the explicit expressions for the atomic
mean inner potential yields

(e)
XEMIP,I/Z(X) XP(H)\/ : ((35)(())()(

9a2 T‘2
SN Y BT
ng(X) [rv(X)]?
/27a0 F©(0)(X)
n X X

q
(30)

)

which depends solely on atomic quantities obtained from
all-electron calculations, namely the second moment of
the total charge density (r?) (or, equivalently, the
forward electron scattering factor f(¢)(0)) and the first
moment of the valence charge density r,, together with
the principal quantum number n,. All parameters carrying
units related to electron scattering (such as K) cancel
out in the final expression.

By construction, this normalization ensures that
hydrogen reproduces its Pauling electronegativity
exactly and renders the scale dimensionless (or, equiva-

f(e)(O) (H) 2K lently, expressed in the same units as the Pauling scale),

xamp,1(H) = vo(H) = K Q. (H) = Irag’ (27) making it directly comparable with conventional elec-
¢ tronegativity scales. Alternatively, xp(H) may be
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3 4 5 6 7 8 9 10 12 14 16 17 8
e VB VB viB viiB viIiB viIiB viIiB 1B IVA VIA VIIA VIIIA
38 48 5B 6B 78 8B 88 8B 28 4A 6A 7A 8A
1 H He
12,003 «— Xawre: (V) " 41.762
3478 <«— Xaurin (V'?) 6.462
2200 <*+— x{upin 4.088
gl 4Ee . o . . . 5 B 6 c7 N 8 09 F 10 Ne
2.138 8.397 First-principles electronegativity from Atomic Mean Inner Potential (AMIP) 12573 20923 31422  44.058  58.819 75.705
1.462 2529 by I.C. Zheng 3546 4574 5606  6.638  7.669 8.701
0.925 1.600 2243 2894 3546 4199  4.852 5.505
11 Na 12 Mg 13 A 14 si 15 P 16 S 17 C 18 Ar
1.646 3.976 6437 9631  13.488  17.982  23.098 28.829
1.283 1.994 2537 3103 3673 4240  4.806 5.369
0.812 1.261 1605 1963 2323 2683  3.040 3.397
19K 20C 21S 22T 23V 24C 25 Mn 26 Fe 27Co 28Ni 29 Cu 30 2Zn 31 Ga 32 Ge 33 As 34 Se 35 Br 36 Kr
1.251 2681 3366  4.060 4795 5427 6441 7366 8366  9.447 10611 5511  6.696 8825 11344 14198  17.353 20.792
1.118 1.637 1835 2015 2190 2330 2538 2714 2892  3.074 3257 2347 2588 2971 3368 3768  4.166 4.560
0.708 1.036 1161 1275 1385 1474 1606 1717  1.830 1944 2061 1485 1637 1879 2131 2384 2635 2.885
37 Rb 38 S 39Y 402z 41Nb 42Mo 43Tc 44Ru  45Rh  46Pd 47Ag 48 Cd 49 In 50 Sn 51 Sh 52 Te 53 | 54 Xe
1126 2253  3.006 3695 4283 5141 582  7.053 8115 9253 10470 5430  6.009  7.492 9185  11.105  13.207 15.470
1.061 1501 1734 1922 2070 2267 2414 2656 2849  3.042 3236 2330 2451 2737  3.031 3332  3.634 3.933
0.671 0.950 1097 1216 1309 1434 1527 1680 1802 1924 2047 1474 1551 1732 1917 2108  2.299 2.488
55 Cs 56 Ba 71lu 72Hf 73Ta 74W 75Re 760s 771r 78Pt 79Au 8 Hg 8 T 8 Pb 8 Bi 8 Po 8 At 8 Rn
1.022 1929 3352 | 4107 4857 5625 6461  7.330 8239 10447 11761 6905 6790  7.936  9.022 10424  12.010 13.733
1.011 1389 1831 | 2027 2208 2372 2542 2707 2870 3232  3.429 2628 2606 2817  3.004 3229  3.466 3.706
0.640 0.879 1158  \1.282 1394 1500  1.608 1713 1816 2045 2170 1662 1649 1782 1900  2.043 2192 2.344
87 Fr 8 Ra  Ac-No \
£ 0E] LgaL 57la 58Ce 59Pr 60Nd 61Pm 62Sm 63FEu 64Gd 65Td 66Dy 67Ho 68Er 69Tm 70 Yb
120 o) 2.527 2.791 2633 2891  3.164 3454 3761 4793 4431 4794 5178 5583  6.010  6.460
L5 il 1.590 1.671 1623 1700 1779  1.858 1939 2189 2105 2190 2276 2363 2452  2.542
Ti0czz© WEO5/® T0zT STgjer  TISe5T WMot W%e27F SPGsot  Whosar | liggbt  TIMJ0T NI495T  NiGoIT Y608
89Ac 90Th 91Pa 92U 93Np 94Pu 95Am 96Cm 97 Bk 98Cf 99Es 100 Fm 101 Md 102 No
2612 3250 3229 3547  3.881  3.664  3.981 5006 4667 5038 5429 5842 6278 6738
1.616 1.805 1797  1.883 1970 1914 1995 = 2238 | 2160 = 2244 2330 2417 2506 2596
1.022 EE2F WMB7F WiNgIT WIZA6Y  STENT P2t TIaaSY Ylige/F TNE20" WMAZAY “H5zor  Wisgoe  WiGa2

