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Capacitance scaling law for diatomic molecules and prediction of their
electron detachment energies
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The variation or “scaling” of the quantum capacitances is explored for 45 diatomic molecules as a function of
their dimensions. Scaling trends in the capacitances of these diatomic molecules dictate an “atoms-in-molecules”
view of their valence energetics. That is, experimentally derived quantum capacitances for both homonuclear and
heteronuclear diatomic molecules scale linearly with the average of the mean radii for the outermost orbitals of
their component atoms. This is in accord with Maxwell’s law for classical capacitors formed from two conducting
atom-sized spheres in tangential contact. However, the scaling behavior for the molecules has some nonclassical
features. Notably, the quantum capacitances extrapolate to nonzero values at zero dimensions. Radius-capacitance
points of the homonuclear diatomics lie primarily along five scaling lines, with each determined by points for
molecules composed of atoms with the same atomic symmetry (i.e., atoms from the same column in the periodic
table). Five scaling lines for heteronuclear diatomics each are determined by points for molecules of the same
or similar molecular symmetries. The molecules’ quantum capacitances are calculated from their ionization
potentials (IPs) and electron affinities (EAs). Thus, equations or laws for the scaling lines impose mutual
consistency conditions among these electron detachment energies for different diatomics of similar symmetries.
By taking advantage of this, the linear quantum capacitance scaling laws and ab initio atomic mean radii are used
to predict IPs for two diatomics with known EAs (Ga, and SeO), but for which there is no standard value of the
IP. Similarly, the laws are used to predict EAs that were unknown or uncertain for several diatomics (Li,, LiF,

CSe, PN, BF, BCl, SiO, GeO, NClI, Ca0, SrO, and BaO) with known IPs.

DOI: 10.1103/PhysRevA.82.012508

I. INTRODUCTION

This paper establishes a fundamental scaling equation for
the quantum capacitances of diatomic molecules. Then, that
equation or law is applied to calculate ionization potentials
(IPs) or electron affinities (EAs) for diatomics in several cases
[1] where these electron detachment energies have not been
determined definitively.

For reasons that have been reviewed elsewhere [2], IPs and
EAs can be difficult to measure or calculate theoretically by
conventional approaches, even for the simplest of molecules,
diatomics. Recently, however, a simple, alternative approach
has been developed to estimate or predict EAs and IPs [3,4].
It enforces capacitance-based mutual consistency conditions
between the IP and EA of a single atom or molecule, as well
as among all the detachment energies for a series of atoms or
molecules with similar shapes and symmetry types. In that
prior work it was shown that quantum capacitances [5,6]
vary or “scale” linearly with the dimensions of molecules
in a sequence with similar structures. Further, it was shown
that the associated simple, linear scaling relation permits the
calculation of an unknown EA for a molecule in the sequence,
given its dimensions and its IP, which usually are much easier
to determine than the EA. Similarly, an unknown IP can be
calculated if a molecule’s EA is known.

Here, we demonstrate first that linear scaling principles or
laws of quantum physics also apply to diatomic molecules.
Specifically, in Sec. II, we show that the quantum capac-
itances of diatomic molecules scale linearly according to
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a quantum analog of Maxwell’s [7,8] classical scaling law
for two atom-sized spheres in tangential contact. This law
shows a previously unappreciated, physics-based correlation
among accepted diatomic electron detachment energies [1]
determined by a number of prior investigators. Then, in
Sec. III, we use that quantum capacitance scaling law to predict
unknown or uncertain diatomic IPs and EAs.

II. DIATOMIC CAPACITANCE SCALING

We begin by reporting on an investigation of the scaling
of the quantum capacitances for 45 diatomic molecules
as a function of their atomic and molecular dimensions in
cases where both the molecular IP and EA are known from
experiment. As in prior work [3,4], we calculate the quantum
capacitance C, for a neutral, many-electron quantum system
o, such as an atom X or diatomic molecule XY, using a
formula due to Perdew [5] and to Iafrate et al. [6]:

Co = 1/(10 — Ap). (D

Quantity I, is the valence ionization potential of a neutral
system o in its ground state and A, is its electron affinity (i.e.,
the ionization potential of its negative ion). If I, and A, are
expressed in the customary units of electron volts, then Eq. (1)
yields quantum capacitances in the atomic and molecular-scale
units of fundamental units of positive charge per volt, which we
symbolize as “+e/V.” For homonuclear diatomic molecules
(0 = X X), heteronuclear diatomic molecules (o = XY), and
atoms (o = X orY), Eq. (1) is evaluated here using experimen-
tal ionization potentials and electron affinities from the online
NIST Chemistry WebBook [1], except as noted in the tables.
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FIG. 1. Homonuclear diatomic capacitance scaling versus the
mean radii of the molecules’ component atoms. Quantum capac-
itances Cyx in fundamental positive charges per volt (+e/V) for
homonuclear diatomic molecules are plotted versus (r)x, the mean
radii in picometers of the highest energy occupied orbitals on their
component atoms. Values plotted are from Table I. In the graph,
strongly linear scaling is seen for the capacitances as a function of
the average of the mean atomic radii. As expressed by Egs. (3), these
trends may be interpreted in terms of a quasiclassical capacitance
model in which the molecules have the structure of two conducting
spheres in tangential contact. See Fig. 3(a). Collinear sets of points
correspond to homonuclear diatomic molecules composed of atoms
from the same column or group (Gp.) in the periodic table. Lines in
the graph are determined from regression analyses, parameters for
which are given in Table IIIA.

