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A recently introduced valence-state potential energy function (von SagntpaChem. Phys. Lettl995

245 209.) and its dissociation energi\s) serve to establish an arithmetic combining rule for scaled force
constant increments,= kRJ/Dys. 4 is transferable from homo- to heteronuclear molecules at an accuracy of
1.6% average absolute error in harmonic vibrational wavenumbgrsf #2 diatomic molecules covering a

force constant range of factor 30. The parallel to combining rules for repulsive potentials in solid-state and
atomic physics is shown, and the reasons for the failure of previous attempts to obtain transferable force
constant increments are examined.

Introduction Dys = U(w) — U(Re) refers to the dissociation into promoted
The problem of transferable spectroscopic constants is of VS atoms. The molecule is characterized by its electron density
decisive importance in force-field calculations of unknown (p(r)) and electron-pair densityz(rs, r»)), i.e., the diagonal
systems. Starting from a small reference data set, combiningelements of the spinless first- and second-order density matrices.
rules are required to calculate spectroscopic constants to aBoth p andx are partitioned into interference contributions (
reasonable accuracy. Vibrational force constants (FCs) haveands') and interference-free densities’ andrVS) assigned
been found to be transferable only within special classes of to the AIMs18 The VSs are reached upon dissociating the
molecules of similar polarity.Except for a recent and, as shown molecule with frozenp¥S and 7VS. The VS is essentially
below, inaccurate claifdiFC increments expressed by effective molecular, especially as the VS atoms maintain the interference-
nuclear chargésand/or electronegativity (ENare nontransfer-  free part of the electron-pair density of the AlMs after breaking
able from homo- to heteronuclear molecules. Since the harmonicthe bond(s). For a VS atom A, obtained from the homonuclear
force constanty, vibration—rotation coupling constant.., and molecule A, the repulsion energy due to the frozen on-site pair
spectroscopic dissociation enerdye, of diatomic molecules population amounts t¢ Ji/4. J; = I; — A models the two-
span over 3 orders of magnitude, the quest for their transfer- electron one-center repulsion energy of the ith atomic orbital,
ability has translated into a search for the universal scaling and the summation goes over all bonding valence orbitals.
properties of the potential energy (PE) cufvésand quantita- For a single-bonded polar molecule AB, we calculate
tive relations between the constafts!® A universal PE curve
with transferable bond energies and FCs would be most vaIuabIeDV <=D,+ Z[Ehy + (J/4)] — szl( Iyt ) =
for (i) a huge data reduction in empirical force-field/molecular

2
mechanics parameters, (i) the interpretation of vibrational D, + thy+ (1-9 )2(3/4) (4)
spectra, and (iii) a unified rationalization of the complexity of
chemical bonds. Eny is the hybridization energy, including the promotion energy

to the barycenter of the spirorbit split statesy J/4 — Ay?/(Ja
+ Jg) is the sum of the on-site pair repulsion energies resulting
from the frozentVS of the polar molecule. The derivation of
the latter contribution is dealt with in detail in ref 11.

The purpose of this paper is to demonstrate that the
exponential factorA) of the universal VSPE curve is transferable
and obeys the simple arithmetic mean combining rule

Method

In part 7 and part 2! | used Ruedenberg’s definition of
the valence state (V8) (i) to derive the valence-state elec-
tronegativity (VSEN,yvs)'” characterizing the atom in the
molecule (AIM) and expressed as a function of the partial
charge,o,

1 - =40
fus =Ll + A+ (= A =" +55 (D) Aan + 750 = 2 ®)

wherel is the ionization energyA the electron affinity of the
active valence orbital® the Mulliken EN, and; the chemical
hardness, and (ii) to introduce a universal VS potential energy
(VSPE) function with the reference zero energy(c)) being

the VS energy of the moleculé:

Note thatiR. = z, the only species-dependent parameter in the
reduced VSPE functiony = U/Dys, is a dimensionless FC and
the generalized Sutherland parameter. The question of transfer-
able bond energies will be treated in a forthcoming paper. At
present, it is assumed th&. is known experimentally or
URR= —-D + 2 Y+ Dod Lex —R 2 interpolated by one of the well-known schemé$;21 while Dys

R vs(Re )+ Dys PER—RI (2) is calculated by adding the appropriate promotion energies to

A =KR/Dyq ©) the observede.. For the diatom AB, the resulting FC is

Re is the equilibrium bond length. The VS dissociation energy Kag = (Aaa T Agg)Dys(AB)/2R(AB) (6)
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TABLE 1: Homonuclear Data for 4 = kRd/Dys,
Spectroscopic and Valence-State Dissociation EnergieB,
and Dys, Bond Lengths, Re, and Harmonic Force
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TABLE 2: Spectroscopic and Valence-State Dissociation
Energies,D. and Dys, Bond Lengths, R,, Calculated and
Experimental Force Constants Kecai = (Aaa + 4gs)Dvs/2Re,

Constants, k& and Kops
As De, €V Dys, eV Re, A k2 eV/AZ A, A71 ﬂ.(p), A71 De, Dvs, Re, [AAA + ABB]/Z Kea? Kobs
H, 4747 11169 07413 3594  2.385 AB_ eV ev A A eVIA? eVIA®
Li, 1.056 3.443 2.673 1576  1.223 LiCl 486 6.45 2021 2.925 9.33 890
Na, 0.735 3.042 3.080 1.071 1.084 NaCl 4.29 5.68 2.361 2.855 6.87 6.87
Ka 0.52 2.44 3.925 0.615 0.973 KCI 4.40 5.08 2.667 2.800 5.33 5.31
Rb, 0.492 2.338 4.18 0.521 0.931 RbCI 4.39 491 2.787 2.779 4.89 4.88
Cs 045 2.16 4.648 0.434 0.934 CsCl 4.59 4.83 2.906 2.780 4.62 4.67
Cwn 2.08 5.33 2.220 8.222 3.42 CuCl 3.95 7.15 2.051 4.025 14.05 14.44
Ag. 1.67 4.81 2.469 7.31 3.75 AgClI 3.24 6.32 2.281 4.19 11.61 11.58
Cl, 2514 11.18 1.987 20.15 3.581 4.627 LiBr 437 6.5 2.170 2.789 790 7.43
Br, 1.991 10.39 2.281 15.36 3.371 4.354 NaBr 3.82 540 2.502 2.719 5.87 5.83
P 1.556 8.73 2.666 10.74 3.279 4.197 KBr 3.94 486 2.821 2.664 4.59 4.61
F> 1.66 738 1412 29.51 5.67 (5.29) RbBr 4.01 4,79 2.945 2.643 4.30 4.32
aUnless otherwise indicate@., R., andk from refs 22 and 23. gﬁgrr ggg g?g g%g 5234 128? 1‘2”;2
Conversion factor: | eV/A = 0.1602 mdyn/AP Caldwell, C. D.; AgBr 300 620 2393 205 105 1036
Engelke, F.; Hage, HChem Phys198Q 54, 21. ¢ Brown, C. M.; Ginter, Lil 3.57 561 2392 2710 6.35  6.00
M. L. J. Mol. SpectrOSCl978 69, 25. d OperationaDvs = hcBVdae, Nal 318 503 2711 2641 490 476
conversion factor, 8065.5 cth= | eV. € See text for explanation. Kl 3.40 4.60 3.048 2585 3.90 3.82
) ) Rbl 3.44 450 3.177 2.564 3.63 3.60
Results and Discussion Csl 348 428 3315 2.566 331 3.39
Table 1 lists the homonuclear input data for fiag of single- g“' <327 <6.73 2.338 381 <1097 10.85
. - ~ o - gl 2.6 6.0 2.545 4.01 9.2 9.15
bonded d|at0m9% andk = ‘L{(ZJTC'Ve) are from ref 22. Equat|0n LiH 252 593 1.596 1.804 6.70 6.41
4 is used with experimentaDe,??2® while En, and J are NaH 197 526 1.887 1.735 484 488
interpolated from Bratsch’s tabulation of promotion energies KH 1.83 4.64 2240 1.679 3.48 352
and EN2411 The degree of hybridization in homonuclear RbH 181 452 2367 1.658 317 321
molecules enters into the referen@ks values. Based on CsH 184 437 2494 1.660 291 292
; S . u 2.85 7.31 1.463 2.90 145 13.75
pertinent analyse®, hybridization is assumed to be negligible AgH 239 678 1618 3.07 128 11.38
for the homonuclear diatoms of groups 1 and 11. For Bi,, HCI 462 1054 1.275 3.506 2899 132.23
and b, the analyses attribute a decrease from 15% to 10% of s HBr 392 975 1414 3.370 23.24 25.67
character in bonding hybrid orbitals on going to heavier elements HI 320 8.99 1.609 3.293 18.40 19.59
in the group. In this paper, an intrinsic hybridization criterion FCrICI g-fg 18-3;‘ Zzs}gf g-gf ﬂ-gg llz-gg
particular to the VSPE function (eq 2) is presented. The IBr 184 946 2469 3305 1274 1291
vibration—rotation Coupling constantis = 6:00 7:82 12564 3:22 16:08 15:48
NaF 4.98 6.59 1.926 3.15 10.8 10.99
o, = (6B, /7)Z3 = 2BAR/7, 7 KF 514 605 2171 3.09 8.62 8.62
RbF 5.20 5.96 2.270 3.07 8.07 8.04
With CsF 5.32 5.80 2.345 3.07 7.59 7.60
CuF 4.43 8.31 1.745 4.32 20.6 20.79
AgF 364 7.08 1.983 4.48 16.0 15.64
_ ~ 2
z=hcr,12BDys (8) HF 6.12 13.55 0.9168 4.03 59.76  60.24
. L 2D, Re, andkyps values from refs 22 and 23; conversion factor: 1
we get an operational definition for eVIAZ = 0.1602 mdyn/A.
Dvs(sdn) = hcBjida, 9) The A values in column 6 of Table 1 can be directly tested