Fig. 3 Periodic table of elements [from H(1) to No(102)] showing the three proposed electronegativity scales, xamr (V),

Xamp,172 (V1/?), and xSy, o (dimensionless).

replaced by the hydrogen electronegativity from any
other scale to adopt a different normalization. At the
same time, the present definition preserves a clear physical
interpretation: the electronegativity reflects the strength
of the Coulomb potential generated by an atom, normalized
by its spatial extent and valence-shell energy scale.

Our proposed scales — xamr1 [Egs. (20) and (22)],
Xamp,/2 [Bgs. (21) and (23)], and the dimensionless
Xavip12 [Eas. (29) and (30)] are visualized for
elements across the entire periodic table (from 1 H to
102 No) (Fig. 3) and provided in full numerical detail in
Table 1.

2.3 Comparison with other electronegativity scales

The proposed scale, xawwp1/2 [Eqgs. (21) and (23)], for
main-group elements shows excellent agreement with
several established electronegativity scales, including
those of Pauling [1, 2], Allen [5, 30], Allred—Rochow [4],
and Mulliken [3], as well as the thermochemical scale of
Tantardini and Oganov (TO) [31] and the valence bind-
ing-energy scale of Rahm, Zeng, and Hoffmann (RZH)
[32]. Parity plots illustrating these correlations are
shown in Fig. 4.

We also compared our proposed -electronegativity
scale with the classical scales of Pauling, Allen, and
Mulliken, as well as recent scales such as RZH [32],
Dong-Oganov—Cui-Zhou-Wang (DOCZW) [33], and
Oganov-Kostenko (OK) [34], for the entire periodic

table [from H(1) to No(102)], as shown in Fig. 5.

The strength of these correlations was quantified
using the coefficient of determination (R?) for both main-
group elements only and the entire periodic table, with
detailed values provided in Table 2. These results indicate
that xawp,1/2 correlates most strongly with the Allen
and Allred—Rochow scales, followed closely by Pauling’s
classical thermochemical scale. It also maintains robust
agreement with the Mulliken scale, as well as with the
more recent TO, RZH, DOCZW, and OK scales.

The somewhat lower correlation of our scale with the
Mulliken scale can be attributed to the intrinsic dependence
of the Mulliken electronegativity on experimental or
calculated ionization energies and electron affinities.
Both quantities can exhibit significant variations due to
electronic relaxation, spin polarization, and finite basis
set effects, especially for elements with partially filled d
or f shells. These variations introduce deviations that
reduce the linear correlation with the AMIP-based elec-
tronegativity scale.

Each reference electronegativity scale is grounded in a
distinct physical principle. Pauling’s definition is based
on bond dissociation energies and reflects the tendency
of an atom to attract electrons within a chemical bond
[1]. Allen’s scale is derived from the average valence-
shell ionization energy, emphasizing intrinsic atomic
properties independent of bonding environment [5]. The
Allred-Rochow scale relates electronegativity to the
effective nuclear charge experienced by valence electrons
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Table 1 The £)(0) (A), mean valence radius r, (A), atomic mean inner potential v, (V), and electronegativity scales of
main-group elements, obtained from mean inner potentials using all-electron revPBE-GGA atomic calculations. Here, Zi
denotes the total atomic charge (i.e., the atomic number), Z, the number of valence electrons, and n, the principal quantum
number. The electronegativity scales shown are xame,1, Xammr,1/2, and the normalized scaled electronegativity xiyp /25 which
is dimensionless (Pauling’s hydrogen value of 2.20 is used for yp(H)). Note that, in units of A, £ (0)= L(ry), and
£ (0)(H) = ao for hydrogen. The ground-state electronic configuration [29] is used for all elements, except for Pd, for which
the 4d°5s' configuration is adopted in order to obtain a well-defined s-orbital radius. Only the s electrons are considered for
Zn, Cd, and Hg in the table. If the nd'® electrons are included in the valence, the resulting value of xamp would be higher for
Zn, xamwp,1 = 11.864, xamwp,1/2 = 3.444, and XRMIP,l/Z =2.179; for Cd, xamwr,1 = 10.150, xawmwp,1/2 = 3.186, and XXMH,’I/Q = 2.015; for
Hg, xawe,1 = 11.243, xawp,1/2 = 3.353, and xyp 1/, = 2.121. For the No (102) element, the f'*s* valence electron configuration
is considered. If only the s electrons are taken into account, the resulting yawpr will be smaller.