A. Scaling law

For both homonuclear and heteronuclear diatomic
molecules, it is discovered that the resulting experimentally
derived quantum capacitances scale in a strongly linear manner
with

Fxy = 5((r)x + (r)y). 2

This scaling variable is the average of the mean radii [3,9,10],
(r)x and (r)y, for the highest occupied orbitals on a diatomic’s
component atoms. Of course, for homonuclear diatomics this
variable reduces simply to (r)x. The linear scaling with ryy
is seen in the graphs in Figs. 1 and 2, which plot data from
Tables I and II, respectively.

In each of the graphs, quantum capacitances Cxy for
diatomic molecules XY that are characterized by a particular
symmetry type or group A scale along a regression line with
the equation

CXY = B)\.FXY + Cio) (33)
= 8megk, In2Fxy + C. (3b)

In Eq. (3a), the constant scaling parameters that characterize

the line are B, its slope, and C(O), its nonzero capacitance
intercept at zero dimensions. The latter is a quantum parameter
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FIG. 2. Heteronuclear diatomic capacitance scaling versus the
average of the mean radii of the molecules’ component atoms.
Quantum capacitances Cxy in fundamental positive charges per volt
(+e/V) for heteronuclear diatomic molecules are plotted versus 7 yy,
the average of the mean radii of their component atoms in picometers.
Values plotted are from Table II. Strongly linear scaling of Cxy with
Txy is seen in the graph, consistent with Egs. (3) and supporting
the two-spheres-in-contact model depicted in Fig. 3(a). Points for
heteronuclear diatomics with similar molecular symmetries or term
symbols X fall on the same scaling line. Lines are determined via
regression analyses, with parameters given in Table IIIB. The bold
line in the graph s fit to points (black diamonds) for ! E; homonuclear
molecules from groups I and VII of the periodic table. This reference
line indicates positions of heteronuclear scaling lines here relative to
homonuclear scaling lines in Fig. 1.

without a classical analog for an isolated capacitor [3].
Values for these scaling parameters are determined via linear
regression analysis and displayed in Table III.

In Eq. (3b), the quantity «; = B, /8m¢pIn2 is an analog of
a classical dielectric constant, but for an individual molecule
XY along the scaling line A. Values for this parameter also are
given in part A of Table III.

Equation (3b) reexpresses the quantum scaling relation in
a form that emphasizes its similarity to the classical scaling
relation C = 8mepk In2r, which governs the capacitance for
two macroscopic conducting spheres of radius r in tangential
contact [7,8]. See Fig. 3(a). The quantum scaling relation,
Eq. (3b), models two atomic spheres, both having the same
radius 7 xy, the average of the mean radii of the two atoms.

With the exception of a few anomalous points (see
Sec. IIC), Egs. (3) fit the quantum capacitance data for all
the diatomics to a very high degree of confidence. This is
seen in Table III, as well as in Figs. 1 and 2. In fact, as
discussed in Sec. II D, this model that depends on dimensional
parameters for two unbonded atoms fits the data better than
other, intuitively favored diatomic capacitance models in
Fig. 3 that depend upon molecular dimensional parameters
describing the bound atoms.

012508-2



PHYSICAL REVIEW A 82, 012508 (2010)

CAPACITANCE SCALING LAW FOR DIATOMIC ...

‘[91] "3o¥ woly IN 10 XXy,

"[ST] ‘3o woxy g J03 XX[5

‘[¥1] 39 woxy ¢y 103 XXy,

‘[1] Joy woxy Xy pue X7 Sursn (1) by e1a 10 [¢] Joy wor],
‘(1) "bg e1A XXy pue XXJ woiy pauIuLINR(,

‘[1] 3o woxq,

‘[e1] pue “[o1] ‘[6] s}y WO,

(wd A)/2+ 01 X 0SELTS S = 05 90uds 9oy Jo Arammuwiad oy saaLd siun doueiorded 9say) Suls() SPeIe] JO SIUN SYUI IRI[IWE] SI0W Y] 0] Saoue)ioeded asay) SHI9AU0D

931eyd jo jun [eyuswepuny 1d O

61—

01 X 881209°1 Aq uoneosrdnniq oA 1od 931eyd 9AnIsod Jo syun [ejuawepuny ur saduejoeded Je[nddow pue d1wole 11odar A /2+ pasiew suwno)),

-X¢ 0680 6C1°0 Y10 06’1 6'8 0SI1 097 LIT 44! EN IA
\Mwm 6580 IC1°0 €ro 0L9°1 96¢’6 Sel 601 681 Ort1 ‘s IA
-X¢ S16°0 80°0 600 8¥1°0 L690°CI [ €5¢ IC1 99 0 IA
me G180 8S1°0 LT°0 LTl €L 661 68 99¢ €91 ag A
w”f €9L°0 [4N0] 4N (41! 7’8 G8I IS 1474 €Sl s A
w”f 16L°0 1o 170 6¢L°0 001 191 9Ly 0Ic eel sy A
w”f 0LLO 01°0 oro €9°0 €601 (4! Sey 681 €Cl i A
+X ceL’o L00 900 gl'¢— 808S°CI 06 09¢ Ort1 SL N A
o - 0s1°0 81°0 €0'C L'L - - - 49! 9] Al
wwm 6SL°0 8710 81°0 [ 6L 6L1 1cs gec 8yl as Al
+X SL90 001°0 170 eLTE SI'el 601 80¢ Yl 6 D Al
Mwm LL90 081°0 S0 o'l 143 91¢ I19 YT 81 av I
-X¢ 6L9°0 Scro 910 081 51'8 6¢l €6¢ 6S1 LI1 d 111
mwﬁ L00'T Sero Sro ¥ese YLOE'6 L91 Ies L9C el a IIA
ww_ 120°1 8I1°0 ero gsC 91601 vl (494 8¢CC Cll ag ITA
mw_ 710°1 LOT°0 7o ¢ V11 74! S6¢ 661 86 €D A
+X 6¢C’ 1 12070 800 cre L69°CI SL §Y4 vl LS | IIA
mw I S0L0 0920 8C°0 L6Y°0 90t Iee SY6 (13 LLT o I
+X 069°0 81C0 o (540 68t 99¢ YSL 80¢ €CC %N I
Iz I 891°0 8L0°0 S00 J8L'S— €65 Sl 06 [4%4 YL 6L H

