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Valence-State Atoms in Molecules. 6. Universal lonicCovalent Potential Energy Curves
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A semiempirical approach for constructing a universal iemiovalent (UIC) potential energy curve is presented,
and two related UIC functions are discussed. In the vicinity of the equilibrium bond length, the attraction
between the atoms in the molecule (AIM) is modeled as purely Coulomi@(R, as implied by the asymptotic
reference to the promoted valence-state energy of partially charged atoms [Gardner, D.;l\gzentpa.

Phys. Chem. A999 103 9313]. The partial charge is calculated by electronegativity equalization. Along the
dissociation coordinat®, we model the decreasing contribution of “ionic structures” as a “soft” Coutson
Fischer transition: the composite UIC function is generated by continuously reducing the weight of the valence-
state potential energy function by the admixture of a modified Morse function. Average unsigned errors of
1.42% and 1.16% oD, are obtained by comparing our five-parameter UIC and JJi@rves with the full
Rydberg-Klein—Rees, or ab initio, curves of 42 covalent or polar diatomic molecules (frerto MaCl).

The evaluation of the rotatiervibration coupling constanti., requires only three parameters and yields an
average unsigned error of 6.37% for 50 molecules.

1. Introduction Nalewajski’s functiong? most analytical potentials, such as the

In th i in thi fewe d 4 th Morse2* Rydberd with its extensiond? and the suite of Varshni

a rr:aetmeer?trﬁgiwzenegn ?ﬁgsglg]n(t:elitz% ?;{[(aent;\?léwgrntecutrv(ae v PEC4! have been purely empirical and characterized as lacking

P?EC) o erer D digtomic molecglilles u to%hysmal interpretability? Semiempirical functions, to which

the CouIsoa—Fpischer transitiohat R ~ 1.6R., Other reviousp th_e VS PEC belongs, use _Ilmlted inputs of theoretical concepts
a8 e ~ 2 Re oA p : with results from calculations of average accuracy for their

wor_k defined the.v.alence-state atoms (V .9 with their construction. Such simple models have the advantage of

orbital e(;ectron.egadtlvrllty.;&vs, VSEN) and chemical Targrl)eess appealing to physicochemical intuition, may require no more

(7v9), z;\]n eszmlne ht_l_e!r e?“g"‘s";“ to groups In molec dS. . than a pen and paper, and are capable of making useful

g?jl-gs ?/vsaes?ni::érdolfcég'%énvgxPCI;rCa\f\?a{gsyegnrgruagza agn dni]tcs)- predictions to within a few percent of the RKR data. It is

. . o 9 ’ believed that analytical functions with the highest degree of
universal scaling properties and transferable force ConStanttransferability are  semiempirical and are based on sound
increments were discusséd In this article, the range of the ; ; P

. . P o uantum mechanical bonding principfe®.
VS PEC is extended t&— o in the form of a universal ionie q gp P
('\:/lovalergé:grve (UICC) involving the admixture of a modified 5 Tpe Quest for the Universal Potential

orse .

One main source for PE functions is the direct (or indirecty _ The search for the universal PEC aims at the comparative
inversion of spectroscopic data. For diatomic molecules the Study of reduced PECs of different molecules in a unified
Rydberg-Klein—Rees (RKR) turning points are obtained by a scheme. The postulated existence of a universal PE function,
semiclassical inversion process using the observed vibrationalc@Pable of predicting RKR data and spectroscopic constants for
and rotational statésioand the set of points(R) is connected 2l diatomic molecules, has been the subject of numerous
by analytical potential8:23 truncated power serié4; 7 or investigations spread over most of the 20th centdr§.9-13.23-34
Pade approximantd® Similarly to experiments, theoretical 1he idea is analogous to that of the reduced equation of states
methods yieldJ(R) data for some discrete set of internuclear for all real gases, and the universal PE@CSSIas been occasionally
distances, so that PE curves and surfaces have to be obtainefalled the “Holy Grail of spectroscopy®: The'eluswenes.s
by interpolation. Analytical PECs are preferable, to achieve Of such a function led Varshni to conclude, “it is not possible
scaling and transferability of the parametérand to gain to find three constant “universal” potential energy functiohis”.
qualitative insight that may not be obvious from the other Gravesand Pattelater clarified this statement with respect to
interpolation techniques. Recent work on structure, dynamics, thé more stringent requirement of universal linear scaling of
and thermodynamics of clusters demonstrates the usefulness offée-parameter potentials. Using different appgoach_es and a
simple, analytical pair potentials, e.g., Morse potential, even larger number of param_eters,.JéﬁcFerrante et afk? Telling-
for very large systems containing 150 atoHs. huisen et al®? and Zavitsa® independently showed that a

With the notable exceptions of a few semiempirical forms generalized scaling into a single reduced PE.C IS feasngle fo_r
e.g., ionic PEC&92 the simple-bond-charge mod&l,and " most systems. Exceptions, such as the alkali metal halides in

= ’ ' Zavitsas’ treatment, confirm the rutéthis led us to revisit the

* To whom correspondence should be addressed at Instit(itHfeore- universal PEC prObIe.m' . .
tische Chemie, Universit&tuttgart, Pfaffenwaldring 55, D-70569 Stuttgart, The degree to which potential energy functions may be
Germany. considered universal is still an unresolved subject. A commonly
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accepted “measure” seems to be the extent and quality of molecular parameters. But how can a hypothetical dissociation

universal scaling of the available experimental cuA&s33 This scheme be of any practical consequence in searching for a
relates to assessing the ability of a function to fulfill spectro- universal PEC? The essential argument has been provided more
scopic performance tests for a large variety of bahds2Such than 50 years ago by Coulson and Fischierfact long before

universality criteria are (i) the ability of the function to predict Ruedenberg’s generalized VS concé&pt.

spectroscopic constants to which it has not been fitted, e.g., the Coulson and Fischéclarified the role of electron correlation

rotation—vibration coupling constantg,, the anharmonicity in bonding. Using the example of;Hthey determined the best

constantyexe, and, if available, higher spectroscopic constants; admixture of covalent and ionic states as a functiorRdiy

and (ii) the occurrence of only small, random-type deviations constructing the asymmetric variational wave function:

between the calculated PEC and the corresponding set of RKR

points. W = [ga(1) + P(R) 2s(W][9s(2) + PR 22 (3)
The latter criterion has been first tested by Rydiderg.