Zot Element Zy Nq F90) (&) ro (A) vo (V) xame,1 (V) Xamrp,1/2 (V/?) X, 1/2
1 H 1 1 0.529 0.794 12.093 12.093 3.478 2.200
2 He 2 1 0.384 0.472 41.762 41.762 6.462 4.088
3 Li 1 2 3.404 2.088 4.276 2.138 1.462 0.925
4 Be 2 2 2.944 1.380 12.794 6.397 2.529 1.600
5 B 3 2 2.731 1.075 25.146 12.573 3.546 2.243
6 C 4 2 2.422 0.871 41.846 20.923 4.574 2.894
7 N 5 2 2.157 0.732 62.844 31.422 5.606 3.546
8 O 6 2 1.942 0.632 88.116 44.058 6.638 4.199
9 F 7 2 1.766 0.556 117.638 58.819 7.669 4.852
10 Ne 8 2 1.620 0.496 151.410 75.705 8.701 5.504
11 Na 1 3 4.817 2.234 4.938 1.646 1.283 0.812
12 Mg 2 3 5.042 1.691 11.928 3.976 1.994 1.261
13 Al 3 3 5.844 1.512 19.311 6.437 2.537 1.605
14 Si 4 3 5.735 1.314 28.893 9.631 3.103 1.963
15 P 5 3 5.455 1.155 40.464 13.488 3.673 2.323
16 S 6 3 5.146 1.029 53.946 17.982 4.240 2.683
17 Cl 7 3 4.848 0.928 69.294 23.098 4.806 3.040
18 Ar 8 3 4.572 0.845 86.487 28.829 5.369 3.397
19 K 1 4 8.899 2.729 5.004 1.251 1.118 0.707
20 Ca 2 4 9.552 2.167 10.724 2.681 1.637 1.036
21 Sc 3 4 8.928 1.964 13.464 3.366 1.835 1.161
22 Ti 4 4 8.395 1.808 16.240 4.060 2.015 1.275
23 A\ 5 4 7.935 1.679 19.180 4.795 2.190 1.385
24 Cr 6 4 6.727 1.524 21.708 5.427 2.330 1.474
25 Mn 7 4 7.171 1.471 25.764 6.441 2.538 1.606
26 Fe 8 4 6.847 1.385 29.464 7.366 2.714 1.717
27 Co 9 4 6.553 1.308 33.464 8.366 2.892 1.830
28 Ni 10 4 6.286 1.239 37.788 9.447 3.074 1.944
29 Cu 11 4 6.040 1.176 42.444 10.611 3.257 2.061
30 Zn 2 4 5.814 1.445 22.044 5.511 2.347 1.485
31 Ga 3 4 7.050 1.444 26.784 6.696 2.588 1.637
32 Ge 4 4 7.284 1.331 35.300 8.825 2.971 1.879
33 As 5 4 7.304 1.225 45.376 11.344 3.368 2.131
34 Se 6 4 7.214 1.132 56.792 14.198 3.768 2.384
35 Br 7 4 7.076 1.052 69.412 17.353 4.166 2.635
36 Kr 8 4 6.916 0.983 83.168 20.792 4.560 2.885
37 Rb 1 5 11.580 2.865 5.630 1.126 1.061 0.671
38 Sr 2 5 12.608 2.339 11.265 2.253 1.501 0.950
39 Y 3 5 12.195 2.101 15.030 3.006 1.734 1.097
40 VAq 4 5 11.700 1.934 18.475 3.695 1.922 1.216
41 Nb 5 5 10.432 1.772 21.415 4.283 2.070 1.309
42 Mo 6 5 10.024 1.646 25.705 5.141 2.267 1.434
43 Tc 7 5 10.454 1.601 29.130 5.826 2.414 1.527
44 Ru 8 5 9.329 1.446 35.265 7.053 2.656 1.680
45 Rh 9 5 9.027 1.365 40.575 8.115 2.849 1.802
46 Pd 10 5 8.748 1.293 46.265 9.253 3.042 1.924
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Table 1 (continued)
Ziot Element Zy Ng f(e)(o) (A) re (A) vo (V) Xamp,1 (V) XAMIP,1/2 (Vi/2) X?MIP,1/2
47 Ag 11 5 8.489 1.228 52.350 10.470 3.236 2.047
48 Cd 2 5 8.951 1.556 27.150 5.430 2.330 1.474
49 In 3 5 10.330 1.578 30.045 6.009 2.451 1.551
50 Sn 4 5 10.725 1.485 37.460 7.492 2.737 1.732
51 Sb 5 5 10.937 1.396 45.925 9.185 3.031 1.917
52 Te 6 5 10.971 1.312 55.525 11.105 3.332 2.108
53 I 7 5 10.916 1.236 66.035 13.207 3.634 2.299
54 Xe 8 5 10.810 1.169 77.350 15.470 3.933 2.488
