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Valence State Atoms in Molecules. 5. Universal Scaling of the Inner Branch of Fifty RKR
Potential Energy Curves. Comparison of the Valence State, Morse, and Rydberg Curves
Devon O. Niel Gardner and Laszlo von Szentpdy*
Department of Chemistry, Usrsity of the West Indies, Mona, Kingston 7, Jamaica

Receied: June 8, 1999

Achieving an unprecedented degree of universality, the valence state potential energy curREE)S
reproduces the inner branch of 50 “experimental” RKFECs to an accuracy of 1.14% average unsigned
deviation. The scaled RKR curves of 50 molecules with calculated partial charges, & 0.9, coalesce
into virtually a single curve in the Coulsetfischer range, 0.R. = R < 1.5R,, when plotted againglys =
(R — Ro)/Re, With z = aV/2B2. The ground-state dissociation ener@Qy can be predicted from the
equilibrium spectroscopic constants, Be, a. and the calculated VS promotion energy.

1. Introduction atom-in-a-molecule (AIM) devoid of all wave interference
In the previous parts of this serigs] the foundations of the  effects. We discuss the differences between a free atom in its
valence state atoms-in-molecules (VSAM) model have been ground state and a VSA following Ruedenberg’s analysis of
developed and illustrated by several applications pertaining to chemical bonds and AIM&. Describing the molecule in terms
the electronegativity (EN) and chemical hardness of valence of reduced density matric@s26 Ruedenberg separated the
state atoms and groups in moleculésthe universal VS effects bonding has on the one-particle densfty and the two-
potential energy functici?-°with its transferable force constant  particle density, or electron-pair densityry, r»). In the process
increments, and the gas-phase electrophilicity of atoms andof defining the VS, an intermediate reference state of the atoms
molecules’®We now report our results on the scaling properties forming the molecule is constructed. This promoted state PS
of the VS potential energy curve (V&EC) and its performance  has the same one-particle density matrix as the true correlated
in reproducing the inner (or repulsive) branch Rydbeigein— ground state of the molecule, but it contains no prejudicial
Reeg (RKR)>® potential energy curves. information concerning electron correlation. The PS energy is
The detailed form of the repulsive branch of the diatomic apove that of the ground state of the atom, since any deformation
potential energy curve is important for atomic and molecular of the ground state density requires energy. To proceed from
collision processe¥,the band shapes, and Frand®ondon  the PS to the reference VS, further modifications are needed,
factors of electronic specftal! and, of course, the vibrational  pt they involve changes in the two-matrix only while keeping
or nuclear wave functions of the stationary molecular states. It the one-matrix as it is in the P4 The VS accounts for the
also influences adhesion, cohesion, and chemisorption wherejncreased on-site pair density of the AIM caused by “sharing

similar potentials are operativé.The theoretical importance penetration” or the presence of “ionic structuréThus, the
of the repulsive terms and the different behavior of the various vsa is described by its electron densitys = pPs and pair

PECs at small and very small distances have been repeatedlyjensityz¥s, which simultaneously fulfill

emphasized® 18 Varshni® and Tellinghuisel quantitatively

assessed the performance of a number of PE functions in _ vs i

predicting the inner branch. Jeaad Brand used their reduced Pmol = ZPA te @
potential curve methd@82°for extrapolations of RKR data on

the repulsive branch. Frost and co-worRérand Nalewajski

and Par¥® have discussed in detail the necessity for PE functions

to approach positive infinity as the internuclear distance reaches vs i

R= 0. The VS-PE functior-3is among the select few to satisfy Mol = zﬂA + 2)

this criterion. Most of the well-known empirical functions

including Mors@&! and Rydberg fail to approach infinity aR _ _ _ o

= 0. A comparison of the performance of the reduced-¥g, p' and ' are the interference contributions i and zmol,
Morse, and Rydberg functions f®® < R., the equilibrium respectively, and the summation is over all atdn3he VSAs
internuclear distance, is used here to assess the impact of thig'® generated by a dissociation process during which the
criterion and to compare their abilities to predict the outer branch interference-free densitigs® and* are kept “frozen” at the

of the PEC based on a computed inner branch. FurtherValuesthey have inthe molecuiet2* During such dissociation,
comparisons up toR < 1.5R,, which may be called the all overlap-dependent interference densities vanish but the
Coulson-Fischer rang@3 evaluate the theoretical suitability of ~sharing penetration remains constant. The VS energy is higher

the VSAM model. than the PS energy due to the additional on-site sharing
o penetration retained from the molecule. On the basis of the bond
2. Methods of Investigation analysis of Coulson and Fisch@rpVsS andzVS are expected to

2.1. Valence State Atoms and Potential Energy Curves.  remain quasi “frozen” up toR < 1.5R.. Thus, the real
A valence state atom (VSA) is conveniently described as an dissociation process will differ from the one generating VSAs
- )
* To whom correspondence should be addressed. Present address: Institu{ﬁr R 15Re Recently one of US, (Szenllp_;a has Conde.nsed. .
fiir Theoretische Chemie, UniverdiBtuttgart, Pfaffenwaldring 55, D70569 e essential steps of Ruedenberg’s analysis into a semiempirical
Stuttgart, Germany. valence state atoms in molecules (VSAM) model of bondirfg.
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TABLE 1: Spectroscopic Constants, VS and Ground State
Dissociation Energies for Diatom3