According to which of the criteria for universality is focused They found two distinct domains for the behavior of the
on, several strategies of PEC generation and improvement canyariational parametgp(R):

be made out: (i) p(R) = 1 up toR ~ 1.6R, representing the restricted
(i) exclusive fit to derivatived)(Re) at the minimum of the  Hartree-Fock (RHF) method with its constant 50% admixture

PEC, which is natural for power-series expansténg but of covalent and ionic states.

equally applicable to analytical curvé8?? (i) For R > 1.6Re, p(R) falls rapidly to 0 aR increases, and
(i) additional fit to the potential well depth)(e) — U(Ry), the electrons quickly “go back on to their own atoftsis a

be it Det12 the ionic limit D;,2%2134 or the valence-state  result of changes in correlation.

dissociation energpys*° The sharp drop irp(R) is known as the CoulserFischer
(iii) additional use of normalization condition set by the transition® while the domain (i) may be called the Coulsen

quantum mechanical virial theoreth; Fischer domain. Since the constafR) = 1 is equivalent to

(iv) global fit to all available RKR dat&!22*33 whereby dissociation into MO-theoretical VSAs, we concluded for the
different analytical functions may have to be spliced together spectroscopically most relevant range that the RKR data should
for different domains, e.gR < R. andR = R.% be modeled with reference to the VS energies. Therefore, the

At first sight, strategy (iv), the PE function generation by reference asymptot®. has been replaced b4 ¢ In
global fit, seems to carry the day. However, as noted by Steeleaccordance with the Coulseifrischer analysis of the hydrogen
etal.}?a good global fit with RKR curves does not necessarily molecule, the VS-PE function is a highly effective model of

result in a satisfactory prediction of, and¥exe; for example,  the H, ground-state potential energy curve RE 1.6R.. Slater
the Varshni Il functior* “gives good correlation with the RKR  extended the CoulserFischer analysis to polar molecules and
curves but is the poorest of all functions in predictinge’.*? discussed LiH¢ Harris and PoHF discussed the Coulsen

Further, Zavitsas' highly efficient global fit prohibits any  Fischer transition for HF, HCI, HBr, and HI. Further support
assignment of higher derivatives & and spectroscopic  for the argument is drawn from the unrestricted HartrEeck
constants beyonkk.3® Therefore, we shall continue using both  (UHF) and the local spin density (LSD) functional models. In
criteria for our assessments. dissociating the hydrogen molecule, the local spin density
In the following sections, our repdron the universality of  remains strictly zero until a sudden onset of spin polarization
the VS PEC in the CoulserFischer domain up tR ~ 1.6Re atR~ 1.6R. for the UHF methof andR ~ 2.3R. for the LSD
is expanded, and we claim a similar degree of universality for approximatior?® As pointed out by Frost and Musulin, a
several novel composite PECs over the whole range of distancesuniversal three-parameter PE curve cannot exist with any

up to infinity. precision over the whole range of internuclear distariées;
o however, much enhancement of scaling and spectroscopic
3. Methods of Investigation transferability can be gained by a universal reduced curve in

3.1. Valence-State Potential Energy FunctioriThe VS-PE  the neighborhood of the minimu#®. _ _
function describes a hypothetical dissociation process under The VS-PE function is reduced to its dimensionless form with
constraints aiming to maintain the atoms as “they are in the Z = keRe”/Dys as the sole species-dependent pararhéfer
molecule”. According to Ruedenberg, the interference-free parts
of the molecular electron density, and electron-pair density, Us) =1~—[z+1—exp(-zs)lixs+ 1) (4)

7, have to be conserved during the dissociation into valence-
state atom$® As shown in the earlier parts of the series, these wheres= (R — Ry)/Reis the reduced internuclear displacement.
requirements are equivalent to keeping the VSEN constant atThe reduced potentialys) = U(s)/Dys, has been shifted ta(0)
its equalized molecular valdé8 The corresponding VS PEC = 0.
has the universal form: The original form of the VS-PE functiddt utilizes the
molecular parameter seRdke,Dyg With
U,(R) = —(CIR) + (T/R) exp(—iR) 1)
D,=D,+ ZP" (5)
The parameter€, T, and 1 are fitted toRe, ke, and U(e) —
U(Re) = Dys, thence where =P? is the VS promotion energy, i.e., the difference
between the energy of the partially charged VS atoms and that
IR, =kRZD,=7zC=D,(R.+1);T=D e (2) of the neutral ground-state atoms forming the molecule XY:

are obtained: The parametef is transferable and obeys the zpa =P+ P, +E, (6)
arithmetic mean combining rufeNote that the transferability
is important in reducing the number of species-dependent Px° is the promotion energy of the MO-theoretical VS of the
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neutral atom X248 The partial chargedy, of atom Y in the

single bonded molecule, XY, is calculated according to the VS

electronegativity equalization (VS-ENE) as

Oy = 2(X><0 - XYO)/(JX +Jy) = (Xxo - XYO)/(WX +ny) (7)

wherey® = y(1) = (1/2)(I, + A)) is Mulliken’s orbital EN,J

= I, — A,, the one-center two-electron repulsion energy, and
= (1/2)J, the VS hardness of the active atomic orb#a1.The
electronegativity equalization energy

E, = (0’ — )0 + 3) = —(112)|0yA°  (8)
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- keReZ _ hCT}e2 _ AeVe
D 2BD,s ZBeZ

Vs e

(12)

This allows the introduction of an operational definition for the
VS dissociation energy

DVS(OL) — Bei}e
hc Q,

(13)

e

Consequently, the spectroscopic constaBgs 7, and o
connected to the first, second, and third derivativeb @it Re

stabilizes the system and reduces the VS promotion energy dugyperationally determine the entire three-parameter RSC of

to partial charge transfér* Equations 7 and 8 hold for single

any diatom. This reparametrization is helpful, since some of

bonds. In the general case, including that of double and triple the dissociation energies for diatoms are not known with the
bonds, all the bonding orbitals are coupled in principle; thus desired degree of accuracy, or the degree of hybridization may
the orbital electronegativities mutually influence each other pe uncertain. The shift from the semiempirical tri&d,ke,Dve]
through the chemical hardness matrix (or orbitally resolved to a fully empirical parameter seRfke e underscores the

hardness tensor);{].#° In a localized picture, this is equivalent

empirical components of the VS-PE function; nevertheless, the

to stating that polarized bonds affect each other's polar approach remains semiempirical by design due to its reference
charactef! Several ways to incorporate such coupling have been to theoretical VSAs and their implications for the analytical form

discussed:*45 For localized multiple bonds, the effects of the

of the PEC. The spectroscopic VS dissociation eneByy®,

off-diagonal hardness matrix elements largely cancel each other;calculated from eq 13, shows good agreement with the theoreti-

thus the coupling of the orbital EN is sméa}lIn this paper, we

cal Dys (eq 5). TheD®/Dys ratio averages 1.04 for the VS

therefore implement a procedure proposed by Hinze and pECs of 50 diatomsFor these molecules, the three-parameter
Bergmanf? and treat the double (and triple) bond as a localized vs peC reproduces the RKR data within the Coutsbischer
four- (and six-) electron bond with averaged EN and hardness domain to an average unsigned error of 1.43% relativBdo
parameters. However, the charge dependence of our VSEN scalghe average unsigned error in the repulsive inner limb of the

differs from that of the Hinze Jaffescalé? and its modification
by Bratsch?® for doubly occupied orbitals we arrive gig(2)
= Ay, while for unoccupied orbitals we gg{s(0) = I,.3*8The

PEC up toR. amounts to 1.14% db.. A discussion of updated
and corrected VS PEC parameters and RKR data will be given
in section 4. In the following, the VS PEC will remain our

MgO molecule is an interesting case for demonstrating our ENE potential of choice for the inner limb up ..

method. The valency is 2 (V2) for both atoms, the electron

configurations being (2p)*(2pt)Y(2p,7)? on O and a hybrid-
ized (29)Y(2pwr)Y(2p,)° on Mg. The molecular ground state
13+ is described by a rather polayz-double bond and a-back-

3.2. Modeling Coulsonr-Fischer Type Transitions. For
large distances the VS PEC separates from the ground-state RKR
curve and asymptotically reaches the VS dissociation limit, i.e.,
the reference energy (Figure 1) in the single-determinantal

donating dative bond of opposite polarity. The (dimensionless) description of the molecuf* The point has been made that

charge numberQug, on the magnesium AIM is calculated as

Qug =0, + 0, + (6, — 1) = (9.63— 5.84)10.78" +
(9.63— 2.37)9.8T" + (9.63— 2.37— 9.81)9.81" = 0.832
9)

EN and its equalization are meaningful only at the conceptual
level where the molecule is described by a single Slater
determinang In terms of the CoulsonFischer analysis, the
difference between the VS PEC and the RKR points is a
consequence of lacking a variational parameter, sugh(R)s

of eq 3, so that the Coulsetfischer transition is not modeled.