55 Cs 1 6 16.121 3.109 6.132 1.022 1.011 0.640
56 Ba 2 6 17.529 2.587 11.574 1.929 1.389 0.879
57 La 3 6 17.102 2.345 15.162 2.527 1.590 1.006
58 Ce 3 6 16.703 2.251 16.746 2.791 1.671 1.057
59 Pr 2 6 16.283 2.275 15.798 2.633 1.623 1.027
60 Nd 2 6 15.919 2.189 17.346 2.891 1.700 1.076
61 Pm 2 6 15.573 2.109 18.984 3.164 1.779 1.125
62 Sm 2 6 15.243 2.033 20.724 3.454 1.858 1.176
63 Eu 2 6 14.926 1.963 22.566 3.761 1.939 1.227
64 Gd 3 6 14.753 1.803 28.758 4.793 2.189 1.385
65 Tb 2 6 14.330 1.833 26.586 4.431 2.105 1.332
66 Dy 2 6 14.050 1.774 28.764 4.794 2.190 1.385
67 Ho 2 6 13.779 1.718 31.068 5.178 2.276 1.440
68 Er 2 6 13.517 1.665 33.498 5.583 2.363 1.495
69 Tm 2 6 13.264 1.614 36.060 6.010 2.452 1.551
70 Yb 2 6 13.019 1.566 38.760 6.460 2.542 1.608
71 Lu 3 6 13.100 1.953 20.112 3.352 1.831 1.158
72 Hf 4 6 12.834 1.812 24.642 4.107 2.027 1.282
73 Ta 5 6 12.540 1.701 29.142 4.857 2.204 1.394
74 W 6 6 12.253 1.607 33.750 5.625 2.372 1.500
75 Re 7 6 11.998 1.524 38.766 6.461 2.542 1.608
76 Os 8 6 11.748 1.451 43.980 7.330 2.707 1.713
77 Ir 9 6 11.506 1.386 49.434 8.239 2.870 1.816
78 Pt 10 6 10.769 1.252 62.682 10.447 3.232 2.045
79 Au 11 6 10.549 1.195 70.566 11.761 3.429 2.170
80 Hg 2 6 10.833 1.440 41.430 6.905 2.628 1.662
81 T 3 6 12.060 1.501 40.740 6.790 2.606 1.648
82 Pb 4 6 12.518 1.443 47.616 7.936 2.817 1.782
83 Bi 5 6 13.127 1.405 54.132 9.022 3.004 1.900
84 Po 6 6 13.407 1.348 62.544 10.424 3.229 2.042
85 At 7 6 13.527 1.290 72.060 12.010 3.466 2.192
86 Rn 8 6 13.558 1.234 82.398 13.733 3.706 2.344
87 Fr 1 7 18.281 3.002 7.721 1.103 1.050 0.664
88 Ra 2 7 19.810 2.554 13.587 1.941 1.393 0.881
89 Ac 3 7 19.826 2.314 18.284 2.612 1.616 1.022
90 Th 4 7 19.545 2.139 22.813 3.259 1.805 1.142
91 Pa 3 7 18.990 2.125 22.603 3.229 1.797 1.137
92 U 3 7 18.616 2.046 24.829 3.547 1.883 1.191
93 Np 3 7 18.265 1.973 27.167 3.881 1.970 1.246
94 Pu 2 7 17.528 1.984 25.648 3.664 1.914 1.211
95 Am 2 7 17.197 1.918 27.867 3.981 1.995 1.262
96 Cm 3 7 17.315 1.781 35.042 5.006 2.238 1.415
97 Bk 2 7 16.570 1.796 32.669 4.667 2.160 1.367
98 Cf 2 7 16.271 1.741 35.266 5.038 2.244 1.420
99 Es 2 7 15.981 1.688 38.003 5.429 2.330 1.474
100 Fm 2 7 15.699 1.637 40.894 5.842 2.417 1.529
101 Md 2 7 15.424 1.589 43.946 6.278 2.506 1.585
102 No 2 7 15.157 1.543 47.166 6.738 2.596 1.642
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Fig. 4 Parity plots comparing the proposed xawrp,1/2 scale with various established electronegativity scales for main-group
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at the covalent radius, thereby linking electronegativity
to electrostatic attraction [4]. Mulliken’s definition is
based on the arithmetic mean of the ionization energy
and electron affinity, providing a direct energetic
measure of an atom’s electron-accepting ability [3].

