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A Poisson equation for nuclear motions in diatomic molecules is derived. The working formula is
V2W =4n%,04(c) ,

where V2 is the Laplacian operator for the position of nucleus «, W is the Born-Oppenheimer mole-
cular energy, Z, is the atomic number of o, and g4(x) is the electronic charge density evaluated at o due
to orbitals centered on f. Harmonic, anharmonic and quartic equilibrium force constants are
calculated using Hartree-Fock molecular and atomic electronic charge densities, for a number of first
and second row diatomic molecules. A charge-model field gradient formula for harmonic force

constants
k,=3/R,

where k, is the force constant and R, the equilibrium internuclear distance, which offers general
improvement over a similar formula due to BratoZ, is presented.

Eine Poisson-Gleichung fiir die Kernbewegung in zweiatomigen Molekiilen wird abgeleitet. Es

wird die Formel
VPW =4n%,0,(x)

diskutiert, wobei V2 der Laplaceoperator fiir die Ortskoordinaten des Kerns o, W die molekulare
Born-Oppenheimer-Energie, &, die Kernladungszahl von o und g4{) die elektronische Ladungs-
dichte bei « ist, die durch Orbitale erzeugt wird, die bei B zentriert sind.

Harmonische, inharmonische und biquadratische Gleichgewichtskonstanten werden mit Hilfe
von molekularen und atomaren Hartree-Fock-Elektronendichten fiir eine Anzahl von zweiatomigen
Molekiilen mit Elementen der beiden ersten Reihen des Periodensystems berechnet. Eine Feld-
gradientenformel fiir ein Ladungsmodell bei harmonischen Kraftkonstanten

k,=3/R?

wird angegeben, wobei k, die Kraftkonstante und R, der Atomabstand im Gleichgewicht ist. Diese
Formel stellt eine Verbesserung gegeniiber einer dhnlichen Formel von BratoZ dar.

1. Introduction

In this paper, electrostatic methods will be presented for obtaining equilibrium
force constants for diatomic molecules. Accuracy of the formulas appears to be
competative with ab initio methods [1-4], curve fitting methods [5] and modeling
methods [1-4, 6—8]. First we present some analytical formulas, followed by a
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discussion of approximations leading to a field gradient model for harmonic
force constants [9] which offers improvement over a formula due to Bratoz [7].
Then we obtain a Poisson equation for vibrational potentials [10] which is a
theoretical genéralization of a formula due to Platt [6] that yields harmonic and
higher order force constants in terms of electron densities at the nucleus.

2. Relationships between Vibrational Force Constants
and Quadrupole Coupling Constants [9]

The Born-Oppenheimer energy W of a polyatomic molecule or solid in general
is a function of the Cartesian coordinates of the nuclei referred to as arbitrary
origin. If one of the coordinates X,, Y,, Z, of the particular nucleus o of charge
%, is changed, the change in W is given by a Hellmann-Feynman formula of the
type

aXaz _ga ﬂ;mgﬁ( Ra?c’ﬂ >_j‘ ( -

where ¢ is the electronic charge density function, r, is the distance from dt to
nucleus « and x, y, z are Cartesian coordinates of dz relative to a given origin.
Differentiation of Eq. (1) with respect to X, gives a formula for the second deri-
vative ky y = 0*W/0X?, and similarly we can obtain formulas for ky,y.k; 5.,
kyy, =0"W/0X,0Y,, ky 5 and ky_, . If we identify the corresponding six com-
ponents of the electric ﬁeld gradlent tensor for the molecular charge distribution
with nucleus o as origin,

1)

3 2 \d
Ix.x, = Z 3”#<—————3(X” R, - ) jg( (x ) —1)—; ,etc., (2
Py, =3 ) f,,<(Xﬂ_X°‘)5(Y"_ ) 3fe (__~_(x =Sl Y))dr etc., (3)
B#a Rdﬂ rrx

then these formulas are

4 de drt
kX"‘Xﬂ‘ = gﬁ[arXm + —3— TCQ((X) - j‘(x X) aX rg ] > t 2 (4)
do drt
kyy, =%, 9%y, — f(x— X) Q }, etc. (5)

Here the quantity g(x) is the electronic charge density at nucleus o; it enters
kx.x.» ky.y,. and k;_z_ because V*(1/r,) = —4nd(r,).