In eq 9, our VSEN and VS hardness values are derived from In accordance with the variation theorem, the VS PEC is found

Bratsch’s table4®

Allowing for some s-character by isovalent hybridization on
O would increased,; for a discussion see section 4. The
electronegativity equalization ener@y, i is taken as the sum
over bond contributions:

E, o€V = E,leV=—(9.63~ 5.84f21.56 1 —
(9.63— 2.37§19.62 * — (—2.55f19.62 * = —3.68 (10)

The calculation ofP® and J requires an estimation of the

above the energy of the RKR curve in tRe> 1.6R. domain.

On the other hand, many three-parameter empirical PECs
systematically run below the curve connecting the RKR data
of not very polar diatoms; especially the Morse function is
known for undercutting the experimental curdés? Figures 1

and 2 highlight the relative deviations from RKR, in percent of
D¢ plotted against the logarithm of the reduced distance, between
the Morse and VS curves of Hand LiF. The deviations are
negative for most of the attractive outer branch of the Morse
curve for H; thus the homonuclear RKR potential rises more

degree of hybridization in the atoms between which the bond steeply than the empirical PECs. As opposed to semiempirical

resides. An intrinsic hybridization criterion particular to the

PE functions,420-23 the variation theorem is of no significance

VSAM method has been developed and led to the operationalfor the assessment of empirical PECs. On the contrary, it is

VS-PE function, labeled asRfke0d VS, PECL® which

gratifying that the opposite signs of the deviations of the VS

exclusively uses direct spectroscopic input through the following PEC and the Morse PEC (Figure 1) provide means for error

relations set by the semiempirical curve of eq 4:
z, = 3F = 0.7 /2B; (11)

Hence the expression afin terms ofBg, Ve, andoe shows

cancellation in constructing a “composite” PEC that matches
the experiment up tR — « and enforces the asymptotic shift
from Dys t0 De.

There is a clear physical picture behind the idea: it is rooted
in the bond analyses of Coulson and FiséR&#’and Gunnarson
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60 blending ratio as a function d® is crucial. After considerable
_*g 50 trial and error-including power series expansions with up to
s six additional adjustable parametenge find that the Morse
2 40 PEC is very adequate for the homonuclear case. The amount
£ 30 - of its admixture to the VS PEC is well determined by the
g 20 - S normahzed Morse function |tself._The “soft’f transition is
3 achieved at the low cost of the single additional molecular
_@ 10 =VS | parameterDe:
& i - 11242
gj -1 -05 210 0.5 1 1.5 2 0= Uporee™ [1—-exp-A™g" =1 (14)
[:F]
E -20 - whereA = keRe2/2D¢ is the Sutherland parametérOur first
-30 composite PEC, denoted valence-stateMorse (VSM) curve, is
b Uysm = Uss R<R,
Figure 1. Homonuclear molecules: opposite trends in potential energy 5
difference Uca — Ure)/De Vs IN(R/Rs). Example: H shown for the =U,d1 — Uporsd T Delmorse R=R, (15)

Morse (blue) and valence-state VS PEC (black). RKR reference data
for H, from: Weissman, S.; Vanderslice, J. T.; Battino, RChem. . .
Phys.1963 2226. The ripples at small distances are due to slight RKR ~ The VSM function has four species-dependent parameters

inaccuracies. Re, ke, Dys andDe, since the Morse and VS potentials share two
common parameters, vizR. and ke. A second set of four
5 30 - parameters Reke,0e, D¢ is provided by the operational defini-
3 20 - tion of the VS PEC in (12) and (13); the resulting PEC will be
B called the VSM curve.
g 10 - 7 xR 3.2.2. Unversal lonic-Covalent Cuwes (UICC).Toward the
& L other end of the bond polarity scale, for ionic molecules, e.g.,
5 T e Mol LiF, the VS PEC approaches a classic ionic PEC (Hellmann
‘g -1 fio 1 2 [—vys PECY and properly describes the RKR curve over a larger
] domain reaching well beyon® ~ 1.6R.. In fact, the ionic
& [-20 domain of very polar PECs extends up to the classical crossing
£ I.' radiusRy, = €%/4me,] > 1.6R.. The ionic and covalent structures
S [-30 of the alkali metal halides are prime examples for diabatic
& " ; states’” The systematic undercutting of the covalent RKR curves
A9 by the common empirical curves is changed to the opposite for
Inp ionic bonds: after the minimum &, the Morse, Rydberg, and

Figure 2. Alkali metal halides: potential energy differendecf — _VarShn' Il PECs rise much too SteeP'y abOV(_a th_e RKR vgll_.les
Ure)/De Vs IN(R/Re) shown for LiF; Morse PEC (blue), VS PEC (black).  in the outer branch of the curve. This behavior is exemplified
MCSCF ab initio reference data for LiF from ref 47. in the LiF molecule in Figure 2. A significant modification of
(13), viz., a charge-dependent reductiorkoin the Sutherland
29 . . S . parameter,A, is needed, to slow the onset of the covalent

and Lundquis®® Starting with the parnally ionic _MO-theore“t_|ca_I function at the beginning of the outer brarf€hObviously,
VS PEC u‘|,o (R, we model th? d.ecreasmg. weight of the “ionic g oq| charge-dependent functions are imaginable and could
structures along the dissociation coorc_jlnme_by gr_ad_uall_y be found by global optimization. In this article, we only test
admixing a typical “covalent PEC”, until a dissociation into the function
ground-state atoms is reached. To our knowledge, this is the
first approach of its kind. As already pointed out in the original f(Q) = A”z[l + (1/2)|Q|l/2 _Te)) (16)
paper, the onset and sharpness of the Coulfisther transition
depend on the details of the wave functf@d®3’If the ansatz which smoothly connect0) = AY2 andf(1) = (1/2)AY2,
is made more flexible, the variation paramepéR) in eq 3 Our charge-dependent modified Morse functigym = Delgm

(i) assumes a value less than unity at the equilibrium normalizes to
internuclear distancp(R;) < 1 and 5

(ii) slowly decreases in the whole domat> Re. Ugm = [1 — exp{ —f(Q)s}] (17)