The thermochemical (TO) scale [31] refines Pauling’s
original approach by constructing a comprehensive,
dimensionless electronegativity set for all elements, opti-
mized to improve predictions of bond polarity and
formation enthalpies across a wide range of compounds.
In contrast, the RZH scale [32] defines electronegativity
as the ground-state average valence electron binding
energy, yielding values that are conceptually related to,
but physically distinct from, Allen’s ionization-based
definition.

More recently, Dong et al. (DOCZW) [33] extended
the Mulliken framework to high-pressure conditions by
explicitly accounting for pressure-induced changes in
ionization energies and electron affinities, thereby
enabling pressure-dependent electronegativity and chem-

ical hardness descriptors. Oganov and Kostenko (OK)
[34] proposed an electronegativity-based model derived
from large-scale formation enthalpy data, in which opti-
mized elemental electronegativities serve as effective
parameters for predicting compound stability across the
periodic table. Together, these modern approaches high-
light the
concepts toward first-principles, environment-aware, and

continued evolution of electronegativity
data-informed descriptors.

The strong correlations (with all R? > 0.80) demons-
trate that the Atomic Mean Inner Potential (AMIP)
captures a fundamental aspect of chemical bonding,
effectively bridging thermochemical, spectroscopic, and
electronic-structure perspectives. The consistently high
R? values further underscore the predictive power and
reliability of xawp1/2 as a first-principles descriptor of
chemical reactivity and bonding trends across the periodic
table.
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Fig. 5 Comparison of the proposed electronegativity scale xj\up,, With classical electronegativity scales: (a) Pauling,
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(R?) between x}yp s> and the Pauling, Allen, and Mulliken scales are 0.8836, 0.9670, and 0.8732, respectively, as shown in
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Table 2 Coefficient of determination (R?) for the correlations between the proposed yawmp,1/2 scale and various established
electronegativity scales, evaluated for main-group (MG) elements and for all elements across the periodic table (All), including
transition metals as well as lanthanides and actinides. Note that lanthanides and actinides are not included in Allen’s elec-
tronegativity scale.

Electronegativity scale R%*(MG) R%(Al)

Pauling 0.9448 0.8836

Allen 0.9742 0.9670
Allred—Rochow 0.9714 NA

Mulliken 0.8727 0.8732

Tantardini-Oganov (TO) 0.9075 0.8032

Rahm-Zeng-Hoffmann (RZH) 0.9062 0.9169

3 Applications any proposed scale [30].

As shown in Figs. 6(a)—(c), our scales — xamwp.1;
Xamp,1 /2, and xH oo Pl correctly place these elements

within the metalloid band without any misclassifica-

3.1  Classification of metals and nonmetals

The canonical metalloids — boron (B), silicon (Si),
germanium (Ge), arsenic (As), antimony (Sb), and
tellurium (Te) — are highlighted in Fig. 6. The position
of this “metalloid band” is highly sensitive to the accuracy
of electronegativity values, providing a stringent test for

tions. This performance matches that of the classic
scales by Pauling and Allen. The agreement is particularly
notable because our approach derives this classification
using only three fundamental quantities: the principal
quantum number, the atomic valence radius, and the

114201-10
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formalism accurately separates metals, metalloids, and nonmetals without misclassification.

zero-angle electron-scattering factor. From these param-
eters alone, the metalloid band emerges naturally,
cleanly separating metals from nonmetals without any
empirical adjustments.

Critically, all three AMIP-based expressions yield a
consistent and physically intuitive classification:
elements with electronegativities lower than the metalloid
band (toward the left of the periodic table) are identified
as metals, while those with higher values (to the right)
are classified as nonmetals.

The capacity of electronegativity to delineate metals
from nonmetals is a long-established concept. Pauling
identified this distinction as the most obvious correlation
between electronegativity and elemental behavior, a
point later reinforced by Allen, who emphasized the
metalloid band as a rigorous benchmark for validating
new scales [30]. The ability of our mean-inner-potential-
based scales to meet this benchmark underscores their
physical soundness and broad applicability.

3.2  Bonding classification via electronegativity

A triangular bonding diagram [35-37], constructed using
our electronegativity scale (yamp,1/2) for 358 compounds
(Fig. 7), reveals a clear separation into three distinct
regions corresponding to metallic (M), ionic (I), and
covalent (C) bonding types. A pronounced gap along the

xni axis cleanly separates the metallic region from the
combined ionic/covalent region, while the overlap
between ionic and covalent compounds along the y, axis
is narrow. These characteristics align with the key indi-
cators of a high-quality electronegativity scale as estab-
lished by Sproul [36].

Applying Sproul’s evaluation procedure [36], our scale
achieves a quality score of approximately 6, ranking it
among the top-performing historical and modern elec-
tronegativity scales. This score is comparable to those of
the best-performing scales, such as those by Allen [5],
Martynov—Batsanov [38], and Nagle [39], and is
markedly superior to widely used but less discriminating
scales like Pauling’s, which typically yield scores of 9-10
[36]. The minimal ionic—covalent overlap indicates that
very few binary compounds are misclassified relative to
their accepted bonding character, while the significant
metallic-nonmetallic gap reflects an accurate upper limit
for metallic electronegativities.

These results demonstrate that our scale effectively
captures the fundamental electronic axes described by
Sproul [36]: i, correlates with bond polarity, while yy;
correlates with electronic conduction. The scale rivals or
surpasses the best historical scales in distinguishing
bonding types, providing independent confirmation that
our electronegativity definition embodies the essential
physics of chemical bonding. Consequently, it serves as a

Jin-Cheng Zheng, Front. Phys. 21(11), 114201 (2026)
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Fig. 7 Bonding classification of 358 compounds [35] using
our proposed electronegativity scale xawp,1/2- Compounds are
classified as covalent (109, circles), metallic (36, triangles), or
ionic (213, diamonds) based on the electronegativity values
of their constituent elements. Each compound is plotted
according to the higher (xuign) and lower (yiow) electronegativity
values of its elements. The distinct regions occupied by each
bond type illustrate the utility of electronegativity differences
in predicting the primary bonding character of compounds.

robust reference for future materials design and theoretical
analysis.