Gardner and Szentjya

TABLE 2: Spectroscopic Constants and Operational VS
Dissociation Energy

partial b molecule 18 a/cm? Fobs Dys (ae)/eV  Dys@/Dys
molecule  charge/d| R/A kdeV A DJeV  DysleV Homonuclear
Homonuclear Hz 3076 0.609 10.81 0.968
Ha 0 0.7413 35.94 4.747 11.17 Li, 7.040 0.911 4.119 1.196
Li, 0 2.673 1.576 1.056 3.443 Na 0.868 0.963 3.516 1.155
Nap 0 3.079 1.071 0.735 3.042 Kz 0.212 1.036 3.037 1.229
Kz 0 3.924 0.613 0.520 2.472 Rby, 0.045+0.01 0.8+0.2 278+ 0.9 1.23+0.3
Rb, 0 4.175 0.521 0.492 2.338 Cs 0.023 1.18 2.64 1.22
Cs 0 4.648 0.434 0.453 2.164 Cy 17.65 1.648 20.71 0.926
C 0 1.312 59.47 6.27 22.36 Si, 1.350 2.013 11.25 0.993
Sip 0 2.246 13.47 3.242 11.33 N2 17.81 1.752 32.86 1.034
N2 0 1.098 143.25 9.906 31.79 P, 1.420 2.008 20.69 1.049
P, 0 1.894 34.75 5.08 19.72 (o)) 15.93 2.008 17.76 0.886
0O, 0 1.207 73.45 5.213 20.05 S 1.570 2.174 15.92 1.051
S 0 1.889 29.1 4.414 15.15 Cly 1.530 2.395 11.07 1.058
Cl, 0 1.988 20.13 2,514 10.47 Bro 0.313 2.565 10.41 1.138
Brz 0 2.281 15.397 1.991 9.15 I 0.114 2.914 8.752 1.019
I2 0 2.666 10.764 1.556 8.59 Hydrides
Hydrides LiH 216.5 0.898 6.055 1.02
LiH 0.473 1.596 6.404 2.515 5.933 NaH 135.3 1.100 5.263 1.00
NaH 0.498 1.887 4.878 1.98 5.26 KH 94.39 1.328 4.43 0.955
KH 0.571 2.240 3.52 1.83 4.64 RbH 70.71 1.213 4.951 1.095
RbH 0.587 2.367 3.216 1.808 4.52 CsH 66.95 1.356 4.469 1.023
CsH 0.615 2.494 2.923 1.834 4.37 MgH 185.8 1.364 5.829 0.842
MgH 0.34 1.73 7.969 1.362 6.92 CaH 97.00 1.147 7.124 0.964
CaH 0.45 2.003 6.11 1.78 7.39 CH 530.0 1.210 9.728 1.023
CH 0.08 1.124 27.95 3.65 9.51 SiH 219.0 1.325 8.689 1.101
SiH 0.3 1.52 14.95 3.185 7.89 NH 644.0 1.281 10.42 0.993
NH 0.006 1.037 37.25 3.63 10.49 OH 714.0 1.248 12.19 1.02
OH 0.175 0.971 48.39 4.62 11.95 SH 270.0 1.326 11.82 1.233
SH 0.023 1.345 26 3.547 9.585 HF 795.8 1.250 13.50 0.99
HFe 0.415 0.9168 60.24 6.12 13.54 HCI 307.2 1.365 12.80 1.213
HCIe 0.179 1.275 32.23 4.617 10.55 AgH 201.2 1.420 6.99 1.031
AgH 0.287 1.618 11.38 239 6.78 Same Group Heteronuclear
Same Group Heteronuclear LiNa 3.776 1.130 3.207 0.998
LiNa 0.034 2.885 1.306 0.876 3.214 ICI 0.536 2.633 10.16 1.063
ICI 0.151 2.321 14.89 2177 9.555 IBr 0.197 2.734 9.595 0.950
IBr 0.098 2.469 12.91 1.834 10.11 Sulphides and Oxides
Sulphides and Oxides CSs 5.920 1.886 22.12 1.036
Cs 0.196 1.535 53.12 7.435 21.35 SiS 1.470 1.994 19.34 0.994
SiS 0.38 1.929 30.91 6.466 19.34 NO 17.80 1.944 22.67 0.995
NO 0.163 1.151 99.85 6.614 22.78 SO 5.736 2.115 18.19 0.970
SO 0.173 1.493 51.78 5.427 18.76 SeO 3.23 2.272 16.34 0.932
=e0 0.214 1.648 4101 4.59 17.54 Metal Halides, Oxides, and Sulphides
Metal Halides, Oxides, and Sulphides LiF 20.29 1.700 7.425 0.950
LiF 0.822 1.564 15.48 6.0 7.82 NaF 4.559 2.134 6.368 0.965
NaF 0.844 1.926 10.99 4.98 6.59 NaCl 1.625 2.076 6.076 1.064
NaCl 0.814 2.361 6.788 4.29 5.71 BeF 17.60 1.676 12.92 0.972
BeF 0.625 1.361 35.06 6.24 13.29 MgF 4.480 1.999 9.953 0.936
MgF 0.708 1.750 19.49 4.67 10.64 AlF 4.984 2.220 10.85 1.175
AlF 0.785 1.654 26.42 6.94 9.23 GaF 2.864 2.298 9.683 1.158
GaF 0.782 1.774 21.26 6.021 8.36 GaCl 0.7936 2.152 8.564 1.215
GaCl 0.743. 2.202 1141 4.955 7.05 AgClI 0.596 2.256 8.797 1.380
AgCl 0.556 2.281 11.58 3.241 6.563 BeO 19.0 1.728 16.04 0.930
BeO 0.455 1.331 46.94 5.242 17.24 MgO 5.0 1.984 11.192 0.785
MgO 0.536 1.749 21.77 3.398 14.25 PbS 0.435 2.30 14.23 1.090
Pbs 0.446 2.287 18.77 3.517 13.07