Our improved universal PECs reflect this behavior and
describe a smooth transition from the VSAM model to the
covalent and long-range interaction of ground-state atoms by covalent (UIC) curve:

Combined with the VS PEC we obtain a universal ienic

(i) a semiempirical account for some post-Hartré®ck U..=U R<R
correlation in using) = I, — A,, instead of the HartreeFock vic Fs
repulsion integralyr, e.g., for hydrogen,, — A, = 12.844 eV = _ 2 >
instead ofJyr(H) = 20.42 eV; and Uil = Ugnl + Dt R=R (18)
(ii) gradually phasing in a covalent PEC right frdRaonward. As opposed to direct empirical input from the RKR curve,
In other words, we attempt to model a “soft” Coulson such asRe, ke, Or 0, the chargeQ is a different kind of
Fischer transition. parameter. In our VSENE model, the bond poladitgnd charge
3.2.1. Combination of the VS and Morse Potentidlae Q are obtained from the (second#i atomic propertieg® and

practical question arises as to which of the three-parameterJ according to eqs 79. In judging the number and type of
covalent PECs to combine with the VS PEC. In addition, the the parameters involved in the universal PEC, we have to recall
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TABLE 1: Spectroscopic Parameters for Ground-State Diatomic Molecules

molecule partial charg® RJ/A kdeV A-2 DdJeV D.JeV BJ/cmt Plomt 1Ca/cm™ vHeV
Homonuclear
H, 0 0.7414 35.94 4.747 11.17 60.853 4401.2 3062 10.85
Li, 0 2.673 1.576 1.056 3.443 0.6726 351.43 7.040 4.163
Na, 0 3.079 1.071 0.735 3.042 0.1547 159.13 0.8736 3.494
K> 0 3.924 0.613 0.552 2.472 0.05674 92.02 0.212 3.05
Rb, 0 4.2099 0.525 0.495 2.341 0.0224 57.79 0.0558 2.876
Cs 0 4.648 0.433 0.453 2.164 0.01174 42.09 0.023 2.64
C, 0 1.243 76.0 6.32 19.0 1.8201 1855.7 18.20 23.0
Si, 0 2.246 13.47 3.242 11.33 0.2390 510.98 1.350 11.25
N2 0 1.098 143.25 9.906 31.79 1.9982 2358.6 17.81 32.81
P, 0 1.894 34.75 5.08 19.72 0.3036 780.77 1.49 19.7
0O, 0 1.207 73.45 5.213 17.71 1.4456 1580.2 15.93 17.78
S 0 1.889 31.16 4.414 15.15 0.2955 725.65 1.570 16.93
35Cl, 0 1.988 20.13 2514 11.35 0.2441 559.7 1.530 11.07
"Br, 0 2.281 15.38 1.991 10.28 0.0821 325.32 0.3206 10.33
21, 0 2.666 10.764 1.556 8.82 0.0374 2145 0.114 8.75
Same Group Heteronuclear
LiNa —0.034 2.889 1.306 0.881 3.220 0.3960 256.8 3.776 3.207
SO 0.242 1.493 51.78 5.44 18.76 0.7208 1149.2 5.736 18.19
SeO 0.307 1.648 41.01 4480.2 16.6+ 0.2 0.4655 914.69 3.23 16.34
ICI 0.151 2.321 14.89 2.177 10.18 0.1142 384.29 0.536 10.16
1Br 0.098 2.469 12.91 1.834 9.56 0.0568 268.64 0.1969 9.613
Hydrides
LiH 0.473 1.596 6.404 2.515 5.933 7.5137 1405.65 216.65 6.044
NaH 0.498 1.887 4.878 1.98 5.26 4.9033 1171.8 137.09 5.198
KH 0.571 2.240 3.52 1.832 4.64 3.419 986.6 94.39 4.414
RbH 0.587 2.367 3.216 1.808 452 3.020 936.9 70.71 4.961
CsH 0.615 2.494 2.923 1.834 4.37 2.7099 891.0 66.95 4.471
MgH 0.340 1.73 7.969 1.362 6.72 5.826 1495.2 185.8 5.813
CaH 0.450 2.003 6.11 1.78 7.26 4.277 1298.3 97.0 7.10
CH —0.08 1.124 27.95 3.65 9.51 14.448 2859.1 530.0 9.65
SiH 0.297 1.52 14.95 3.18 8.070.2 7.4996 2041.8 219.0 8.669
NH 0.006 1.037 37.25 3.63 10.49 16.699 3282.3 649.0 10.47
OH —0.298 0.9706 48.98 4.624 12.82 18.871 3735.2 714.0 12.23
SH —0.130 1.345 26.59 3.5647 10.52 9.5995 2711.6 278.5 11.59
HF? 0.415 0.9168 60.24 6.114 13.53 20.956 4138.32 795.8 13.51
HCIP 0.320 1.275 32.32 4.617 12.352 10.593 2990.95 307.2 12.79
AgH 0.287 1.618 11.38 240.1 6.78+ 0.1 6.50 1759.7 202.1 6.962
CuH 0.280 1.463 13.74 2.85 7.31 7.9441 1941.26 256.3 7.44
Oxides and Sulfides
BeO 0.55 1.331 46.94 460.1 15.0+0.1 1.651 1487.32 19.0 16.0
MgO 0.83 1.749 21.77 2.56 11.96 0.5743 785.0 5.0 HnE2
NO —0.052 1.151 99.85 6.614 22.78 1.7042 1904.2 17.7 22.67
Cs 0.414 1.535 53.12 7.435 20.17 0.820 1285.15 5.920 22.06
SiS 0.38 1.929 30.91 6.466 19.34 0.3035 749.64 1.47 19.23
PbS 0.337 2.287 18.77 3.52 13.16 0.1163 429.17 0.435 14.23
Metal Halides

LiF 0.822 1.564 15.48 6.00 7.82 1.345 910.57 20.29 7.84
NaF 0.844 1.926 10.99 4.98 6.57 0.4369 535.66 4.559 6.368
BeF 0.625 1.361 35.06 6.24 12.66 1.4889 1247.36 17.60 13.08
MgF 0.708 1.750 19.49 4.67 10.26 0.5192 711.69 4.480 10.23
AlF 0.785 1.654 26.58 6.94 9.23 0.5525 802.3 4.984 11.02
GaF 0.800 1.774 21.26 6.02 8.31 0.360 622.2 2.864 9.700
NacCl 0.814 2.361 6.788 4.29 5.71 0.2181 366.0 1.625 6.076

aConversion factors: eV & = 16.02 N n11, eV/hc = 8065.5 cmt. » 5% and 14.4% s-character was used for F and Cl in the calculation of
VS for HF and HCI, respectively.

the fact that results derived from the study of atoms are for improving PECS8¢ While uqm (17) is unaffected, the only
traditionally treated as free information for molecular stud- change in (18) is the replacementljs by the VS, PEC of ref
ies#24950As mentioned above (section 3.1), the transferability 1.
property ofA potentially allows reducing the number of species- . )
dependent parameters by usityy = (1/2)(ixx + Avy).6 4. Results and Discussion