3.3 Correlation with Lewis acid strength

A strong linear correlation between Lewis acid strength
[40] and our electronegativity scale, xamp 1 /2, underscores
the predictive power of this physically grounded descrip-
tor. This analysis draws upon a comprehensive dataset
of over 14 000 coordination environments encompassing
nearly 100 distinct cations [40], providing a rigorous test
of Lewis acidity (see Fig. 8). The resulting coefficient of
determination (R?* = 0.9347) indicates that yawp /2 effec-
tively captures the fundamental electronic factors
governing a cation’s ability to accept electron density
from donor ligands.

This finding holds significant implications for both
fundamental chemistry and materials science. Lewis
acidity plays a critical role in diverse processes, including
catalytic activity, solid-state ion transport, acid—base
reactions, and the stability of coordination compounds,
making a reliable quantitative predictor highly valuable.
Derived from the atomic mean inner potential and
requiring only elemental information, yawp1/2 offers a
transferable, first-principles approach to estimating
Lewis acidity across a wide range of chemical systems.
The large-scale validation presented here demonstrates
that our scale is not only a high-quality electronegativity
measure according to Sproul’s bonding-separation crite-
ria, but also a robust tool for predicting and designing
materials where Lewis acid strength is a key functional
parameter.

Fig. 8 Correlation between Lewis acid strength and the
proposed electronegativity scale yawmp1/2. Data comprise
more than 14,000 experimentally characterized coordination
environments across nearly 100 distinct cations [40]. The best-
fit line [f(z) = 0.41232 — 0.3852] shows an excellent linear rela-
tionship (R® = 0.9347), demonstrating that xawp,/2 accurately
predicts Lewis acid strength across a broad chemical space.

3.4  Correlation with ~-ray spectral width

The full width at half maximum (FWHM) of
positron—electron annihilation ~-ray spectra reflects the
momentum distribution of annihilating electron—positron
pairs and, consequently, the underlying electronic structure
of the atom. Previous work demonstrated a linear corre-
lation between FWHM and Rahm’s electronegativity
scale (R? =~ 0.93), suggesting that atoms with a greater
tendency to attract electrons yield broader y-ray spectral
widths [41].

Our analysis reveals an even stronger correlation when
FWHM is plotted against our electronegativity scale,
Xamip,1/2 (See Fig. 9). A least-squares fit yields

FWHM = 0'572XAMIP,1/2 + 00916, (31)

with an excellent coefficient of determination
R? = 0.9656.

This enhanced correlation indicates that xamp1/2
more accurately captures the key physical factors —
mean inner potential, charge density, and valence-electron
extent — that govern the momentum distribution of
positrophilic electrons. Since ~-ray annihilation spec-
troscopy probes valence electron density directly, the
strong linearity underscores that our scale provides a
quantitative link between atomic electronic structure
and measurable high-energy observables. This predictive
capability is valuable not only for interpreting positron
annihilation experiments but also for modeling
electron—positron  interactions in condensed-matter
systems and guiding the design of materials where
precise knowledge of electron density distributions is

critical.
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Fig. 9 Linear correlation between the full width at half
maximum (FWHM) of the calculated v-ray spectra and the
proposed electronegativity scale xawp,1/2- Data include the
first 36 representative elements (Groups 1, 2, and 13-18).
The best-fit line f(z) =0.5722+0.0916 (solid) yields
R? =0.9656, exceeding the reported correlation for Rahm’s
electronegativity scale (R? ~0.93), demonstrating the strong
predictive ability of yawp,1/2 for y-ray spectral widths.

4 Discussion
4.1  Dependence of the AMIP-based electronegativity on
the exchange—correlation functional

While the revPBE exchange—correlation functional was
adopted in the present work owing to its well-established
performance in describing structural and electronic prop-
erties, it is important to assess the sensitivity of the
results to the choice of functional. To this end, Table 3
compares the dimensionless electronegativity values
derived from the proposed Xl/i[wp,l /2 scale for representative
light elements (H-Ne), calculated using the LDA [27],
PBE [28], and revPBE [26] functionals.

As shown in the table, all three exchange-correlation
functionals yield qualitatively consistent trends in both
the atomic mean inner potential and the corresponding
electronegativity values, with only minor quantitative

differences. The maximum deviations in

H
XAMIP,1/2

obtained using different functionals are small: approxi-
mately 0.020 between revPBE and LDA, 0.014 between
PBE and LDA, and 0.006 between revPBE and PBE,
following the systematic sequence LDA > PBE >
revPBE. These variations are modest, indicating that
the proposed electronegativity scale is robust with
respect to the choice of exchange—correlation functional.

Importantly, the relative ordering of elements is fully
preserved across all functionals considered, supporting
the reliability, transferability, and general applicability
of the AMIP-based electronegativity scale.