a Experimentala. values are from refs 33, 34, 46, and 47.
aExperimentalR,, ke, and D. are from refs 33, 34, 46, and 47.

b Conversion factor: eV A2 = 16.02 NnTZ. 5% and 10% s character
was used for F and CI in the calculation of VS for HF and HCI,
respectively.

active valence orbital anB(A) the ground-state energy of the
free atom. The energysJ = P° per atom and bond is needed
to reach the MO theoretical VS of the neutral atbfizor polar
To achieve a maximum degree of universality in the treatment molecules, however, the VS correspond to partially charged
of AIMs, it is necessary to take the sum of their VS energies as atoms. At the RHF level, even slightly polar molecules dissociate
the reference zero energy of the molecule. The theoretical into ions. Thus, the one-electron densiti#8 and pair densities
significance of the VS energy of a single bonded homonuclear 'S do not, in general, remain constant along the RFEC.
diatomic molecule manifests itself in the restricted Hartree  In fact, the RHF dissociation limit coincides with the VS energy
Fock (RHF) model. At large internuclear distanc&s* Re), for the homonuclear case only. The concept of Valence State
the RHF-PEC of the diatonA; approaches has been extended to charged AlMs by the introduction of the
following semiempirical conditions: (i) the partial chargeés
e are calculated from VS electronegativity equalization (VSENE)

UR) = 2[EW) + )] — g—x @ as

Oy = Z(Xxo - XYO)/(‘JX +Jy) (4)

wherelJ is the two-electron one-center repulsion energy of the
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Figure 1. Percentage Deviation of Morse, Rydberg, and®PECs from RKR data shown for hydrogen (repulsive branch only). Other homonuclear

molecules show similar trend.

TABLE 3: Repulsive Arm (R = R.) of the Potential Energy
Curve for H»,

TABLE 4: Repulsive Arm (R =< Re) of the Potential Energy
Curve for HF

reduced reduced
distanceR/Re RKR¥eV VS/eV Rydberg/eV Morse/eV distanceR/Re RKR?¥/eV VS/eV Morse/eV Rydberg/eV
8.22471 ﬁ.gég ﬁ.ggg ggﬁ %-?SS 0.678 6.079 5.802 5.217 4.962
0.561 4522 4.464 3.526 3.670 0-680 2.992 2139 >.164 4.913
0267 1397 1998 3313 3279 0.682 5.868 5.626 5.069 4.824
0573 1131 1008 3575 37431 0.685 5.711 5.476 4.943 4.707
0.583 3.88 3.831 3.089 3.232 0.688 5.527 5.303 4.796 4.570
0.592 3.596 3.579 2.911 3.042 0.692 5.317 5.108 4.631 4.416
0.606 3.28 3.242 2.669 2.784 0.697 5.084 4.888 4.444 4.241
8.25& g.ggg g.ggg S.ﬁg %g%g 0.702 4.830 4.647 4.237 4.049
. . . . . 0.708 4.555 4.388 4.014 3.840
0.660 2.16 2.141 1.840 1.906
0.715 4.260 4.109 3.773 3.613
0.687 1.73 1.713 1.501 1.549
0.723 3.947 3.811 3.513 3.369
0.722 1.272 1.257 1.126 1.157
0.770 0.785 0.778 0.716 0.732 0.731 3.614 3.495 3.235 3.108
0.854 0.269 0.269 0.258 0.261 0.741 3.262 3.159 2.939 2.828
1.00 0 0 0 0 0.752 2.892 2.805 2.623 2.530
) ) ) ) 0.765 2.502 2.431 2.286 2.210
aRKR data obtained from Weissman, S.; Vanderslice, J. T.; Battino, 0.781 2.093 2.039 1.930 1.871
R. J. Chem. Physl963 87, 2226. 0.800 1.664 1.625 1.549 1.506
0.823 1.215 1.190 1.145 1.117
. - L . 0.856 0.745 0.733 0.712 0.699
x° is the EN of the _neu_tral VSA_s. (ii) _The additional on-site 0.910 0.954 0.251 0.247 0.245
electron pair repulsion in a partially filled valence orbital is 1.00 0 0 0 0

modeled as/4n?J (with n = 1—0 being the population of the
orbital),}2 (iii) J=1 — Alis the difference between the valence
orbital ionization energy and the corresponding electron affinity
A. (iv) The promotion may involve the energy for isovalent or
interconfigurational hybridizatioEnyy, the promotion energy
to the barycenter of the spirorbit split states is included in
Enyb (V) The promotion energies are summed over all bonding
valence orbitals for multiple bonds.