[oquis wrdy  X(sng/yoned  (A/e+H) XD (A/2+) XXD (A9 XXy (A9) XXJ (wd) ¢/ [2/ T, (X)) (wd) X(nHg+y (wd)y (wd) X (1) 5 do

10 ANowwkS Loueyoeded  ‘dourioeded S‘Kuyye >‘Tenuajod = b2 ‘snipex = 7 ‘pSu9| S qpSugr ‘X woje Jo S[NIJ[OIN

woje x JR[NOQ[OW Y UOMII[A TY  UONBZIUOI ¢Y juoreamnbs ¢y Je[nog[owr ¢y puoq ¢x  Sniper ues]y

‘1 '31 os[e 99§ 1eadde swoje a1oy) yorym ur 9[qe) drporrad oy Jo uwnjod 1o (*do) dnoi3 ayj 03 SuIpI0dIL PAIIPIO IR SANIJ[OJA ‘I1X9) 99§

‘uostredwoo jo sasodind 103 pepnpour a1e os[e [¢] x swoje jusuodwod ayy 10y XH soouejroedes paje[noed A[snoSofeuy "pajou se 3deoxa ‘(1] se[nosjowr ay) 10J (XXy7) sonmuyje uoxod[e pue
(XX1) srenuajod uoneziuor [eyuswiradxe uodn paseq ‘(1) *bF v1a pare[nofed axe XX jo san[eA ‘swole Jusuoduwiod 9y} Jo SNIpes ueal oY) Jo uonounj e se Jjoa 1ad ofreyo aanisod jo syun
[eIudWEPUN UT C) S[NOI[OW JIWOJBIP JE[ONUOWOY [BINAU JO Joquunu & J0j pajiodar are XX saouejroede)) So[NO9[OW OIWIOIBIP JEI[ONUOWOY J0J SUOISUSWIP pue saouejoede) [ IGVL

012508-3



PHYSICAL REVIEW A 82, 012508 (2010)

JAMES C. ELLENBOGEN

[1] Joy woid,
‘[e1] pue (011 “[6] "spo wold,
‘] 91qeL JO © 9J0Uu}00] 998,

+ & YrL0 SS1°0 8CL0 L 9T vIL So¢ S0¢ el LLT ™
+& ¥9L°0 810 L8°0 9L S1C 979 1LT 8LI el €CC TeN
+& 60L0 810 0SL°0 S'L 0T LLS 6€C 691 el S0T LS
+& 9TL0 6¢1°0 w90 S8'L (%4 1.9 8¢ 61 CIl LLT gy
+& 8YL0 €ero 88L0 €8 10T G8¢ 0S¢ L91 Cll €CC I1geN
+& G890 9110 099°0 €6 881 1439 L1CT 8CT CIl S0T gr]
+& 11L°0 8CI'0 78S°0 '8 7T w9 L9CT 881 86 LLT [I9): |
+ & 9€L0 8I1T°0 LTLO 76 €61 LSS 9¢€C 091 86 €CC [DeN
+X L99°0 111°0 €650 LS6 081 S0S 20¢C Sl 86 S0C O
+&q 0S9°0 811°0 ¥0°1 ¥$°6 L6l 1SS LIT L91 LS LLT 2D |
+X 689°0 901°0 S0 86°6 L91 Ly g6l ovl LS €Ce dBeN
+& 09L°0 060°0 S0T0 eell i 993 €Sl 101 Or1 6 SO
+& 8LLO 611T°0 L0 1'6 0S1 (9% 61 €Cl 99 181 0oaqd
+& 0LLO 801°0 8650 66 24! X474 €81 611 99 Ll ous
+X 2950 cero e 6'L S91 (A4% 651 ol 6L S0¢C H'1
-X¢ w80 601°0 eIl 6201 801 1443 1341 88 99 011 0S
+ X 20L0 L60°0 798¢ LTI 001 8¢ LTT ¥8 SL 6 NO
~Xe¢ €L9°0 6L0°0 0LE0 el 16 86¢C 01 LL SL 6L NH
Ty 808°0 0€1°0 yol'1 LS8 (8! 14%% 611 €6 011 SL SN
‘g 18L°0 LETO 60°1 6€'8 (98! LEE 341 S6 99 €Cl Ood
‘L, 9180 8010 970°0 w9T6 98 96¢ SIT 1L 99 SL ON
N\MEN 1¥6°0 LETO 8LEC 99°6 ¥l G8¢ L8I 66 99 el (0)
N\mEN 7880 €210 €6eC 901 011 gee LST 68 99 CIl old
N\m:N LYO'1 911°0 SLLTT G88°01 Y01 9¢¢ L1 78 99 86 o
L €LO'T $60°0 CcLT’T LLTI 8L Y4 el 29 99 LS od
foquiks wird)  (4(0) + X(1))/y  (A/2+) XD (A9 Xy (A9 A (wd) ¢ [¢/T(AXD]  (wd) 400) + X (1) (wd) y (wd) (wud) 4{.) (wd) X (1) AX
10 AnowwAg oney ‘Qoupyoedes  Augye  ‘renuojod = b2 ‘snipex +¥ = 7 ‘p3usy  ,SpSuop 7/ (A{4) + X(4)) ‘{ woje Jo ‘X WOl JO  [NIJ[OIN
Ie[nooour UOIOd[@  UONBZIUOL judreAmbe Ie[nos[our puoq = AXy STIPRI UBSJN  (STIPRI UBS]A
AX AX AX AX “xorddy AX