4.2 Relation to electronegativity as electronic chemical

potential

In revising this work, we have sought to more accurately
position the proposed AMIP-based electronegativity
scale within the broader theoretical landscape. A key
aspect of this contextualization involves clarifying its
relationship to the widely recognized definitions of elec-
tronegativity rooted in the concept of the electronic
chemical potential. Historically, the Mulliken scale
established a foundational and physically profound link
by defining electronegativity as the negative of the
chemical potential for an atom. This concept was later
rigorously formalized within modern density functional
theory (DFT) by Parr and co-workers [6], where elec-
tronegativity is identified with the negative of the electronic
chemical potential:

__,—_(%
X = n= aN ,U(,,.)’

typically evaluated via finite differences of the total
energy with respect to electron number. These frameworks
establish a deep and general quantum-mechanical basis
for electronegativity, directly connecting it to the energetic
response of a system.

Our present approach, while also a first-principles
construct, derives electronegativity from a different
fundamental property: the Atomic Mean Inner Potential

(32)

Table 3 Calculated dimensionless electronegativity values based on the proposed xjiyp,,, scale for elements from H to Ne,
obtained using different exchange—correlation functionals: LDA, PBE, and revPBE.

Z Element LDA PBE revPBE
1 H 2.200 2.200 2.200
2 He 4.093 4.090 4.088
3 Li 0.938 0.931 0.925
4 Be 1.616 1.607 1.600
5 B 2.261 2.250 2.243
6 C 2.913 2.900 2.894
7 N 3.566 3.552 3.546
8 O 4.219 4.205 4.199
9 F 4.872 4.858 4.852
10 Ne 5.524 5.510 5.504

Jin-Cheng Zheng, Front. Phys. 21(11), 114201 (2026)

114201-13



Fe > FRONTIERS OF PHYSICS

RESEARCH ARTICLE

(AMIP). The AMIP characterizes the spherically averaged
electrostatic potential generated by the atomic charge
density. Consequently, it probes a complementary physical
aspect — the internal electrostatic environment —
rather than the response of the total energy to changes
in electron number. This distinction clarifies that the
AMIP-based scale is not intended to supplant these well-
established chemical potential-based definitions. Instead,
it offers an alternative and complementary perspective
for quantifying electronegativity, one that is directly
accessible from ground-state electronic structure calcula-
tions without requiring finite-difference energy evalua-
tions. Both paradigms, stemming from different vantage
points within electronic structure theory, serve to enrich
the understanding of this central chemical concept.

4.3  Experimental accessibility and uncertainty of AMIP

The Atomic Mean Inner Potential (AMIP) introduced in
this work is closely connected to experimentally measurable
quantities obtained from electron-based techniques,
particularly electron holography and electron scattering.
In practice, such experiments probe the MIP of crystalline
or amorphous solids rather than isolated free atoms. The
experimentally determined quantity therefore corresponds
to a crystalline mean inner potential V;, from which the
zero-angle electron scattering factor f(&)(0) can be
extracted through well-established theoretical relations.
Once f)(0) is known, an atomic-level AMIP can be
obtained by introducing a well-defined atomic volume (,
according to
f)(0)

vg = K ————,

Q (33)

where K is a known proportionality constant. The
choice of Q thus plays a central role in connecting exper-
imentally accessible crystalline quantities to atomic-scale
descriptors.

The experimental feasibility and associated uncertainty
of this procedure can be illustrated using silicon as a
representative example. Electron holography measure-
ments of the MIP of crystalline Si reported in the literature
span a range of values. Early off-axis electron holography
combined with theoretical corrections [11] yielded
Vo = 9.26 +£0.08 V, while subsequent holographic studies
reported values [42-44] between approximately 11.5 and
12.5 V, with uncertainties ranging from a few tenths of
an electron volt up to about 1.3 V. These variations
reflect differences in experimental conditions, specimen
thickness determination, treatment of dynamical diffrac-
tion effects, and phase-noise limitations inherent to electron
holography.

Using the established relationship between V, and the
forward electron scattering factor f(¢)(0), these experi-
mental MIP values correspond to a spread in f(¢)(0) of
roughly 3.9-53 A for crystalline Si, with the largest

uncertainty on the order of 0.5 A. By contrast, our first-
principles calculations for the Si pro-crystal yield
Vo =13.70 V and £ (0) = 5.735 A, in excellent agreement
with independent Hartree-Fock calculations (V=
13.91 V) [44]. The systematically smaller experimental
values observed for crystalline Si are expected due to
bonding-induced charge redistribution relative to a
superposition of neutral atoms.

For crystalline materials, once V, or f(¢)(0) has been
experimentally determined, a crystalline AMIP-based
electronegativity can be defined provided that a consistent
atomic volume partitioning scheme is adopted (e.g.,
based on crystallographic volumes). We emphasize that
this volume definition constitutes a key calibration step
in bridging experimental measurements and atomic-scale
AMIP values. While different choices of Q may lead to
quantitative shifts, the physically meaningful trends
remain robust when a consistent scheme is employed.

Overall, these considerations demonstrate that AMIP
is not only a well-defined theoretical quantity but also
one that is, in principle, experimentally accessible. The
dominant sources of uncertainty — including specimen
thickness calibration, phase noise, bonding effects, and
atomic volume definition — are well understood within
the electron microscopy and scattering communities.
This establishes a realistic and physically transparent
pathway for connecting electron-based measurements to
the AMIP-derived electronegativity scale proposed in
this work.