We further define the closely related five-parameter PE  Equations 15 and 18 with the input parameters listed in Table
function UIG, with the parameter selR},ke,0te,De,Q]. In analogy 1 allow one to construct the UIC and UJCurves for 50
to the above VSM PEC, the UIG function is based on the  molecules. The input data compiled in ref 1 have been revised
operational definition oD® in (13). An obvious effect of and updated. As exemplified in section 3.1, the cha@geas
this adjustment to the experimental parametgs that the third been reevaluated for all oxides and sulfides. This in turn affects
derivativeU"'(Re) matches that of the reference RKR or ab initioc  Dys as calculated from eqs6L0 and is shown in Table 1. Note
PEC. As mentioned in section 2, this is a standard procedurethat Q = 0 is trivial for homonuclear diatoms, and thus the
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UIC curves are identical to the respective four-parameter VSM TABLE 2: Average Unsigned Errors in the Spectroscopic
PECs. New, more accurate, or extended experimental data havéonstant, F, Calculated by the VS and UIC PECS

been incorporated for the RB! Bry,521Cl,53 and NaH* ground- VS %
state PECs. As proposed by Brat$éalogeno-orbitals are Sutherland param, unsigned
considered to have a hybridization of 14.4% s-character, molecule paramA z F Fops  error,oF
exceptions being fluorine (5% s-character in'8 and the Homonuclear
alkali metal halides (pure p A®49. Ho 2.080 1769 0590  0.606 2.64
Multiple bonds need a special discussion. The increase in Liz 5332 327 1.090  0.911 19.6
bond order from single, through double, to triple bonds has a Ee‘i g'g% g'gi’g i%g g'ggg %g'g
bearing on the amount of hybridization ofbonded orbitals. Rb, 0402 3975 1325  1.080 227
The z-bond compresses the moleculeg R,, and Q below Cs 10.349  4.323 1.441 1.18 221
the optimalo-bond length into the repulsive-domain, where C 9.290 6.18 2.06 1.70 21.2
hybridization does not pay off in the overall energy balahce. Sk 10.480 5997  1.999 2013 0.70
In addition, shorter bonds greatly enhance the interpenetration N 871r 5433 1811 1755 3.19
. " ) 12.27 6.321 2107 211 0.14
of the |nterferepce-fr_ee charge densities of the_ VS atoms, and O, 10263 6.042 2014 2008 0.30
lower the quasiclassical energiigc.°° For multiple bonds a S, 11.762 6.854 2285 2.19 4.34
large part of the hybridization energy is regained by such Cl, 15.82 7.02 2.34 2.40 2.5
promotion-induced “quasiclassical stabilizati¢For, e.g., N, Br, 20.12 7.793  2.60 2.58 0.78
Dys changes only by 3% when the s-character ofd¢Hgond is l2 24.584 8674 2891 2914 0.79
increased from O to 50%>°> We therefore obtain good results Same Group Heteronuclear
by neglectingEn, — Eoc altogether, as if there were no LiNa 6.204 3385 1128  1.031 9.41
hybridization. This conclusion is also supported by the analysis S 10.63 6152 2051 211 2.80
TV . 5 . eO 12.13 6.710 2.237 2.272 1.54
of hybridization in localized MOS? We now revisit the @case, ICl 18.42 7880 2627 2632 0.19
as new insights have emerged. According to Bratsch, oxygen |Br 21.456  8.232 2744 2729 0.55
group atoms should have about (100/63%4.6.7% s-character Hydrides
in their single bond4® However, Q is similar to N, insofar as LiH 3243 2749 0.916  0.900 1.78
(i) the isovalent hybridization is reduced becausedtmnd is NaH 4386 3.302 1101 1.114 1.17
pushed into its repulsive domain by a bond shorteningRf KH 4.826  3.806 1270  1.334 4.80
Re &~ 10% and (ii) the remaining hybridization energy is largely Eb::: j-gg:;’ 2-32? igg% igéé g-;‘;
canceled by quasiclassical stabilization. In calculating the VS MZH 8757 3549 1183 1368 135
bond energyDs, we start a constrained dissociation of thg O CaH 6.885 3.317 1.106 1.151 3.91
molecule and keep the on-site pair repulsion energy frozen until cH 4837 3713 1238 1.220 1.48
reaching the valency 2 (V2) configuration. Per oxygen AIM, SiH 5422  4.28 1427  1.328 7.45
we keep ngt) n(o¥)d, = (1/28J, and [2(3/4% — 1]3p, = (1/ NH 5518 3819 1273  1.275 0.16
8)Jp- promotion energy increments which are additional to the OH é'ggg 2'2?? i'igo 11%‘;2 %Z
ground-state pair repulsion energy. As with the nitrogen ¢ 4137 3.74 1247  1.250 0.24
molecule, we assume tlwebond to be of pure p-character and Hcl 5690 4254 1.418  1.369 3.58
thusJ, = Jur. As the average V2 configuration energy is 0.50 AgH 6.233 4394 1465  1.426 2.73
eV above théP, ground staté® the total VS promotion energy ~ CuH 5.160  4.023 1341 1314 2.06
andDys of O, are therefore Oxides and Sulfides
BeO 9.0 554 1.85+ 1.73 6.9+ 1.1
zP(O) = 2[0.50+ (3/8)15.33] eV=12.50 eV (19) 0.05  0.02
MgO 13.0 5.57 1.86 2801 7.0+5.0
NO 10.00 5.807 1.936 1.945 0.46
and cs 8.417 6205 2068  1.891 9.36
SiS 8.894 5.947 1.982 1.994 0.60
D,(O,) = DO, + ZP(O) =5.213eV+ 1250 eV= PbS 13.957 7.460 2.487 230 8.13
17.71eV (20) Metal Halides
LiF 3.155 4.842 1.614 1.61 0.25
This result is in excellent agreement with the operational  NaF 4.09 6.205 2.068  2.132 3.00
BeF 5.204 5.130 1.710 1.651 3.57
o _ ~ _ MgF 6.39 5.818 1.939 1.926 0.69
D,s"(0,) = hcBJa, = 17.78 eV @) AR 5207 7.878 2.626  2.20 19.3
. . . . GaF 5.556 8.003 2.668 2.292 16.4
We revise the view held earlier, that oxygen was an exceptional NaCl 4.410 6.627 2209 2.084 6.0
molecule, for which the interference-free part of the molecular GacCl 5.583 7.847 2.616 2.151 21.6
energy cannot be retrieved by our standard promotion prédess. gyerall 6.37
On the other handR«(S;) is not too different from the standard average

single bond lengtt anq 'the.change ifqc does not simulate , aThe third derivative and hence tHe value of both curves are
the absence of hybridization; we, therefore, use Bratsch’s jjentical.

hybridization rule (16.7% s-character) for sulfur and selenium

compounds.
Because of their relatively low RKR range, we consider the PECs up to the dissociation limit. We take this opportunity to
RKR and someD, data for AgCl, AlF, G, GaCl, GaF, Sij correct a mixup that occurred in ref 1: Table 1 referred to the

SiH, and SiS (all discussed in ref 1) incomplete and inconclusive °IT, state of G, but Table 2 used the ground-state valuedar
for our extended purpose. These molecules have not beenFurther, the ground-state force constant foh&s to be corrected
compared with RKR and/or ab initio data (Table 3) as we study to ke = 31.16 eV A2 The PECs of CuH, Al and E remain



Valence-State Atoms in Molecules

3.5 -
3 -

F (obsetved)
o ~ o
w [l | [\S) w
Il . L
.