‘[1] sonosjowr 9y 10} 4Xy sanIuyje uondI[d pue 4X; srenuejod uonezuol [eyuswradxe

uodn paseq ‘(1) "bg 1A pajenores are 4X) jo sonjep ‘swoje juouodwod s[NOS[OW Y} JO 4X.u 1per ueow dFeIoAr oy) Jo uonouny e se oA Jod oSreyo aanisod jo sjun [ejuowrepuny
Ul {X SO[NO9[OW JIWOJBIP JES[ONUOIAIAY [eINau JO Joquinu e Joj pajtodar ore 4X) soouejroede)) "SO[NOJJOW OIWOJRIP JES[ONUOISIQY JOJ SUOISuswWIp pue sooueyoede) 1 AT1IVL

012508-4



CAPACITANCE SCALING LAW FOR DIATOMIC ...

TABLE III. Regression parameters and dielectric constants.
Parameters determined by linear regression from fits of diatomic
quantum capacitances to 7yy via Egs. (3). Parameters in part A
describe homonuclear capacitances from Table I that scale along
five different regression lines, according to the column or group
(Gp.) in the periodic table of the molecules’ atoms. Part B describes
heteronuclear capacitances from Table II that scale along four
different lines, according to the symmetry of the molecules’ ground
neutral states. See Figs. 1 and 2, as well as Secs. Il A and II B.

Group or Slope, Intercept, Dielectric Goodness
symmetry, B; Cio) constant,? of fit,
A [+e/(Vpm)]  (+e/V) oY R?
A. Homonuclear scaling parameters
Tand VII (! 5 9.12x 1074 0.0247  0.947° 0.998
I (32;) 1.46 x 1073 0.0124 1.520° 1
v Eg*&3 ) 9.12x 1074 0.0392  0.947° 0.998
v (‘Z;) 9.00 x 10* —0.0108  0.935° 0.999
VI (‘2;) 1.03 x 1073 0.0182 1.066° 0.999
B. Heteronuclear scaling parameters
'S+ (ah)* 4.47 x 107* 0.0443  0.464° 0.996
I$* (ox.)¢ 1.05 x 103 —-0.0155 1.091° 0.967
3% and 2%~ 2.78 x 107*  —0.135 2.888° 1.000
o 1.12 x 1073 0.0267 1.163° 0.971

3Assumes value €y = 5.526349 x 1075 +e/(V pm) for permittivity
of free space.
For two-spheres-in-contact model, k, = B, /8meyIn 2.

‘a.h. =!2* diatomics that scale like alkali-metal halides, per
Sec. I B.
dox. = 'S+ diatomics that scale like metal oxides, per Sec. I B.

B. Key features of scaling behavior

In Fig. 1, radius-capacitance points for homonuclear di-
atomics are seen to segregate themselves primarily into five
collinear sets. Each of these sets contains points that represent
molecules composed of atoms with the same aromic angular
momentum symmetry [i.e., atoms from the same “group” (Gp.)
or column A in the periodic table]. Homonuclear diatomics
composed of atoms from one group have points that fall on a
different line than homonuclear diatomics composed of atoms
from another group in the periodic table (except that points
for groups I and VII fall on the same line). Lines in the
figure are determined via linear regression analyses that were
performed separately on each of these five sets of points. The
resulting regression parameters for the homonuclear diatomics
are presented in part A of Table III.

In contrast to the homonuclear case, in Fig. 2 points for the
heteronuclear diatomics are seen to segregate themselves into
collinear sets according to the angular momentum symmetries
or term symbols A for the ground neutral states of the
molecules. There are four such sets for the heteronuclear
diatomics shown in the graph in Fig. 2, with the corresponding
lines in the graph determined via linear regression and the
regression parameters reported in part B of Table III.

It is primarily the case that each different heteronuclear
diatomic capacitance scaling line is associated with a different
symmetry type and vice versa. An exception is that the
heteronuclear diatomics of ' ¥ symmetry have points that

PHYSICAL REVIEW A 82, 012508 (2010)

(a)

e = [P (L/2)]13
(b)

(©)

(d)

=R + 2y,

FIG. 3. Four classical capacitance models for diatomic molecular
capacitors. These are (a) two spheres in tangential contact, (b) an
isoperimetric sphere, (c) an ellipsoid of revolution, and (d) a truncated
cylinder. Computational experiments in this work show that model
(a) best fits the diatomic molecule quantum capacitance scaling data
from prior experiments and ab initio calculations. See Figs. 1 and 2,
Sec. IID, and Table III. However, classical models (a), (b), and
(d) all account reasonably well for the quantum data. Model (b)
approximates model (c), because the capacitance of an isoperimetric
sphere [4] is predicted [11,12] and also found by direct calculation to
be a tight lower bound to that of an ellipsoid of revolution with the
dimensions of the diatomic molecules. Another model discussed in
the text, scaling simply with molecular length L, is not depicted here.

are segregated into at least two different collinear groups.
In Fig. 2, one group of points (+ symbols) for the 'Z+
diatomics includes those for most of the alkali-metal halide
(a.h.) molecules, as well as CS and HN; the other group
includes points (O symbols) for the metal oxides PbO and
SnO (ox.), as well as for CS and LiH.