4.4 Prospects for pressure-dependent electronegativity

The proposed electronegativity scale, being derived from
the Atomic Mean Inner Potential (AMIP), is intrinsically
linked to the electronic charge density. Because the
charge density responds sensitively to external pressure
— primarily through atomic volume compression and
associated reorganization of the electronic structure —
the present formalism is, in principle, naturally extensible
to high-pressure environments. Under applied pressure,
modifications of the charge density directly alter the
AMIP and, consequently, the derived electronegativity
A pressure-dependent electronegativity scale
could therefore be constructed by evaluating AMIP from
first-principles charge densities obtained at finite pres-
sures.

The feasibility of pressure-dependent electronegativity
has been demonstrated in several recent studies. Rahm
et al. [45] showed that compression leads to systematic
changes in atomic electron configurations and elec-
tronegativity across the periodic table, driven by density
redistribution and orbital reordering under pressure.
More recently, Dong et al. [33] developed a pressure-
dependent electronegativity and chemical hardness
framework based on first-principles calculations, explicitly
quantifying how electronic descriptors

values.

evolve with
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increasing pressure. These works provide strong precedent
that electronegativity, when formulated in terms of
fundamental electronic quantities, can be meaningfully
extended to extreme thermodynamic conditions.

Within the AMIP-based framework, pressure effects
enter naturally through the pressure dependence of both
the charge density and the effective atomic volume. In
practice, a pressure-dependent AMIP could be obtained
by computing the forward electron scattering factor
from compressed charge densities and combining it with
a pressure-dependent atomic volume derived from first-
principles structural data. However, a consistent and
transferable implementation of this approach requires
careful methodological choices, particularly concerning
the partitioning of charge density and the definition of
atomic volumes under compression. These issues are
nontrivial when aiming for a universal atomic-scale
reference and are therefore beyond the scope of the
present foundational study.

A systematic investigation of these methodological
aspects, together with quantitative benchmarking
against existing pressure-dependent electronegativity
models, constitutes a clear and promising direction for
future work. Such an extension would enable the present
AMIP-based electronegativity scale to be applied to
materials and chemical systems under extreme condi-
tions, further broadening its applicability.

4.5

Limitations

We also note several limitations of the present AMIP-
based electronegativity approach. The method is formu-
lated within a ground-state, first-principles framework
and is therefore most straightforwardly applied to closed-
shell atoms, where the electronic density is well defined.
However, the approach can also be applied to open-shell
systems, provided that the electronic charge density is
calculated accurately, allowing proper treatment of spin
polarization and correlation effects. These considerations
do not affect the main conclusions of the present work
for the elements considered here, but they highlight
important directions for future development aimed at
extending and validating the AMIP-based electronega-
tivity scale for more complex electronic configurations.

5 Conclusion

We present a family of electronegativity scales derived
directly from the atomic mean inner potential (AMIP),

— — [0 |7 3k £1%0) |7 | K (i)
XAMIP,p = (f?f’,) = [K TR ] = [4-” nq(m)s] = [E nq@iv)a} ;

with p =1 or 1/2. These scales require only three ground-
state quantities for each element: the principal quantum
number (n,), the forward electron-scattering factor
£©)(0), and the atomic volume (Q,). Equivalently, the
latter two quantities are related to the second moment

of the total charge density ((r?)) and the first moment
of the valence charge density (r,).

The linear form yamp,; and its square-root variant
Xamip,1/2 emerge analytically without empirical parameters
and possess clear physical units. A dimensionless
Pauling-referenced scale, XZMIP,I /20 is obtained by simple
normalization to hydrogen.

Benchmarking shows that yawpi1/2 closely tracks
established electronegativity definitions, with coefficients
of determination R? > 0.87 for main-group elements and
R? >0.80 for whole periodic table including transition
metals and anthanides and actinides. All AMIP-based
expressions correctly position the canonical metalloids
(B, Si, Ge, As, Sb, Te) on the metal-nonmetal bound-
ary, matching the performance of the best historical
scales.

Because every term in the AMIP formalism is a well-
defined quantum-mechanical observable, the method is
parameter-free, readily implemented in first-principles
calculations, and computationally efficient. Its physical
transparency, strong agreement with both classical and
modern reference scales, and accurate treatment of the
metal-nonmetal divide establish AMIP electronegativity
as a concise and predictive descriptor of chemical bonding
and reactivity across the periodic table.

We also showcase applications of our proposed AMIP-
based electronegativity, including the classification of
metals and nonmetals, bonding classification based on
electronegativity, correlations with Lewis acid strength,
and correlations with y-ray spectral width. Recently, we
successfully  established an electronegativity-based
descriptor for hydrogen adsorption on group IV and
IITI-V two-dimensional honeycomb structures [46] using
our previously proposed scattering electronegativity [8].
Given the high coefficient of determination (R2? > 0.90)
between the scattering electronegativity and the AMIP-
based electronegativity, further promising applications of
AMIP-based electronegativity in energy research are
expected.
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