For single-bonded polar diatoms we find the VS promotion

energy, i.e., the difference between the energy sum of the VS

atoms and that of the ground-state atom$, as

SP =P +P =Py + Py +E =S Eyt
- 0334 (5)

The electronegativity equalization enerBy is negative

EX = _(Xxo - %yo)zl(‘]x + ‘Jy) (6)

aRKR data from F. JehdPrivate communication.

and reduces the VS promotion energy due to charge trahsfer.
It should be noted, however, that the failure to refer to the
appropriate VSs leads t6, values amounting to just 50% of
those from eq 67 for detailed discussions see refs 1, 2, and 4.
For a diatomic molecule, the VS dissociation energy is

Dys =D+ P’ @)
with De the ground-state dissociation energy.

The universal VS function was formulated in accordance with
the following asymptotic properti€s? (i) The RHF—PECs of
homonuclear diatomics are asymptotically proportional & 1/
The VS energies are conceptually related to the RHF model in
the homonuclear case. Further arguments for a covalRnédh
have been given by Borkman and P&and Sandersof?. (ii)

A 1/R attraction is needed for ionic molecules in order to
represent the predominance of the Coulombic energy. The
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TABLE 5: Repulsive Arm (R = R,) of the Potential Energy
Curve for LiH

reduced
distanceR/Re RKR¥eV VS/eV Morse/eV Rydberg/eV

0.643 2.253 2.300 2.041 1.943
0.644 2.221 2.290 2.033 1.936
0.646 2.175 2.255 2.004 1.909
0.649 2.119 2.195 1.955 1.863
0.653 2.054 2.119 1.893 1.805
0.658 1.980 2.034 1.822 1.739
0.663 1.899 1.943 1.746 1.668
0.665 1.867 1.910 1.718 1.642
0.672 1.761 1.800 1.626 1.555
0.680 1.650 1.684 1.528 1.464
0.688 1.533 1.564 1.425 1.368
0.698 1.412 1.439 1.318 1.266
0.708 1.285 1.308 1.205 1.159
0.720 1.153 1.173 1.086 1.047
0.733 1.017 1.033 0.962 0.930
0.748 0.875 0.888 0.832 0.806
0.765 0.728 0.738 0.697 0.677
0.786 0.576 0.583 0.555 0.540
0.812 0.418 0.423 0.406 0.397
0.848 0.255 0.258 0.250 0.246
0.906 0.087 0.087 0.086 0.085
1.00 0 0 0 0

aRKR data from Vidal, C. R.; Stwalley, WI. Chem. Phys1982
77, 883.

TABLE 6: Repulsive Arm (R = R¢) of the Potential Energy
Curve for NaF

reduced
distanceR/Re RKR¥eV VS/eV Morse/eV Rydberg/eV

0.682 6.259 6.525 4.054 3.860
0.709 5.028 4.861 3.188 3.051
0.737 3.661 3.570 2.464 2.370
0.764 2.618 2.574 1.865 1.802
0.791 1.826 1.812 1.375 1.335
0.819 1.238 1.236 0.979 0.955
0.824 1.142 1.140 0.910 0.889
0.832 1.005 1.005 0.813 0.795
0.846 0.804 0.808 0.667 0.653
0.928 0.132 0.134 0.124 0.122
0.996 0 0 0 0

aRKR data from F. JendPrivate communication.

appearance of R/attractive term is, therefore, a unifying feature
in the formulation of a universal V\SPEC. (iii) A screened
Coulombic potential, proportional to ®Yexp(—AR), is suitable
for the repulsive part as it behaves correcthRat> 0 and may
be scaled to fulfill the virial theorem.

The VS-PE function is

U(R) = —(C/R) + (T/IR)exp(—iR) (8)

The parameters;, T, and/, are fitted toRe, ke, andU(co) —
U(Re) = Dys, thence
IR, = kRDys =z

and
9)

are obtained. The parametéris transferable and obeys the
arithmetic mean combining rufeln accordance with Coulson
and Fischer’s results the VS-PE function is expected to be
an effective model for the RKR curves up B< 1.5R.. The
advantage of introducing as the sole species dependent
parameter manifests itself in the dimensionless form of the
universal VS-PE function?

C=DyR(1+7ZH
T= DvsReZileZ

—1—z+expz9
z(s+1)

u(s) = (10)

s = (R — RJ)/Re is the reduced internuclear displacement and

Gardner and Szentjya

u(s) = U(s)/Dys, the reduced potential. The derivatives at its
minimum, u(0) = 0, are

n—1

u™(©) = (-1)"n! (11)

4(i + 1)

forn = 2.

The most important higher spectroscopic constants, i.e., the
vibration—rotation coupling constant. and the anharmonicity
constantiexe with their preferred dimensionless formulatiéhs
F = aee/6Be? andG = 8Vexd/Be are very simple functions af

F=23 (12)

G=273+6z+3 (13)
Varshni and Shukla have tested the related ionic two-parameter
PEC (Hellmann PEC) witlC = €¥/4ne, for the alkali metal
hydrides'* Due to their choice of an ionic scaling factor
involving €’/4meoRe, the expressions foF and G are rather
cumbersome for the Hellmann potential.