The first of Egs.(4) is the equation discovered and applied by Salem for
diatomic molecules [1]. If we add the three Egs. (4), we obtain a formula for the
Laplacian of the energy [9],

VZW = Z,[4no(0)— [ V0 V,(r—R,)™"d7]. (6)
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According to Salem, in Eq. (4) Z,%rg(«) is generally much larger than ky x and
%,4x.x.» and similarly Z,4np(o) is greater than V> W in Eq. (6). However, g(«) can

be eliminated from Egs. (4) by subtraction, giving [9]

1
ky 2, — 5 (kx,x, +ky,y,)

2
3 1

= ffa{g 42,2, 75

ky.x, —ky,y,= Z,

dg .. 0 J dz
(-2~ x)2L —p-nHL) ).

@r =)= (- X0 =0

® x

de \ dr
0355 )

Table 1. Predictions of equilibrium harmonic force constants, k,, for some M™H* and M*tH"

diatomic molecules; 10° cgs units

Molecule 2/Re3® 3/Re3® k, (exptl)®
HF 5.98 8.97 (9.66)
HCI 223 3.34 (5.16)
HBr 1.63 245 (4.16)
HI 1.12 1.68 (3.14)
LiH 1.14 1.71 (1.03)
‘NaH 0.69 1.03 (0.78)
KH 0.41 0.61 (0.56)
RbH 0.35 0.52 (0.51)
CsH 0.30 0.45 (0.47)
BeH 1.14 1.70 (1.03)
BH 246 3.70 (3.04)
CH 3.28 4.92 (4.51)
OH 5.05 7.57 (1.79)
MgH 0.89 1.34 (1.28)
AIH 1.03 1.54 (1.62)
SiH 1.31 1.97 (2.96)
CaH 0.57 0.86 (0.98)
MnH 0.89 1.33 (1.30)
ZnH 1.14 171 (1.57)
GeH 1.15 1.72 (2.38)
NiH 1.44 2.16 2.17)
CuH 147 221 (2.20)
StH 047 0.70 (0.85)
InH 0.74 112 {1.28)
CdH 0.84 127 (1.20)
AgH 1.09 1.64 (1.82)
BaH 0.42 0.62 (0.81)
TIH 0.71 1.06 (1.14)
BiH 0.78 1.17 (1.71)
HeH 0.88 131 (1.14)
AuH 130 196 (314

@ This relation is discussed in Refs. [1] and [7] of text.

b Eq. (10) of text.

° Experimental values from D. R. Herschbach and V. W. Laurie, University of California, Radiation
Laboratory Report UCRL 9694 (Berkeley, Calif,, 1961).
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These formulas and Egs. (3) are completely general relations among force con-
stants and quadrupole coupling constants eq Q.

For a diatomic molecule at equilibrium, there is one non-zero force constant
k.= [kz,2,]e = [kz,2,]. and one independent component of the field gradient
tensor at «, g, =1[qz,z,1., and at B,qs =[gz,7,].- Eq.(8) is trivial. Eq.(7) be-
comes [9]

3

1 Og Og do \ dt
b= 2] 3 0 326 =20 S - XS - 05
and similarly for 8. This is an exact relation between k, and g,. When the second
term is negligible, which it often appears to be for the hydrogen atom, we have
k,~ %,3q,); k.~ 3qy. This relation was derived by Salem for ionic compounds
M™H™, but for ionic compounds M*H™ his relation was k, & gy [1]. The former
appears preferable in both cases. For the M* H™ cases Salem used the BratoZ rela-
tion k, = 2/R2 (a.u.) derived for a point charge ionic model [7]. Similar reasoning
applied to Eq. (9) leads to the formula

k,=3/R3. (10)

As may be seen in Table 1, predictions of k, using Eq.{10) are quite accurate,
definitely better than those from BratoZ’ formula.

|

3. Harmonic Force Constants from Electron Densities

Eq. (6) is not a particularly useful form for the divergence of the Hellmann-
Feynman force on nucleus, because the two terms on the right are difficult to
determine accurately and they approximately cancel. However, it greatly simplifies
when ¢ is appropriately elucidated, giving a formula which allows approximate
determination of vibrational force constants from electron densities alone, with
no integrations.