Additionally, as noted in Table IV and Sec. IIID, the
alkaline earth metal monoxides BeO and MgO may constitute
yet a third uniquely scaling group of 'X* heteronuclear
diatomics with a fifth heteronuclear scaling line. The radius-
capacitance points for these molecules are not displayed
in the graph in Fig. 2, though, because their capacitance
coordinates are known with less confidence. They are based
on EAs from theory that are not listed in the NIST Chemistry
WebBook [1].
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Observe in Fig. 2 that the point for the CS molecule is
taken to be a member of both the alkali-metal halide and the
metal oxide ! X+ groups; the CS point lies at the intersection
of the lines defined by each. Similarly, the HN point at the
intersection of the alkali-metal halide !X+ scaling line and
the scaling line for X~ and X+ molecules is taken to
be a member of both groups. (Those intersection points are
represented on the graph by both a cross and a square or circle
that overlaps it.)

More generally, in both Fig. 1 and Fig. 2 it is seen that
there is a radius-capacitance point at or near almost every
intersection of two scaling lines. For example, in Fig. 1 the
O, point is at the intersection of three lines (the Gp. III,
Gp. VI, and the Gp. I and VII lines), while the C, point is
at the intersection of the Gp. III and Gp. IV lines. In Fig. 2,
beyond the intersections visible in the graph that occur at or
near heteronuclear radius-capacitance points, the metal oxide
'S+ line intersects the 12; homonuclear scaling line at a
point off the graph to the right that nearly coincides with the
radius-capacitance point for the molecule K, on the bold black
reference line.

It is notable in Fig. 2, as well, that this reference
homonuclear scaling line has very nearly the same nonzero
intercept with the vertical axis as the line for 2IT heteronuclear
molecules. Further, we see in Fig. 1 that three of the
capacitance scaling lines for the homonuclear diatomics are
nearly parallel. These are the lines associated with atoms
in groups I and VII, Gp. IV, and Gp. V. Such coincident
intersections, intercepts, and slopes in the plots of Cxy versus
Txy suggest a discreteness in the values of the quantum
capacitances and atomic radii.

This discreteness and most of the other qualitative features
described in this section for diatomic capacitance scaling with
respect to 7 xy also persist when scaling is considered relative
to other dimensional scaling variables for diatomics. See Fig. 3
and Sec. IID.

C. Scaling anomalies

Despite very strong linear fits of C to 7xy for most of
the diatomic molecules, as just summarized, there are some
notable exceptions. The large IP, negative EA, and consequent
small capacitance for H, places its point (x) below all the
homonuclear scaling lines in Fig. 1. Physically, this probably
is because of the H, molecule’s small number of electrons
and the similarity of its electron configuration to that of the
He atom. This makes the H, electron distribution resistant
to polarization and limits its ability to store positive charge
relative to its size.

However, the opposite tendency is observed in the radius-
capacitance points for two larger sets of exceptions to linear
capacitance scaling with 7yy. These exceptions have anoma-
lously large capacitances for their size and are represented
by the large asterisks (x symbols) in Figs. 1 and 2. In both
the homonuclear plot and heteronuclear plot, these anomalous
points represent a few heavier diatomics that (a) have total
nuclear masses greater than 100 amu and (b) also have the same
symmetry type as lighter molecules that fall along the scaling
line with the lowest overall capacitances. In the homonuclear
case this corresponds to the heavier Gp. V diatomic molecules

PHYSICAL REVIEW A 82, 012508 (2010)

and in the heteronuclear case it corresponds to the heavier
alkali-metal halide diatomics. These anomalies persist when
the capacitances are plotted versus other diatomic dimensional
variables, such as are described in Fig. 3 and in Sec. II D.

Empirically, these anomalies arise because of unusually
small IPs and large EAs for the heavy molecules, leading to
unusually large capacitances relative to the molecules’ sizes
or the radii of their component atoms. In the case of the
Gp. V homonuclear diatomic molecules, the source of anoma-
lies in Fig. 1 for Sb, and Bi, appears to be that component
atoms, Sb and Bi, also have anomalously large capacitances.
Mean radius-capacitance points for those heavy atoms likewise
lie above a scaling line for lighter Gp. V atoms [17].

A similar explanation does not seem to account for
anomalies in Fig. 2 in the case of the alkali-metal halides,
however. Atomic capacitances of Br and I would scale right
on a mean radius-capacitance line determined by lighter atoms
F and Cl. Also, capacitances for Li, Na, and K scale on a
line [3]. We have not yet found a satisfactory explanation for
the anomalies in the heteronuclear case.

D. Comparisons with alternative capacitance models

As indicated in Sec. IIA, for the preponderance of
nonanomalous diatomic quantum capacitance points it was
found that the two-spheres-in-contact model of Eqgs. (3) and
Fig. 3(a) provided the best fit to the diatomic quantum
capacitances as a function of atomic or molecular dimensions.
This was determined by comparing the goodness of fit for
Eq. (3a) with fits for regression equations associated with
several other quasiclassical capacitance models.

These other models included linear scaling with the
molecules’ isoperimetric equivalent radii [4,11,12]

Feq = [(Fxy)*L /2], 4)

as depicted schematically in Fig. 3(b). For this model, we
also verified numerically that the quantity 4megreq is a close
lower bound [11] to the capacitances of ellipsoids [4] that
have the dimensions of the molecules. [See Fig. 3(c).] Thus,
exploration of the scaling with r.q also served to explore how
well a proposed [18] ellipsoidal capacitor model represents the
behavior of the quantum capacitances of the diatomics.

Another model that was tried represented the diatomic
capacitors as truncated cylinders [8], as in Fig. 3(d). Finally,
the alternative models included one in which the capacitances
scale simply with the approximate molecular lengths,

L=R+(r)x +(r)y
= R + 2ryxy, ®)

where R is the equilibrium bond length.