2.2. Operational ParametersDys® and Z®. While ke and
Re are experimental value§ys (and thusz) depends on the
amount of hybridization attributed to the VS atoms. The EN
and, to a lesser extent, electron repulsion endrgye functions
of the hybridization, therefore the partial chargeeq 4 and
promotion energy, eq 5, change with hybridization. Similarly,
Enb Of the VSA is a direct function of the degree of
hybridization. Several analyses of chemical bonding in terms
of hybridizatior$ and a comparison of the Mulliken and Pauling
EN scale® have generated rules for estimating the hybridization
according to groups in the periodic system. Such rules have
been successfully applied to the VBEC?22 Nevertheless, each
given molecule may demand a detailed investigation because
additional factors can have a bearing@ys. These are primarily
the spin-orbit interaction, the inert-pair and other relativistic
effects in molecules formed by heavy atoms. The importance
of these effects oBys and the shape of the PEC can be checked
by an operational procedure intrinsic to the VIBEC ansatz.
The combination of egs 9 and 12 and the expression iaf
terms ofBg, 7, andoe shows

_kR__hor _ ade
Dys  2BDys 2B2

z (14)

which allows us to introduce an operational definition for the
VS dissociation enerdy

DY B,
Y (15)

e

Thus, the spectroscopic constarg, ¥, and o, representing

the first, second, and third derivatives Wfat R, operationally
determine the entire three parameter~W&EC of any diatom.
Nalewajski>¢and later TellinghuiséA1’took a similar approach

to the Morse and Rydberg functions, denoted Rs ke, o]
functions. Such reparametrizations have been helpful, since some
of the dissociation energies for diatoms are not known with the
desired degree of accuracy. Frequently, g values are
extrapolated from BirgeSponer plots, calculated or at worst
not known to any appreciable accuracy. Fortunately has
become available for many more molecules and even to a higher
accuracy than the anharmonicity constaat.3334The previous
concerns of overcongestion of rotational levels in heavy



Valence State Atoms in Molecules J. Phys. Chem. A, Vol. 103, No. 46, 1999317

0 - - e -
05 0.6

Percentage Deviation

-16

— — — Morse
Rydberg
2 e vs
reduced distance
Figure 2. Percentage Deviation of Morse, Rydberg and~\PECs from RKR data shown for HF (repulsive branch only).
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Figure 3. Percentage Deviation of Morse, Rydberg, and~\PECs from RKR data shown for LiH (repulsive branch only).

molecules are more adequately addressed by the advances in q= m
microwave spectroscopic techniques, as documented by the very R.— R
recent inclusion of tables of diatomic spectroscopic constants

in the 1999 Handbook of Chemistry and Physits with

2.3. Universal Scaling.In general, the reduced PEC is kD12
formulated in terms of a dimensionless interatomic displacement Ri=Re —[K]
g and a scaled potential energlg). Postulating also a “reduced”
curvature at the minimum, i.e., a universal dimensionless force gy, postulatingR; = 0 for H, and H*, FM obtainedk = 4.00
constante, the variableg andu(q) may be defined in terms of  gnd
a parameteR;, characterizing the bond between the atdms
and j.1%2035 Jenc has discussed several classes of reduced [ ke 2
potentials?® In the simpler case, first proposed by Frost and Oem = (4_0(]39) (R=R)+1 a7
Musulin, FM?2® the parameteR; is introduced only into the
formula forq This may be compared to the reduced interatomic displacement

(16)
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gw appropriate for the Morse curg17.21.36

oy = (/2D (R~ R) = A™s (18)
and the definition of a scaling length | for the Rydberg PEC:
R —
o= i Y o) R R = (28)% (19)

Here,A = keRﬁ/ZDe is the Sutherland parameter; farsee eq
10.

For the VS-PE function, we formulate the displacement
factor gys and the scaled enerdy/Dys in order to elicit the
reduction of fifty RKR curves into a single universal plot in
the Coulsor-Fischer range, OR.< R < 1.5R..

Qvs = 2% = (k/Dyed) (R~ R) (20)

By shifting the reference energy from the VS dissociation limit
to u(0) = 0, the universal PE function becomes

U(g) + Dys _ gp+ exp(—qp) — 1
@=—7p7 = 2
VS qp+ P

(21)

wherep = ZY2. The VS subscript has been dropped frqrfor
simplicity.

As pointed out by Jei® the definitions ofg for the various
curves differ only in the arbitrarily chosen value ofand/or
the value ofg at the minimum ofu(g). Notably, the VS
displacementyys differs by the depth of the potential well, i.e.,
Dys instead oD.. The comparison with the reduced Morse and
Rydberg curves is made using the scaled variablé% and
AVZs,

3. Results and Discussion

The hypothesis that “ground state potential energy states for

of one another” has been critically examined and found to be
of limited applicability by Graves and Patt.The degree to
which scaling can be made universal is reexamined for the VS
PEC using the RKR data of 50 molecules, including covalent,
partially ionic and ionic diatoms (Table 1). The VS dissociation
energies have been calculated by eq 7 and are compared with
Dein Table 1. Their corresponding partial charges in the range
0 < 6 < 0.9, the bond lengths, and harmonic force constants
are also listed.