()
|
|

VS parameter, z

Figure 3. Observed rotationvibration coupling constanfqss vs
calculated valence-state parameter ksRe?/Dys for 50 molecules of
Table 2. The line shows the valence state potential predictiqg(2)
= 73.

excluded for reasons discussed in our preceding papel.
ditionally, a “hump” in the PEC of CuH has been reportéd,
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F..=AY—1

morse”

Frydberg= (2/3)(2A)112 -1
F =AY+ 2072 -2 (22)

varshni ™

Figure 4 plots the experiment&bps versusAl2 and shows
the variance of the calculat@thorse Frydberg @NdFyarshnicurves
from the experimental data. The straight line (22) obtained for
the Morse PEC appears to divide the ionic molecules centered
above in the top left from the more covalent species situated
mostly below and to the right of the Morse line. The Rydberg
and Varshni lll PECs slightly improve the correlation with
covalent and less polar bonds; on the other hand, they are even
less suited for the highly ionic diatoms. These graphical plots
of F vs AY2reveal a “spectroscopic gap*a separation between
the positions of ionic and covalent molecules with each class
following a different trend. For the whole set, the best regression
line for Fops VS A2 through the Morse and Rydberg intercept
atF(0) = —1 has the slope 0.902, which is significantly below
the “theoretical” value of 1 for the Morse and nearer that of
0.9248 for the Rydberg function; see (22). However, the
correlation coefficient = 0.283 is very low. The comparison

so that more experimental data are needed for this molecule. Inof Figures 3 and 4 visibly documents the superior performance
general, the available RKR data for the coinage metal hydrides of the UIC (and VS PE) function(s) in calculating the rotation

do not allow the determination of preciBe values; cf. the error
margin indicated for AgH® The molecules tested by us are
those for which we have sufficient RKR and/or reliable
spectroscopic data available.

4.1. Calculation of the Rotation—Vibration Coupling
ConstantF. The PE function is considered as having universal
character if the observed spectroscopic constBss— aeve
6B¢? andGops = 876X/ B are well represented by the calculated
F andG obtained from simple relations involving the appropriate
dimensionless molecular parametét:12We now check this
criterion for the UIC, Morse, Rydberg, and Varshni Ill PECs.
The UIG, function is not included in the comparison, as it has
been operationally defined to fulfifiyicq = Fonsandz, = 3Fops

Note that Zavitsas’ universal PEC does not allow any assignment
of F, or ae, because its third and higher derivatives are undefined
atRg; this, however, does not detract from its universal character.

Our UICCs show a similar derivative discontinuity Rt from
the fourth derivative onward.

For the UIC function, the first and second derivatives at the

minimum fit the necessary requirements(R;) = 0 and
U"(Re) = ke = zD\J/R?, and the ratio—U""(R)RJ/U"' (Re) =
—leRe/ke = 3 + zis identical with the corresponding ratio of
the VS PEC. This ratio, in turn, determin€g;c(z2 = —1 —
leRe/3ke = /3. For our 50 molecules, with & Q < 0.9, the
plot of Fops VS Z gives the regression linEqops = 0.0303 +
0.32&, and the correlation coefficient = 0.989 (Figure 3).

The slope 0.326 is almost identical with that reported for a

different set of 23 moleculesand the intercept is practically
zero; thus, the theoretical curifgc(2) = Z/3 is closely matched.
The comparison of the calculatelflyc with experimental

vibration coupling constant, i.e., essentially the third derivative
of the RKR curve aR..

For our 50 molecules, the average unsigned errors of the
Morse, Rydberg, and Varshni lll PECs amount to 32%, 30%,
and 26% ofF, respectively. Thus, in calculating the third
derivative,U""'(Re), the UIC and VS PE functions are almost
an order of magnitude more accurate than the Morse, Rydberg,
and Varshni lll PECs. Hydrogen is again particularly well
represented with-3% deviation, compared te-28% for the
Morse, —41% for the Rydberg, and-39.8% for the Varshni
Il functions. The values of individual errors fyc = Fys for
the molecules tested correspond to those of the dissociation
energy ratiosP,s®/Dys; cf. section 3.1 in ref 1.

4.2. Deviation of the UIC Curves from RKR and ab Initio
Data. Table 3 lists the average unsigned erf8rsjU/De,
obtained by the UIC, Ulg Morse, Rydberg, and Varshni lll
PECs for individual molecules and the overall average of a set
of 42:

ref
U(R) — U (R
SU - Izl caI(Rl) ref(R|)|

D

x 100%

nD, @3)

e e

whereUg,(R) is the calculated potential energy at a given RKR
or ab initio reference pointR, andn is the total number of
points reported.

We first discuss the detailed results for some representative
bonds, viz., two homonuclear molecules (ffigure 5) and Li
(Figure 6), the ionic LiF (Figure 7), and two hydrogen-
containing diatoms of opposite polarity, LiH (Figure 8) and OH

value$? for our set of molecules shows an average unsigned (gigure 9). These figures show the signed relative deviations

error of 6.37%. No separation into ionic and covalent com-
pounds is detectable in Figure 3.

Sincez = k.RZDys, the dimensionless vibratietrotation

[Uca(R) — Ure(R)]/De as a function of the reduced distance
R/Re. For H,, our UICCs, i.e., the four-parameter VSM and
VSM, PECs (15) represent highly significant improvements.

coupling constarfyc is defined by these three parameters even The repulsive inner limb is almost perfectly modeled (cf. ref

for our five-parameter UIC functions. The following comparison

1), and the deviations in the remaining spectroscopically

with theF values of three-parameter empirical PECs is therefore important domain, up t&R < 3R,, are an order of magnitude

entirely unbiased. For the Mordé,Rydberg? and Varshni

smaller than those of the empirical PECs (Figure 5). The small

functions! the appropriate dimensionless parameter is the ripples aroundr ~ 0.5R. result from slight inaccuracies of the

Sutherland paramete’\ = k.R%2D.. For these PECs the
following functional relations hold betweeh and A:11

experimental RKR data. On average over the whole range of
distances covered by the RKR data foy, the performance of
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Figure 4. Fos Vs square root of Sutherland parametéf? for 50
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Figure 5. Hydrogen molecule: relative potential energy difference
(Uca — Ure)/De over reduced distancB/R., shown for the UIG (black),
UIC (pink), Varshni Ill (red), Rydberg (green), and Morse (blue) PECs.
Reference as in Figure 1.
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Figure 6. Lithium molecule: relative potential energy different&

— Uye)/De over reduced distanc&/Re, shown for the UIG (black),
UIC (pink), Varshni Ill (red), Rydberg (green), and Morse (blue) PECs.
RKR + IPA reference data from: Hessel, M. M.; Vidal, C. R.Chem
Phys.1979 70, 4439.
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Figure 7. Lithium fluoride (partial chargeQu = 0.822): relative
potential energy differencé&)ta — Uier)/De Over reduced distancB/Re,
shown for the UIG (black), UIC (pink), Varshni Il (red), Rydberg
(green), and Morse (blue) PECs. Reference as in Figure 2.