for transferability if the bonding orbitals retain their reference
The spectroscopic constants representing the first, second, andnybridization while forming polar bonds. A hybridization of
third derivatives olU at Re, Viz., B, ve, andoe, determine not the halogens in highly ionic alkali-metal halides and group 11
only Dys but also the entire three-parameter VSPE curve of halides does not pay off¢ thus, 100% p character is assumed
any diatom. For homonuclear molecules, egs 4 and 8 combinefor their electron configuratiof. In order to be consistent with
to an expression for the promotion energy to the VS the AIMs in these halides, the change in hybridization from X
to AX has to be incorporated into thi&yx increments. The
Pauling-Sherman relatioif serves to calculatBys(p) for the
unhybridized halogens from th&ys(sp™ found from eqs 9 and
10:

2E,, + (J2) = (hcBiJo) — D, (10)
Using tabulatedg,, and J datd?* with eq 10 yields 13% s
character for Gland Bg, while 10% is found for4, in excellent
agreement with theoretical analysés.

The F—F bond has been found to be exceptional according
to most method$S2% In ref 11, the effect of interacting lone
pairs onA and z has been absorbed into an ad e b/
2B, Because of the antibonding effects of lone pdibgs = _ 1/2 2 -1
7.35 eV is significantly smaller, thus,= 5.67 larger than those A(p) = [(Bm) ™+ 11°(3m + 3) "A(sp) (12)
for the other halogen diatoms. &6 s character in the;ond Pauling-Sherman factors of 1.292 for 13% s character in C1
cannot be determined using eq 10, due to the superposition ofand B and 1.280 for 10% s character inHave been used for
the bond-weakening lone-pair effects. obtaining thet(p) in the last column of Table 1, which serve to

Dys(P)Dys(sp") = 3m+ 1)/[(3m)"*+ 1)*  (11)