3.1. Operational Dissociation Energies and SelfConsis-
tency of the VS-PEC. The ratios of operational VS dissocia-
tion energy and calculated VS dissociation enebyy®/Dys
are reported in Table 2 along with,s® and thea, or F values
used in egs 14 and 15.

The Dys®/Dys ratio averages 1.04 for the VS function, a
deviation of only 4% from the “perfect ratio”. Systematic
positive deviations of about 20% from the ideal ratio occur with
the five alkali metal dimers, kito Cs. The bonding in these
diatomsA; is most untypical: (i) the “two-electron bond” is
weaker than the “one-electron bond” in the corresponding
molecular ioR® A+ and (ii) the first excited singlet stad>,*
dissociation energy is larger than that of tHE&Eg" ground state.

In fact, the spectroscopic constafits Be, o, andDe, are the
same for the ground-state cation and the excited-state neutral
diatom38:39 For all other molecules, the ratio averages to 1.02
and deviations of the individual molecules are generally small
and of random type; they exceed 20% only on 3 of 45 instances.
Therefore, we find a good agreement between the theoretically
significantDys and its operational counterpart calculated by eq
15. This observation opens a new and apparently reliable way
of predicting dissociation energ®., from equilibrium spec-
troscopic constants. Since the promotion en&By is readily
calculable,De is obtained by insertin®ys® into eq 7:

D, = Dys® — 3P’ (22)

neutral, bound diatomic molecules are universal scaled versionsEarlier studies by NalewajskF and Tellinghuisel have shown
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that neither the reparametrized Morse nor Nalewajski's virialized TABLE 7: Comparison of éU for Morse, Rydberg, and VS
Morse, Rydberg, and Roseiviorse functions could accomplish ~ Potentials

the task of successfully calculatiige from other properties. Morse Rydberg VS
Like the VS-PEC, the Morse and Rydberg potentials may be  molecule % oU % oU % oU UmaxDe
fitted to o to give operational dissociation enerdie’®¢ D Homonuclear
which are, however, not close i and lack physical meaning. Ha 9.32 11.4 0.15 0.933
In other words, the VS PEC shows a self-consistency which is Liz 9.29 5.71 3.75 1.0
absent from the reparametrizelke,c.] Morse and Rydberg Nz 10.2 7.44 2.99 1.0
potentials. The rati®<®/D, averages 1.34 for Morse and 1.30 EE& 2;.38 12'25 ;'gi é'g "
for Rydberg. Similar values of 34 and 29% have been obtained 9.17 756 294 0.678
for deviation ofae andvexe by Varshnt®@and similar averages C, 0.36 0.11 0.12 0.343
for D®/De by Nalewajski>c and Tellinghuiser! though for Si 0.23 0.13 0.15 0.124
much smaller sets of bonds. The deviations are systematic: with N2 121 0.21 0.77 0.551
the exception of K Bry, I2, NO, SiS and the ionic molecules, P 3.27 2.21 1.70 0514
. . . O, 0.54 0.86 0.15 0.707
all D{®/De ratios are above 1. This is concurrent with the trends S 0.54 1.30 0.47 0.547
observed by Varshni and Tellinghuisen in their evaluations of Cl, 7.43 4.02 2.42 1.0
the Morse potential. However, the systematic deviafipf) Br, 4.62 3.18 1.01 0.642
< De, in ionic molecules found for the Morse and Rydberg I2 145 9.53 3.13 1.0
functions, has not been examined by those authors. Hydrides
The introduction of the operational parameters to the Morse LiH 3.85 5.91 0.89 0.975
and Rydberg functions has a further disadvantage. Bedf8e NaH 1.40 3.67 1.49 0.973
is very different fromDe, RKR curves cannot be reduced into EEH %‘%% %‘58421 %'87% %95%
a single curve using Morse and Rydberg scaling parameters gy 289 206 461 0.994
except ifDe is maintained as the potential well depth. Hence, MgH 9.09 10.8 2.09 0.967
the reparametrized’, ke,ae] Morse and Rydberg functions lose CaH 331 2.09 0.05 0.603
their Sca"ng property CH 0.22 0.43 0.56 0.961
3.2. Deviation of VS PEC from Rydberg-Klein —Rees SiH 0.07 0.25 001 0.19
. I NH 0.02 0.60 0.23 0.74
(RKR) Curve. The operational VSPE function is compared to OH 151 295 0.28 0.753
original Morse and Rydberg functions through average unsigned SH 0.52 0.1 0.07 0.415
deviations. HF 6.96 9.18 0.33 0.979
HCI 1.41 3.84 0.56 0.989
zluvs(R) _ URKR(R)| AgH 0.37 1.33 0.97 0.76
U = (23) ' Same Group Heteronuclear
nD, LiNa 6.33 3.63 2.86 0.961
ICI 0.22 0.10 0.14 0.26
The most sterling case of impressive YBEC performance is IBr 4.46 3.84 012 0.332
H, where the average deviation of the VS curve is just over Sulphides and Oxides
0.1% whereas those of the Morse and Rydberg curves are guss 8'82 8'2? 8'82 g'igg
approximately 10%. This is evident from Figure 1, which NO 1.79 0.45 1.20 <
compares the three PECs for the hydrogen diatom. The potential  so 1.05 0.97 0.56 0.463
energies, including RKR datd,are given in Table 3. SeO 0.07 0.19 0.08 0.224
The operational VSPEC of the partially ionic and ionic Metal Halides, Oxides and Sulphides
molecules, HF, LiH, and NaF also out performs the respective LiF 8.05 8.72 0.21 0.973
Morse and Rydberg functions as shown in Tables64 NaF 115 12.4 1.28 0.907
respectively. The deviation plots are depicted in Figured.2 'I;‘al(::' i-% ‘2‘-22 8-;’% 8%2&1_)
For the four molecules shown, the deviations of the Morse and M%F 0.'56 O..66 0.'21 0"239
Rydberg curves are systematically negative (Figured)2As AlF 1.24 1.39 0.04 0.191
in section 3.1 above, the VS deviations are small and of random  GaF 0.57 0.63 0.10 0.104
type. The ripples toward the end of the curves at small s are GacCl 0.18 0.15 0.56 0.093
due to slight inaccuracies in the RKR dafg2 The complete AgCl 2.21 2.01 2.65 0.157
set of deviation®U, for 50 molecules, are recorded in Table I\BAeO 0.18 0.27 019 0.340
. e go 0.64 0.61 0.61 0.280
7. The average un5|gned dewatl@YQJ of the VS-PEC for 50 PbS 0.72 0.45 0.22 0.237
molecules including metal halides and oxides is 1.14%. The overall 3.60 3.32 1.14
deviation of the Morse and Rydberg functions are 3.60 and
3.32%, respectively. correlation has been very successfully accounted for by the core-