coupling is poorly represented by both the VS PE and empirical
functions. The operational fit ta in our VSM, function
reduces the average unsigned errét$/De, of the alkali metal
diatoms by up to a factor of 2 (Table 3). However, a fifth
molecular parameter, i.e., a further empirical fitiige or to
both the third and fourth derivatives B¢, is needed, to obtain
results of similar accuracy as forvith just four parameters.
This has been done using the extended Rydberg funttion.
Good-quality results have been obtained with Zavitsas’ globally
fitted six-parameter PE€. We have argued that the different
shapes of the RKR curves for hydrogen and the alkali metal
diatoms are connected to the different types of valence-electron
correlation in the moleculesThe valence correlation is mainly
of the angular (or “ir-out”) type for the alkali metal diatoms,
but of the “left-right” character for H. The fact that the
Hartree-Fock approximation barely reproduces 17% of the bond
dissociation energy of k! appears to be important, since our
covalent VS reference energy is rooted in the restricted HF
model. Incidentally, a similar connection may be operative in
the case of the fluorine molecule, where both the Hartfesck

and VS PEC perform badfy.

High level ab initio reference data are available for the PECs
of LiF,*” NaF® and NaCFk? As mentioned in section 3.1 and
shown in Figure 7, large positive deviations of upi80% of
De characterize the Morse and other empirical PECs of the alkali
metal halides. Note the opposite shapes of the deviations in the
Figures 6 and 7. Our five-parameter UICCs evenly reduce the
errors for LiF (Figure 7) and NaF by an order of magnitude to
a maximum positive deviation of 2%, and an average unsigned
error of about 1%. The latter error is about 2% for the NaCl
molecule, as opposed te-B% with the three-parameter curves
(Table 3). Further improvement of our results is predictable by
fixing the fifth parameter to reproduce the anharmonicity
constant.

The 14 hydrogen-containing diatoms in Table 1 form an
interesting group with a variety of ground-state electronic
configurations and different, sometimes opposite bond polarities,
d. The UIC curves for most of these have been compared with

the UICCs is exceeds that of three-parameter PECs by morethe reliable ab initio data of Meyer and Rosnétis.

than an order of magnitude (Table 3).

Figure 6 highlights a systematic trend typical for the weak
bonds in the alkali metal diatoms. All of the empirical PECs
are far too steep in the inner limb, but too shallow between 1
< R/IRe < 3, where the maximal deviation is arourd 0% of
De at R ~ 2R.. As reported earliet? the rotation-vibration

Figure 8 plots the results for LiH in the region 0s6R/R. <
3.2. None of the functions tested does particularly well, but the
Varshni Il curve reproduces the RKR data better than either
the UIC or UIG, PECs. Except for KH, the alkali metal hydrides
are generally better represented through the Varshni Il than
the UIC functions (Table 3). Out of the set of 42 molecules,
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TABLE 3: Average Unsigned Errors, dU/D,, for UIC and UIC , PECs: Morse, Rydberg, and Varshni Ill PECs Included for
Comparison

molecules UIC %)U/De UIC, % 6U/De Morse %0U/De Rydberg %9U/De Varshni Il % 6U/De UmaxDe ref
Homonuclear
H> 0.57 0.35 5.66 6.32 7.09 0.933 a
Liz 2.10 0.71 4.71 2.87 2.97 0.69 b
Na 4.17 2.47 11.63 8.90 7.96 0.99 c
K2 3.60 2.62 9.93 7.94 6.42 0.83 d
Rb, 3.60 2.00 10.8 8.71 6.91 0.99 51
Cs 2.57 1.87 6.96 5.73 4.33 0.678 e
N2 0.76 0.47 1.58 0.64 0.30 0.551 f
P, 1.06 0.96 2.70 1.82 0.84 0.514 f
0O, 0.76 0.73 2.09 1.48 1.38 0.707 g
S 1.27 1.32 1.84 1.91 1.86 0.547 h
Cl, 0.86 1.79 6.62 4.14 1.46 1.0 i
Br; 0.23 0.27 3.34 2.42 1.38 0.64 52
I, 2.06 2.19 8.84 5.86 2.90 1.0 j
Same Group Heteronuclear
LiNa 1.54 1.25 6.33 4.17 3.52 0.961 k
SO 0.54 0.56 1.05 1.07 1.04 0.463 |
SeO 0.15 0.11 0.21 0.17 0.31 0.224 f
ICI 0.62 0.64 5.60 331 1.30 0.997 53
1Br 0.30 0.31 2.46 231 2.23 0.332 m
Hydrides
LiH 2.71 2.48 3.60 3.85 1.76 0.975 n
NaH 2.78 2.78 2.68 3.00 1.14 0.973 54
KH 0.84 0.99 2.42 1.79 2.32 0.998 o]
RbH 1.85 1.26 0.69 0.84 0.49 0.574 p
CsH 6.49 3.56 2.90 2.09 1.36 0.994 p
MgH 1.21 1.43 11.45 11.67 11.01 0.967 64
CaH 1.16 1.29 4.03 2.95 241 0.603 q
CH 141 1.38 0.76 0.81 1.23 0.961 64
NH 0.73 0.74 1.17 0.55 0.94 0.74 64
OH 0.55 0.63 1.85 1.97 1.00 0.753 64
SH 0.36 0.26 0.72 0.26 0.10 0.415 64
HF 1.46 1.43 4.46 5.37 3.14 0.979 r
HCI 1.57 1.26 2.98 2.81 1.38 0.989 s
AgH 1.02 0.63 1.48 1.38 0.81 0.76 f
Oxides and Sulfides
BeO 0.69 0.36 0.32 0.17 0.51 0.340 f
MgO 1.28 1.52 1.57 1.58 1.52 0.280 f
NO 0.77 0.80 2.29 1.03 0.52 1.0 f
Cs 0.55 0.17 0.11 0.27 0.59 0.288 t
Pbs 0.49 0.41 0.72 0.45 0.13 0.237 f
Metal Halides