All the regression models produced graphs similar in
general appearance to Figs. 1 and 2. For example, all yielded
five homonuclear and four heteronuclear scaling lines, as well
as other of the key qualitative features discussed in Secs. II B
and IIC.

However, compared with these others, the two-spheres-in-
contact model gives the highest overall values of the correlation
coefficients (R?) for the fits to the five homonuclear and four
heteronuclear scaling lines. Especially, as seen in Table III,
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this preferred model did not have any values of R? that are
much lower than approximately 0.97, as all the others did.

For example, consider the best of the alternative models,
the isoperimetric sphere or the nearly equivalent ellipsoid
of revolution capacitance model. For fits to capacitances
arising from all five groups of homonuclear diatomics, as
well as from three of the groups of heteronuclear diatomics,
the regression formula for the isoperimetric model yielded
nearly the same high R? values as listed in Table III for the
two-spheres-in-contact model. However, in the case of the
’T1 heteronuclear diatomics, the isoperimetric sphere model
was appreciably worse, giving a correlation coefficient of only
0.934. The other alternative capacitance models also worked
well for the homonuclear data, but they did not work well in
the case of one or more of the groups of heteronuclear systems.

A similar limitation is exhibited by a variant of the
two-spheres-in-contact model that uses as the dimensional
variable another isoperimetric [11,12] measure, the square
root of the sum of the surface areas of the two atomic
spheres. This explicitly represents the effect of unequal
mean radii of atoms in heteronuclear diatomics. As with the
other alternative models, this model works well for all the
homonuclear molecules, plus two groups of heteronuclear
systems. However, it does not fit the 2IT capacitances quite as
well as a fit to 7 xy and it breaks down for the molecules with
atoms most disparate in radius, the alkali-metal halide Is+
molecules, giving a fit with only R?> = 0.944. [See Sec. IIE
for a rationale why Eqgs. (3) continue to work well for the
alkali-metal halides.]

So that the reader easily can verify these comparisons,
values of the alternative dimensional scaling variables are
given in Tables I and II. Based on such comparisons, the
two-spheres-in-contact model of Egs. (3) is judged to be the
best physical representation of the diatomic capacitors.

This quasiclassical capacitance model is a kind of “atoms-
in-molecules” model in that it expresses the molecular quan-
tum capacitances solely in terms of the mean dimensions of
the component atoms. These have been rigorously determined
to high accuracy in ab initio quantum calculations [9,10,13].
This is a significant advantage in that it eliminates any need to
know the dimensions of the entire molecule, which are much
more difficult to define or determine in a rigorous manner.

E. Rationale for the two-spheres-in-contact model

An after-the-fact rationale for the success of the two-
spheres-in-contact model can be derived via a visual compar-
ison of homonuclear diatomic capacitances Cxx with values
for capacitances Cy of their component atoms. (See columns 9
and 10 of Table 1.) This comparison reveals that for most
of the homonuclear diatomics Cxx &~ Cy. Linear regression
analysis of (Cy,Cyxyx) points, excluding outliers for H, and
Al,, confirms this observation: Cxxy = 1.101Cx + 0.002, with
a correlation coefficient of R? = 0.963. Based on these
observations, one might say that it is no surprise that Cxx
should scale linearly with (r)x in the homonuclear case,
because we have shown previously [3] that Cx does. By
this a posteriori reasoning, one might see the strong linear
correlation of Cxy with 7 xy in the heteronuclear case simply as
a consequence of the fact that this dimensional parameter cre-
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ates an underlying homonuclear-type two-spheres-in-contact
capacitance model for the heteronuclear species, involving
two model pseudoatoms of equal radius 7 xy.

The initial hypothesis of this work was, however, that the
molecular capacitance scaling would depend most strongly
on molecular dimensions. Much investment of effort was
made in testing models with that feature. The now-preferred
two-spheres-in-contact model was tested as a last option. The
author still sees as remarkable the consequence of this model
having proven so accurate in representing the capacitances of
diatomic molecules in terms of their atoms’ mean radii. The
consequence is that such fundamentally molecular properties
of diatomics as their electron detachment energies also appear
to be dependent on purely atomic dimensional parameters.
This consequence is applied in the next section.

III. PREDICTIONS

In this section, it is demonstrated that the quantum
capacitance scaling trends observed in Sec. II for diatomic
molecules with known electron detachment energies can be
applied to predict or estimate unknown or uncertain diatomic
electron detachment energies with reasonable accuracy. It also
is shown that these trends can be used to assess the consistency
of individual IP or EA values with other detachment energies
determined for the same or related diatomic species.

Predictions of previously unknown or uncertain diatomic
IPs and EAs are given in Table IV. The equations and steps for
making these predictions are detailed in the next two sections.
A critical analysis of these predictions is given in Sec. III C.

A. Diatomic ionization potentials

For the diatomics Ga, and SeO, the NIST Chemistry
WebBook [1] does not list an IP. In each case we are able to use
the capacitance scaling laws to predict the IP via the following
approach. Equation (1), with o = XY, may be solved for Ixy
in terms of Axy and Cyy. Then, the strong linear fit of Cxy to
7 xy for the homonuclear and heteronuclear diatomics permits
us to eliminate Cxy in favor of the right-hand side of the
regression equation (3a), as follows:

1
Ixy = Axy + — (6a)
Cxy

= Axy + (6b)

B;rxy + Cio) .

By using Eq. (6b), it becomes a simple matter to predict the
IPs of diatomic molecules, such as Ga, and SeO, for which
the capacitance scaling parameters and the EAs are known.