The deviations of the VS function exceed those of the Morse polarization-potential (CPP) ans&fz* For the highly polar
and Rydberg functions only for the higher alkali hydrides (KH, alkali hydrides (A'H™), the leading term of the CPP is the
RbH, and CsH), gallium chloride and silver chloride. However, classical—a'(A")/2R™* polarization energy, whera' is the
the RKR data are incomplete and inconclusive for the latter dipole polarizability volume. It seems that Morse’s exponential
two molecules as documented by their rather small fefig/ function more adequately models core polarization than tHe R
De ~ 0.1, cf. Table 7. The shortcomings of the ¥BEC for term in the VS-PE function.
the higher alkali hydrides are rationalized as follows: the core- For 37 of the remaining 45 molecules, the VBEC out
valence intershell correlation has been found to affect the performs the Morse and Rydberg functions, while the deviations
spectroscopic constants and the PECs as strongly as, or strongeare about equal for eight molecules. The superior performance
than, the valence-shell correlatibhThis type of intershell of the VS function for ionic molecules has been well docu-
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Figure 5. Experimental reduced potentiellDys plotted againstys for 50 diatomic molecules (of partial charges between 0 and 0.9) over the
Coulson-Fischer range. The curves are so close that they cannot be distinguished.

mented?3 Here, the ionic halides and oxides studied show an scaling of the Morse and Rydberg curves, at the expense of
average error of 0.4% for VS and over 3% deviation for the lower deviations in our comparative study by using the original
Morse and Rydberg curves. We feel that the particular short- [Re,ke,De] Morse and Rydberg functions.

range repulsion and the presence of thR aftraction term, 3.3. Universal Reduction within the Coulsor-Fischer
characteristic of ionic molecules equally contribute to this result. Range. As pointed out by Frost and Musulfhand other
We have tested a comprehensive range of molecules and theauthors%9v3°~35a universal reduced PE function can hardly exist
results discussed reflect the majority of the molecules used. CuH,,, .+, any precision for all molecules over the whole range of

él Zhar;g & hgve been e):.CMdﬁd for thel follomngpree%sorl\sl: FOr internuclear distances. “There are too many known complexities
thu ’ i t('a s | T'X'Tg ra |oh_c hzlmges aotn% ed th n Zd dsuch as the differing nature of electronic spectroscopic states,
he rotational structure 1s highly congested and the ground and especially the existence of ionic states where the potential
first excited electronic states are almost degenéfdter, has . L
. energy at large distances would behave quite differed#he

long been known to behave exceptionally due to the effect of ; . .

) . . i 2O\ Tipha best we can hope for is an approximately reduced PE curve in
the interacting lone pairs, which weaken the b&&éf-20 Within ) o i

the neighborhood of the minimum. Figure 5 shows the extent

the group of halogen dimers, the decrease in accuracy for iodine .
is notable for all three PECs studied (Table 7). The lbond to which the VSAM model allows us to generate a reduced

in the Q;t ground state is weakened by spiorbit interaction, P_EC from the experimental RKR data of the 50 grc_>und state
which is more stabilizing for the separated atoms than for the diatoms under study. The sample of 50 bonds effectively spans
molecule?849The distance dependence of spiarbit coupling the yvhole spectrum of polarity from hydrogen to sodium
influences the spectroscopic constants and the whole RKR curvefluoride, corresponding to calculated partial charges 6 <

of heavy p-block dimers and does not seem to be implicitly 0-9, ¢f. Table 1 and eq 1. Using the appropriate scaled
modeled by any three-parameter PEC. coordinates, i.egyvs = ZY2s with z = ae9s/2Be? andUrkr/Dys,