LiF 1.01 0.82 7.59 8.44 8.32 0.973 47
NaF 1.20 1.21 10.03 10.94 10.80 0.907 62
BeF 0.77 0.69 1.10 1.61 1.71 0.385 f
MgF 0.25 0.20 0.42 0.53 0.59 0.239 f
NacCl 2.16 1.84 6.68 7.63 8.09 0.931 63
overall average 1.42 1.16 3.92 3.38 2.76

aRKR and ab initio data were obtained from the references highlighted in text as well as the following: (a) Weissman, S.; Vanderslice, J. T.;
Battino, R.J. Chem. Physl963 87, 2226. (b) (i) Kusch, P.; Hessel, M. M. Chem. Physl977, 67, 586. (ii) Hessel. M. M.; Vidal, C. RJ. Chem.
Phys 1979 70, 4439. (c) (i) Kusch, P.; Hessel, M. M. Chem Phys1978 68, 2591. (ii) Kato, H.; Matsui, T.; Noda, G. Chem. Physl1982 76,
5678. (d) Ross, A.; Crozet, P.; d’Incan, J.; Effantin, JCPhys. B1986 19, L145. (e) Vidal, C. R.; Raab, M.; Huog, G.; Demtiaer, W.J. Chem.
Phys 1982 76, 4370. (f) JencF. Private communication. (g) Saxon, R. P.; Liu,B.Chem. Physl977, 67, 5432. (h) Saxon, R. P.; Liu, Bl
Chem. Phys198Q 73, 5174. (i) Douglas, A. E.; Hoy, A. RCan. J. Phys1975 53, 1965. (j) Tellinghuisen, 1. Mol. Spectrosc198Q 82, 225.
(k) Schmidt-Mink, 1.; Muler, W.; Meyer, W.Chem. Phys. Letl984 112 120. (I) Verma, K. K.; Reddy, RJ. Mol. Spectroscl977, 67, 360. (m)
Coxon, J. AJ. Mol. Spectroscl98Q 82, 264. (n) Vidal, C. R.; Stwalley, Wd. Chem. Physl982 77, 883. (0) Hussein, KChem. Phys. Letl1986
124, 105. (p) Stwalley, W. C.; Zemke, W. T; Yang, S. L Phys. Chem. Ref. Dafi®91, 20, 153. (q) Rao, T. R.; Reddy, F.; Rao, A.Mol. Struct.
(THEOCHEM) 1983 105, 249. (r) Bredford, E. J.; Engelke, Ehem. Phys. Lettl98Q 75, 132. (s) Coxon, J. A.; Ogilvie, J. B. Chem. Soc.,
Faraday Trans. 21982 78, 1345. (t) Amiot, C.J. Mol. Spectrosc198Q 81, 424.

there are but two, RbH and CsH, for which the UICCs give excited A'Z" state from relatively low vibrational states on,
higher errors than all of the other functions tested. For these e.g., NaH beyond = 9.5

molecules, the corevalence intershell correlation affects the Hydrides bearing a positive partial charge on H are well
PECs as strongly as, or even stronger than, the valence shelbescribed by our UICCs. The relative differences of the PECs
correlationt® The former effect has been successfully accounted for the OH radical are displayed in Figure 9. While the Morse
for by core polarization potentials (CP®£Swhich we are about ~ and Rydberg curves fail badly even close Rg the UIC

to incorporate into our modél.In addition, the ground-state X  deviations average to about 0.6%f for more than 75% of
13+ of the alkali metal hydrides significantly interacts with the the curve’s energy range. The performance of the UIC curve is
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Figure 8. Lithium hydride Qu = 0.473): relative potential energy
difference Uca — Urer)/De Over reduced distanc&®Re, shown for the
UIC, (black), UIC (pink), VVarshni Il (red), Rydberg (green), and Morse
(blue) PECs. RKR reference data from: Vidal, C. R.; Stwalley,JW.
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Figure 9. Hydroxyl radical Q4 = 0.298): relative potential energy
difference Uca — Urer)/De Over reduced distanc&Re, shown for the
UIC, (black), UIC (pink), Varshni Il (red), Rydberg (green), and Morse
(blue) PECs. Ab initio reference data from: Meyer, W.; Rosmus, P.
Chem. Phys1975 63, 2356.

twice as good as that of Varshni Ill and nearly 4 times better
than those of Rydberg and Morse. The closeness betgen

andD\s¥ is evidence of good representation of the PEC for
OH by the UIC function. The same holds for SH and would be

expected for other group 16 hydrogen-containing diatoms, e.qg.,

SeH.

For HCI, the use of 14.4% s-character instead of an earlier
10% significantly reduces the associated error from 3.89% to

1.57% for the UIC and 1.26% for the UjGunction. The trend

in deviation from RKR of VSM and UIC curves for the various
molecules closely parallels that obtained for the VS function in
the repulsive branch of the PEGConsequently, the accounts
for anomalous molecules are similar. Following up on the
discussion on @in its 3%, ground state (section 4), we note
that both UIC and UIg yield a low value of about 0.75%
average unsigned error. This is remarkable, since thigiidet
ground state PEC has been considered difficult to mbefel.

Overall, the comparison of all the calculated PECs with the

von Szentply and Gardner

unsigned error of 2.76%, which is more than 1% higher than
the corresponding error in the UIC functions, but is clearly less
than that of other three-parameter functions. Relying on Nale-
wajski's statement that none of Varshni’'s PECs approached
+o0 for R — 0, we first missetl an exception, i.e., that the
Varshni Ill potential does indeed reach the required positive
infinity at R = 0. According to our experiendethis may
contribute to its improved performance. On the other hand, the
prediction of the anharmonicity constant has been shown to be
exceptionally poor for the Varshni 1l PEE. The Morse
function displays an overall error of 3.92%, i.e., more than twice
that of either of the UICCs. Averaged over the whole set of 42
diatoms, the UICCs are the only functions showing average
unsigned deviations of less than 2% from the RKR data.
According to the conclusions reached by Steele, Lippincott, and
Vanderslice!? “the better 5-parameter functions should give
average error of 1 to 2%.” Notable examples of molecules for
which the average unsigned error of both UICCs falls signifi-
cantly below the 1% barrier are;HN,, Oy, Bry, ICI, OH, and
NO. The overall performance of both our PECs comes close to
the optimum 1%, while our number of parameters per molecule
is four (for homonuclear) to five (for polar bonds). We have
evaluated the average unsigned effov/D. using Murrell and
Sorbie’s five-parameter extended Rydberg PHEGr 39 diatoms
and get an overall 1.39%, the largest deviations being 4.1% for
LiF, 5.1% for NaF, and 9.8% for NaCl. The latter errors are on
average 4.5 times those of the UICCs and add to the strong
evidencé® that the exponential PEC ansatz is inadequate for
highly ionic bonds. Although we do not break the error barrier
of 1% of D, for as many molecules as Zavitsdsye obtain
high-quality calculated PECs for alkali metal halides, for which
his model completely breaks dowh®8In this sense, our model

is closer to being universal.

5. Summary and Outlook

We have extended the validity range of the valence-state
potential curvé (VS PEC) beyond the Coulsetirischer transi-
tion? and up toR — . Universality of the PEC has been
achieved by modeling a “soft” Coulsefirischer transition by
a continuous reduction of the weight of “ionic structures” in a
composite potential function. Thereby the asymptotic reference
energy is monotonically shifted from that of the promoted
valence-state atoms (VSA) to that of the ground-state atoms.
For the set of 42 diatomic molecules (from kb NaCl), our
UIC, PEC yields an average unsigned error of 1.16%gf
which is a result near the optimum obtainable with five-
parameter PECs.

Work is in progress to present more advantages of our
semiempirical PECs by evidencing:

(i) Their intrinsic potential for methodical development
through improvements of the underlying physical model, e. g.,
by the inclusion of core-polarizabilits:

(i) The additivity and/or transferability of several param-
eters9in addition to the one already reportediz., the scaled
force constanf = keRe/Dys,;

(ii) The universal scaling properties of the UKPECs’®
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