The electronic charge density may be resolved into parts g,, ¢ perfectly
following nuclei « and f (we let B represent all nuclei other than o), and the rest,
a nonperfectly following part gypg:

o(r,R,, Rﬂ) =0,r—R)+ Qﬁ(" - Rﬂ) + oner(rs R, Rﬂ) . (11)
Putting this into Eq. (6) and using the easily derived relation
Z, [ V,olr —R,) V,Jr — R,| ™" dv = Z,4no(®) (12)

leads to the formula
V2W = 4%, [0(0) — 0,(0] — Z, | Vioner(rs Ros Ry) - Vilr =R 'dz. (13)

The consequence is that in Eq. (6) the density following nucleus « may be ignored
and the density following nucleus § contributes nothing to the integral. Eq. (13)
is exact.

The contribution of gnpr(®) to the first term in Eq. (13) may be expected to be
small, and the integral should be small as well. Making these assumptions, we
obtain our final working formula, now approximate,

VW =4nZ,04(x) . (14)
This is of the form of a classical electrostatic Poisson equation.
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We may deduce Eq. (14) from Eq. (13) more formally as in these two examples:

Case 1. Suppose gypy itself perfectly followed some point KR, +(1 —K)R,
(for example the midpoint 3R, + 3R;): oxpr = onpr(r — KR, — (1 — K)R;). Then
one would have | V,oxpr " V,Ir — R,| ™" dt = 4n K gnpr(er), and Eq. (14) follows if we
make the reasonable assumption gnpr(a) = 0.

Case 2. Suppose the molecular density may be represented as the sum of
atomic densities. Then Eq. (14) follows exactly, making it an “atoms in molecules”
result, within the Hellmann-Feynman approximation.

Table 2. Force constants from electron densities: first row hydrides?®

Molecule k,x 10° I,x 1013 m, x 10?1
zZ; Zy  Exptl Z, Zy  Exptl zZ, Zy  Exptl

HeH*' yt'z* 234 046 224 433 189 354

LiH P 0.002 0.88 (1.026) 0.009 381 (3.63) 006 147 (11.5)
0.468 0.450 1.14 2.26 232 9.79

BeH 25+ 296 152 (2.26) 106 792 (10.0) 321 366 (384)
1.72  1.56 6.43 8.19 20.2 37.8

BeH A1, 0.05 131 (2.33) 02 6.92 (10.7) 0.6 325

BeH* » 2% 0.05 096 (2.64) 0.2 5.53 (11.6) 0.7 27.8 (40.7)

BH  g'r* 510 230 (3.04) 237 127 (158) 9.5 626 (70.3)
289 295 13.8 16.0 56.7 75.8

BH™* 72zt 338 1.03 182 6.56 82.6 36.9

BH* A1, 0.233 0.593 1.31 3.79 608 214

CH 0, 620 297 (451) 348 181 (26.7) 171 982 (136)
436 542 24,9 30.1 124 148

CH* 4z* 545 147 (411 340 984 (23.0) 183 585

CH- 32 7.03 448 36.4 26.1 169 136

NH  g2- 703 365 (6.03) 453 241 (39.6) 259 141
572 8.62 37.6 49.2 217 250

NH atd 6.79 343 (5.62) 439 226 (21.6) 251 132

NH* 2, 494 137 34.5 9.70 211 61.0

NH- 20, 8.16 559 499 353 273 198

OH 21, 757 388 (7.79) 551 276 (54.3) 355 174 (337)
715 127 52.0 74.2 335 388

OH A2z* 352 172 (5.65) 262 124 (40.5) 1 793

OH* 32~ 485 134 (4.88) 37.3 100 (324 252 66.9 (202)

OH* a'4 481 1.28 371 9.66 252 64.7

OH~ yz* 9.09 17.50 63.5 48.3 399 248

HF  4Z* 788 396 (9.66) 634 300 (69.9) 453 202 (446)
843 175 67.0 104 475 561

HF* $2 1, 693 1.78 59.9 14.8 454 109

HF* 423" 407 083  (5.00) 361 723 (342) 280 559 (133)

NeH™* y'z* 360 0.75 324 6.42 257 482

a

When possible, two sets of calculations are given. Bader’s molecular densities are used first according
to the method of Egs. (15)—(17). Following unlabeled rows employ Clementi atomic densities
according to Egs. (15)—(17). Exceptional cases, labeled a, employ Clementi atomic densities only.
Experimental values are in parentheses. See footnote ¢, Table 1; cgs units.

Columns labeled Z; employ the charge of the light nucleus; those labeled Z, employ the heavy
nucleus.

Where blanks exist in the molecular density results, insufficient numerical density data was
available for a five-point polynomial fit.In these cases the density was exceedingly small and could
be expected to yield poor results.