For example, since Ga, is composed of atoms from Gp. III
of the periodic table, we take the corresponding values from
Table IIIA for the scaling parameters B; and Cio), along with
the NIST Chemistry WebBook value of Ag.ga = 1.60 eV, which
also is reported in the second line of column 10 in Table IV.
Substituting these values in Eq. (6b), one obtains Ig,ga =
5.56 eV, as listed in the second line of column 9 in Table IV.

Similarly, since the symmetry of heteronuclear SeO is A =
3% ~, one uses in Eq. (6b) the scaling parameters for the 3~
and 23X~ molecules from Table IIIB, along with the value
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of Axy listed for SeO in column 10 of Table IV. The value
obtained, as listed in column 9 of Table IV, is Is.o = 9.4 eV.

B. Diatomic electron affinities

A number of diatomics listed in the NIST Chemistry
WebBook [1] have IPs tabulated for them, but no EAs. To use
capacitance scaling to make predictions of these previously
unknown or uncertain diatomic EAs, we derive analogs of
Egs. (6) that evaluate Ay based upon capacitance scaling:

1

Axy = Ixy — — (7a)
Xy Xy Crr

1

S — (7b)
BiFxy +CY

= Ixy —

As in the case of Egs. (6), these equations follow from Eqgs. (1)
and (3a).

In a fashion similar to the IP calculations just described,
Eq. (7b) is evaluated to predict values of Axy, using data from
Tables IIT and I'V. Such calculations are performed here for the
homonuclear diatomic molecule Li, and the heteronuclear di-
atomics LiF, CSe, PN, BF, BCI, SiO, GeO, NCl, CaO, SrO, and
BaO. The predicted values of their EAs are listed in column 11
of Table IV.

However, for several of the heteronuclear diatomics of ' X+
symmetry there is ambiguity as to which of the two scaling
lines for that symmetry their capacitance scaling points should
lie upon. For this reason, we calculate and list in Table IV
the EAs that would arise from both choices. However, in the
footnotes to the table and in Sec. III C we attempt to resolve
some of these ambiguities. Also, for a few of the molecules of
interest, there is more than one plausible choice for the IP [1].
In those cases, we used Eq. (7b) to predict the EAs that would
arise for all those plausible choices. All these results for Axy
are given in column 11 of Table IV.

In cases such as BF where the capacitance-based method
predicts a negative EA, no matter which scaling line is chosen,
we believe this indicates that the extra electron on the anion is
unbound (or only very weakly bound). We have no evidence,
though, that the absolute magnitudes of our negative EA
predictions are accurate.

C. Comparison of predictions here with results
from other sources

For consistency and to ensure that our major results are
based upon the most widely accepted and widely available
data, we have employed in our analysis to this point electron
detachment energies obtained almost exclusively from the on-
line NIST Chemistry WebBook [1]. However, for thoroughness
and as an important cross-check, in Table V and in this section
we compare our predictions of diatomic electron detachment
energies in the upper portion of Table IV with theoretical
predictions and experimental measurements that have been
compiled in two additional authoritative, though less widely
available compendiums: (a) a 2002 review by Schaefer and
his collaborators [21] of molecular electron affinities from
experiment and theory and (b) the 1997 Diatomix Database of
IPs, EAs, and other data about diatomic molecules compiled
by Simons and his collaborators [19].
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In the first three lines of Table V is seen a comparison of our
ionization potential predictions for Ga, and SeO, as well as our
electron affinity prediction for the diatomic molecule Li,, with
values given in the two compendiums just cited. Both of our
IP predictions are seen to be in reasonably good agreement
with the experimentally derived values. Likewise, our EA
prediction for Li, is seen to be in reasonable agreement with
the theoretical and experimental values from the alternative
sources. This agreement is particularly notable given how little
computational work is necessary to obtain our predictions,
compared with the much greater effort required to obtain the
comparable values listed in the other sources.

It also is seen in the last two lines of Table V that our
prediction of the EA of SiO using the 'X* alkali-metal-
halide-type (a.h.) capacitance scaling parameters falls within
the range of other theoretical predictions of this quantity, which
vary considerably. In contrast, our prediction using the ' X+
metal oxide-type (ox.) scaling does not fall in the range of
those other predictions. This suggests that the quantum
capacitance of the !X+ neutral SiO molecule scales on the
line with the alkali-metal halide diatomics, not on the scaling
line with the metal oxides. This “preferred” alkali-metal halide
scaling is indicated via note d in Table IV. It is not clear yet,
though, how one would discern this counterintuitive preferred
scaling a priori, with high confidence. Thus, our effort at
prediction for SiO itself is only partially successful.

However, the fact that SiO probably scales on the alkali-
metal halide scaling line suggests strongly that GeO does,
as well (since Ge is immediately below Si in the same
column of the periodic table). Thus, the additional theoretical
guidance in selecting the scaling line for SiO enables us
to select a preferred scaling for GeO, also, and thereby
assert, from the two GeO results in Table IV, that the
electron affinity of GeO is Ageo = 0.35 eV. This is a
quantity for which there is no prior theoretical or exper-
imental value listed in the major authoritative reference
works [1,19,21,29].

For PN, the lack of agreement with experiment seen in
Table V for our EA predictions from Table IV seems, at first,
to rule out both the alkali-metal-halide-type scaling and the
metal-oxide-type scaling. (See the first two lines listed for
PN in Table V.) However, in the third and fourth lines listed
for PN in Table V we see that predictions within the error
bounds of the experiment result for both scalings if a smaller,
adiabatic value [19,27] of Ixy is used to calculate Ayy via
Eq. (7b).