The introduction of operational Morse and Rydberg param- We telescope the PECs of 50 molecules into essentially one
eters results in a significant reduction of the deviation of their curve with a small spread, even in the repulsive region. The
inner branch PECs from RKR datd.We obtain average range of internuclear distances over which reduction is practi-
absolute deviations of 1.3 and 2.5% (compare 3.60 and 3.32%)cally achieved iR < 1.5Re. This is in full agreement with the
for the reparametrized Morse and Rydberg functions, respec-analysis of Coulson and FiscRgrand lends support to our
tively. However, the importance of scaling in comparative modeling the interactions of atoms-in-molecules with reference
studies of the PECs of diatomic molecules has been frequentlyto their VS dissociation limit=® In the Coulsor-Fischer range
emphasizet?12.18-20.35-38,50-52 gn( s presently an active area  of internuclear distanceR(< 1.5Rs), the interactions between
of research on potential energy curves. We therefore maintain AIMs can be described by our reduced VBEC of eq 21.
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Figure 6. Experimental reduced potentibl/D. plotted againsty for 50 diatomic molecules (of partial charges between 0 and 0.9) over the
Coulson-Fischer range. See text for explanations. The outliegs I(H, Na&, HF, and the metal halides) are represented by X.

Figure 6 shows the reduced PECs obtained from the obtained; H shows deviation of 0.13% for VS compared to
experimental RKR data of 50 ground state diatoms plotted on 7.90 and 9.73% for Morse and Rydberg and the ionic diatoms
Morse type scaled coordinatad’?s andU/De. This coordinate average 0.54% for seven molecules for the VS function and
scale is also appropriate for Rydberg scaling sipees 22qy, 2.64 and 2.92% for the Morse and Rydberg functions, respec-
cf. egs 18 and 19. The overall spread is visibly larger than that tively. This performance evidences the theoretical soundness
in Figure 5. The molecules with largest deviation from the of the VSAM model and the VSPEC. For large distances,
average curve are4lLi,, N& and the highly polar HF and the  the VS-PEC continues upward to its VS dissociation limit and
metal halides, withd > 0.5. The fact that the Morse and separates from the ground-state RKR curve. A VS hybrid
Rydberg scaling parameters cannot universally reduce the RKRfunction, developed to model the transition from the VS to
curves has been pointed out by Graves and3Paith regard ground-state curves, is forthcomihy.
to the relations betweef and the Dunham coefficiengs and
ap. A comparison of the Figures 5 and 6 demonstrates that our 4. conclusion
scaling with VS parameters is likely to be universally applicable,
while those using ground state parameters are not. Remarkably, Generally, the spectroscopic constakist-, andG, determine
the spread in the Morse and Rydberg plots increases drasticallythe PE function neaRe while the Frost-Musulin criteriort®
if the operational parameter®{k.a.] are used, and a bunch highlights the function a& approaches zero. The two regions
of apparently unscaled curves is obtained. The contributing will be correctly represented only for the exact potential
factors are discussed in section 3.1 above. function. The failure of exponential type potential functions

In order to quantify the scaling achieved in the theoretical (Morse, Rydberg, RoserMorse and others) to fulfill this
range of comparability between the V8EC and RKR data,  Criterion is important with regard to universality. Only the s,
the average absolute deviation$) have been calculated over ~ Frost-Musulini® and NalewajskP® potentials exhibit proper
the whole Coulson-Fischer range upRa 1.5R.. The deviation ~ behavior ask approaches zero; of these, our VBEC is the
of the VS-PEC, averaged over our sample of 50 bonds, Most quantitatively tested. The repulsive branches of diatomic
increased only slightly from 1.14 to 1.43%. The corresponding Potentials are remarkably simple, permitting a surprisingly
values for the Morse and Rydberg curves remain almost constanteliable prediction from closed-form potentials based on only
at 3.60 and 3.45% (compare 3.60 and 3.32%), respectively. Thethree equilibrium spectroscopic constants.

VS—PEC performance remains superior for 35 of 50 molecules, Morse and Rydberg PECs do not properly describe the
while the Morse and Rydberg perform better for GaCl and AgCI. interaction of AIMs. The reduced Morse and Rydberg functions
Reasons for the unreliability of the results for GaCl and AgCl are unable to reproduce the RKR data of a broad range of
have been given above. Hydrogen and the ionic diatoms arediatoms. The reduced VS curve matches the RKR data closely.
again the molecules for which the best performances are The VS success is not coincidental: (i) Mulliken has long ago
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pointed out that an appropriate VS dissociation energy is more

theoretically significant tha..>* (ii) Recent comparisons of
AIM conceptd® show that it is necessary to incorporate
Ruedenberg’s molecular VS concé&pinto the definitions of

EN, hardness, and gas-phase electrophilicity of atoms and groups®)

in molecules.

The reference to the VS energy, appropriate for dissociating
AlIMs, is crucial for the construction a universal three parameter
VS—PEC which describes the in situ covalent and ionic
interactions in a unified way. The VS dissociation enebByy
is shown as a parameter with high information content, 28d

acts as the scaling factor in the universal reduction of the inner

branch of VS-PECs. The knowledge of the form of the inner

branch can be used to predict the outer branch of the PEC, henC(|=Ezu

full curves may be obtained by methods discussed eaH&r’

On the basis of the foregoing results, we conclude that the
performance of the Valence State PE function is superior to
the others studied.
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