21 Theoret. chim. Acta (Berl.) Vol. 26
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Eq. (14) says that the Laplacian of the molecular potential energy, V2 W, is
the sum of the orbital densities from the other atoms f. At equilibrmum for a
diatomic molecule, Eq. (14) yields the harmonic force constant:

ke = [Vrzz W]e = 4nngﬂ(a) ‘ (15)

From similar arguments Platt derived the formula for hydrides: k, = 4moy. (H),
where gy, 1s the united atom density [6]. Predictions of the &, using Eq. (15) for
first row diatomic molecules are in Tables 2—5. Clementi atomic densities [11]
and Hartree-Fock quality molecular densities are used according to the method
of Case 2. In order to use molecular densities, we suppose ¢, and g, to be sym-
metric about « and B and take g4(«) to be the total density at a distance R, from f
in the opposite directions from o, and similarly for ¢,(f), as calculated from
Hartree-Fock wave functions [12, 13]. The force term [2/R W /OR], is set equal
to zero. Heavy atom densities yields accurate predictions of k_; light atom densities
give correct trends, but less accurate predictions, possibly because heavy atom

Table 3. Force constants from electron densities: second row hydrides®

Molecule k,x 10° —1,x10%? m, x 16!
Z, Zy Expil Z, Zs  Exptl z, Zy  Exptl

NaH y'zZ* 0.321 0547 (0.782) 0.744 265 (261) 144 111 (745

MgH x*Z* 1.39 (1.28) 3.88 4.92) 871 (13.3)
0.862 1.079 267 532 673 229

MgH A%, 0.07 (1.48) 0.31 (6.15) 1.14

MgH?* y'z+* 0.09 (1.64) 037 (7.20) 1.44 (30.0)

AlH  y'x 215 (1.62) 7.55 6.72) 220 (24.6)
1.35 0.082 482 051 14.7 2.85

AlH*Y 22X+ 1.49 (1.48) 6.09 (9.27) 204

AIHY A%, 0.16 (1.76) 0.73 9.90) 2.86

SiH  ¥*1, 256 249 (2.96) 108 126 (134) 383 560 (52.6)
218 279 895 142 315 632

SiH*  y'=* 237 158 109 8.37 421 393

SiH™ 4z~ 275 109 364

PH fab 278 256 (326)° 135 140 58.6 67.3
296 4.1s 139 215 556 972

PH a*4 297 252 135 138 562 665

PHY %I, 263 161 (3.04) 137 9.23 (14.6) 614 466

PH™ 11, 3.15  3.60 146 194 57.8 906

SH ¥, 310 245 (419)° 168 145 787 755
3.83 606 199 319 89.2 147

SH A’z 167 130 958  8.13 471 446

SH* 4%~ 2.86 146 164 9.01 81.1 491

SH* a'4 285 142 164 8.82 81.2 482

SH™ y'Z+ 320 3.7 164 211 735 103

HC1 'z 344 241 (5.16) 20.6 154 (284) 107 86.1 (167)
4.83 856 274 45.8 136 215

HCI* 1, 263 L16. (4.13) 164 754 (23.0) 90.0 431 (922)

HCI® A’z 0.534 0271 (149) 332 173 (1.74) 184 9.65

* Footnote a, Table 2.
b Experimental values from Varshni, Y. P.: I. chem. Physics 28, 108 (1958).
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densities are less perturbed in molecules. Five-point polynomial fits of density
values spaced 0.1 a.u. apart for the atomic densities and 0.1 A apart for the molecu-
lar densities were employed. (This allows us to evaluate derivatives of the densities
later on.)

Table 4. Force constants from electron densities: first row homonuclear molecules®

Molecule k,x 10° —1,x 1013 m, x 1021

H, 1z} 2.64 (5.69)° 19.0 (36.7) 125 (233)
3.79 232 148

Li,* ‘%] 0397  (0.255) 1.01 (0.546) 2.05 (0.857)

B, 3z 431 (3.58) 193 (18.1) 722 (63.7)
4.61 20.8 816

B, ‘4, 4.27 19.1 757

B, 1z} 4.22 189 79.9

B; i, 3.26 16.0 70.6

B, I, 5.17 215 763

C, tzd 12.0 (12.2) 67.2 (79.8) 327

C,* o, 123 (9.523) 67.4 (59.4) 322 (301)