Finally, in the fourth line of Table V, it is troubling that
our capacitance-based prediction of 1.58 eV for the EA of
LiF is so far from agreement with a theoretical result of
0.36 eV due to Gutsev et al. [20] that is judged elsewhere [19]
to be accurate. The discrepancy of approximately 1.2 eV
with our calculation via Eq. (7b) could not be reconciled by
taking into account the small variations in the values given for
the LiF IP, as determined by different methods and listed in
different sources [1,19]. On the other hand, our prediction of
the EA for LiF is consistent with the lower bound of 1.35 eV
for the EA that appears online in the NIST WebBook [1,30].
Additionally, the scaling trend upon which we base our
prediction arises from a fit with high confidence (R? = 0.996)
to points representing many of the lighter alkali-metal halide
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TABLE V. Comparison of electron detachment energies predicted
in this work with theoretical and experimental values compiled in
the Diatomix Database [19] and by Rienstra-Kiracofe ef al. [21]. For
diatomics having alternative values listed in these compilations, those
are compared to values predicted in this work and listed in Table I'V.
In other cases, no authoritative alternative values are readily available.

Diatomic Scaling This Other
XY line work theory Experiment
Tonization potentials, Ixy, in eV
Ga, Gp. I %) 556 594+0.2¢
SeO 3%- 9.4 9.940.3%
Electron affinities, Axy, in eV
Li, Gp. I(! 2;) 0.39 0.431°¢ 0.437 4 0.009¢
LiF IS *(a.h) 1.58 0.36°
PN IS*(@h.) 0.59 0.3240.20"
IS+ (ox.) 0.61
'Y +(a.h.) 0.12¢
12+ (ox.) 0.14#
SiO IS*(@h.) 0.64  0.11-0.75"

IS*(ox)  1.20

“Experimental value from Refs. [19,22].

bExperimental value from Refs. [19,23].

°Other theory result from Refs. [19,24].

dExperimental value from Refs. [21,25].

¢Other theory result from Refs. [19,20].

"Experimental value from Refs. [19,26].

£ Alternative prediction uses adiabatic IP = 11.41 eV from Refs. [19,
27]; yields EA result within error bounds of experiment.

"Other theory results from Refs. [21,28].

molecules, as seen in Fig. 2. Thus, this scaling line should
provide a strong mutual consistency condition for the IPs
and EAs of all the light alkali-metal halide molecules. By
those standards, Gutsev’s value of 0.36 eV for the EA of
LiF seems to be too low. It is inconsistent with the generally
accepted values for its IP and with the electron detachment
energies of the other light alkali-metal halide diatomics. This
inconsistency suggests that further experimental or theoretical
effort to verify the EA (and, possibly, the IP) of LiF might be in
order.

D. Further predictions of electron detachment energies
based on data from other sources

By taking advantage of electron affinity values listed in the
supplemental sources described in the last section, we also
were able to determine provisionally, from only two theory
points, an additional, fifth quantum capacitance scaling line
for the heteronuclear diatomics. The line describes scaling of
the capacitances for the ' 2+ alkaline earth metal monoxide
diatomics BeO, MgO, CaO, SrO, and BaO. Parameters for this
scaling line were evaluated using the known IPs and EAs of
just the two lightest molecules in this sequence, BeO and MgO.
(See the fourth and fifth lines from the bottom of Table IV.) The
BeO and MgO IPs there were taken from the NIST Chemistry
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WebBook [1], but the EAs for these two species, as calculated in
earlier theoretical work [20], were obtained from the Diatomix
Database [19].

Then, we used in Eq. (7b) the scaling parameters and
the known [1] IPs for the heaviest three molecules in this
sequence, CaO, SrO, and BaO. Thereby, in the last three lines
of Table IV we predict the otherwise unknown EAs for CaO,
SrO, and BaO. Values for their EAs do not seem to be available
elsewhere in the literature [1,19,21,29].

IV. SUMMARY AND CONCLUSIONS

In this paper, we have used diatomic ionization potentials
and electron affinities from standard tables [1], along with
atomic mean radii from ab initio calculations [9,10,13], to
extend to diatomic molecules recent demonstrations that atoms
and molecules behave much like classical capacitors. As has
been shown for atoms [3] and organic molecules [4], quantum
capacitances of diatomic molecules vary linearly with the
tiny systems’ dimensions, much like the classical capacitances
of macroscopic conductors. For diatomics, this quasiclassical
behavior was shown to conform with Egs. (3).

From Egs. (3), diatomic molecular properties that usually
are thought to depend upon the character and dimensions of
the bonded assembly of atoms, appear to depend simply on
the dimensions of the unbonded atoms. The capacitance model
of Egs. (3) treats the diatomic molecule as two unperturbed
atom-sized spheres in tangential contact. For 45 diatomic
molecules, this empirically dictated ‘“‘atoms-in-molecules”
type model proves highly accurate and better than intuitively
favored models with more explicit dependence on molecular
dimensional parameters, such as the bond length.

The linear equations or laws of quantum capacitance
scaling associated with this model imply mutual consistency
conditions, Egs. (6) and (7), among the ionization potentials
and electron affinities for diatomic molecules of similar
symmetries. Equations (6) have been used here to predict IPs
for two diatomics with known EAs (Ga, and SeO) but for
which there is no standard value of the IP. Similarly, Eqgs. (7)
have been used to estimate or predict EAs that are unknown or
uncertain for several diatomics with known IPs (Li,, LiF, CSe,
PN, BF, BCl, SiO, GeO, NCI, CaO, SrO, and BaO). These
predictions all are presented in Table IV.

Having thus demonstrated the utility of linear quantum
capacitance scaling laws, as well as their ubiquity, it is
important to ask why or how such fundamental simplicity
should prevail amidst the apparent complexity in most other
aspects of many-electron quantum mechanics. This question
shall be explored in future investigations.
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