Dividing kRe in eq 3 byDys(p) instead of the operationBlys-
(sp" of eq 9 increases:
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Figure 1. Plot of the observed against calculated harmonic force constants (irfedf&42 heteronuclear diatomic molecules. The correlation
coefficient for the best zero-intercept lineRs= 0.9976.

calculate the FCs of alkali-metal halides. Incidentally, the A(p) = 5.21 is found to fit the fluoride FCs with an accuracy
Pauling-Sherman formula reduces the operatidda(sp™ to comparable to that of the whole set of diatoms studied here.
Dvs(p) values which are quite similar to the sum of dissociation The hydrogen fluoride molecule may serve as the example for
energyDe and promotion energy2P(p)) needed to reach the an alternative way of extracting information from the VSPE
unhybridized p VS! The FC increment for the fluorides will  function and combining rule. The higher spectroscopic constants
be discussed below. oe andvexe of HF are well matched, assuming 5% s character
Figure 1 and Table 2 show a comparison of the calculated in F and, thusPys(HF) = 13.55 eV!1 (The s character has not
and observed FCs for 42 single-bonded molecules. The VSbeen specified in ref 11.) This value together with the
promotion energyDys — De, is obtained from refs 11, 17, and  experimentaR. and operational(F,) = 5.67 yield an excellent
24. Heteronuclear data f@ys andRe are combined with4aa k(HF) = 59.67 eV A 2just 0.8% short of the experimental FC.
+ Agg]/2 according to eq 6 in order to calculate Fkzg, in In agreement with ref 25, this indicates that the s character in
column 6, and compared it with the observigs in the last F, is around 5%. For all of the 42 molecules shown in Table 2,
column. Still excluding the fluorides shown at the end of Table the absolute average error bfis <2.8%, equivalent to 1.6%
2, the average absolute error of 34 calculated FCs amounts toerror inve, Whereas a 5% error i has been considered to be
3.3%, i.e., 1.8% in calculated harmonic wavenumbgssThe a useful accurac¥?
FCs of lithium-containing molecules are systematically too high  On the wholeg is found to be remarkably transferable over
by about 5%; excluding them reduces the absolute errktof the whole range of bond polarity. This relates to an interesting
2.7%. There is an option to improve the results by choosing parallel with regard to empirical potentials between closed-shell
LiH as the reference molecule in order to calculate the systems. The repulsive interaction between atoms, ions, and
transferablél increment for the lithides. Remarkably, the copper molecules with closed-shell structure has long been known to
and silver halides are as well described as the alkali-metal obey simple combining ruleé8:3°Most commonly, the repulsive
halides. Although the former are less ionic, d-orbital participa- potential Uag) is estimated from that of like atoms by geometric
tion on Cu and Ag does not seem to affect the VS reference averaging:
energy. The situation is somewhat different for the hydrides.
The FCs of the alkali-metal hydrides are calculated to an Upg = (UpaUga)™? (13)
accuracy of 1.7%, whereas they are 5.5% and 12.5% too high
for CuH and AgH, respectively. This may be attributed to a For the exponential factor in such potentials, this is equivalent
change in the reference VS energy due to sd mixing in the groupto the combining rule (eq 5) of this paper. However, combining
11 hydrideg’® an effect not included in this study. Note also rules have been previously reported for purely repulsive
the increased experimental uncertainty inRevalues for CuH potentials only. For the first time, a combining rule (i) is

and AgH23 applicable for a PE function of the bonding type and (ii) allows
For the reasons given above and in ref 11, the VSPE curve us to calculate the harmonic FC to a useful accuracy.
of the fluorine molecule is not suitable for extracting tp) The product betweekand powers oR. has been repeatedly

increment for the FCs of ionic fluorides. However, an empirical tested in searching for transferable combinations of spectro-
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scopic constants;331.32Pearson has examined the correlation highly appreciated. | thank Professors H.-J. Werner and R. G.
Parr for their hospitality offered during my sabbatical leave.
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