C, 2 14.7 78.9 378

C, 4, 14.6 78.5 367

C, 'z 146 78.3 371

C, 1z 163 88.3 a11

Cs 1, 114 64.7 324

C3 1, 9.57 572 305

C; n, 18.2 92.5 408

o n, 29.4 153 694

Cy N 22.7 120 549

C; 2z 243 128 573

N, 1z} 374 (23.0) 245 (178) 1416 (1195)
309 200 1136

NI N 203 (20.1) 145 (160) 900

N7 i, 19.9 139 838

Ny M, 274 193 1182

Ny iy 29.3 (24.2) 206 (190) 1264

Nit o 3z 293 216 1405

0, 3z 145 (11.8) 10t (87.3) 626 (544)
16.9 114 680

0, 4, 13.7 (10.7) 96.4 (82.3) 586

0, 1z 12.8 (9.67) 89.8 (75.9) 562

05 1, 18.6 (16.6) 144 (143) 983 (1004)

0; 1, 13.1 83.2 461

o+ 1z 9.33 70.7 481

F, 1z; 2.36 (4.73) 18.0 (38.4) 124 (230)
4.86 32.9 199

F, 1z} 2.82 20.2 120

F, 1y 4.45 32.7 207

F; 1, 3.48 26.0 170

Fy 0, 3.44 25.9 177

F; 2yr 2.15 165 122

Fy 2y 3.31 24.5 169

Fi+ 3z 2.61 20.2 140

* Footnote a, Table 2.
® Experimental values for H, from data in Hertzberg,G.: Spectra of diatomic molecules. Princeton:
D. Van Nostrand Company, Inc. 1950.

21*
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Table 5. Force constants from electron densities: first row heteronuclear molecules®

Molecule k, % 10° —1,x 103 m, x 102
Z, Zy Exptl Z, Zy Exptl. Z, Zy Exptl.
LiIF  yz* 0.93 (2.48) 6.04 (12.4) 3438 (55.1)
0.800 4.47 524 108 308 219
LiF 35~ 0.72 4.51 256
LiF a4 0.70 443 252
LiF* 210, 0.14 247 192
LiF* A42x* 0.35 2.34 14.1
BeF 4+ 300 206  (5.77) 205 751 (33.0) 121 239 (164)
2.84 1438 19.5 555 119 175
BeF  A21I 232 232 (4.95) 154 825 (27.3) 927 255
BeF  H?II, 254  0.003 17.3 0.02 104 04
BeF* y'z* 262 0.01 18.2 0.1 113 1
BeFt 432~ 206 151 13.7 63.8 86.5 228
BeF™ a'4 203 150 13.5 63.5 854 227
BeF~ 'Z* 3.38 325 22.6 100 135 270
BF  yz* 560 380  (8.07) 410 150  (51.6) 262 2029  (231.6)
5.98 235 421 111 265 456
BF* 2% 475 203 351 107 231 498
BF* A0, 231 168 16.2 82.6 102 358
BF* H?I, 472 0110 34.8 0.572 229 221
CF 21, 579 262  (1.42) 421 146  (53.7) 73 712 (362)
6.96 21.7 489 120 307 578
CF*  ylz* 5.76 262 440 160 299 862
NF 3= 464 123 337 717 219 432
NF a4 486 127 355 80.5 231 448
NF ptx* 5.08 13.0 372 82.9 242 464
NF* 420, 344 103 259 674 174 394
NF~  y*I; 5.90 135 41.9 83.6 264 449
LIO 210 125 6.79 338
LiO A2z 0.613 337 16.6
LiO* 42~ 0.948 5.15 250
LiO* A4'z* 0.0514 0.398 2.72
BeO yiI* 640 015 (7.51) 390 040 (462) 213 048 (233)
454 141 29.6 529 171 166
BeO A3z~ 542 246 336 87.8 191 273
BeO a'4 3.51 245 331 87.3 188 272
BeO* %I, 532 0.004 334 0.071 189 12
BeO* A42Z* 277 0.007 18.1 0.067 107 0.66
BeO~ 21, 509 144 329 49.2 1905 150
BO  pz° 131 277 (136 872 135  (89.7) 514 ST1 (481)
107 252 721 121 431 499
BO A, 587 267 (6.11) 247 122 (414) 115 486
BO H’I, 12.6 1.57 834 6.99 489 25.1
BOY yizZ* 10.6 0.748 72.9 3.87 446 15.9
BOY 3%~ 489 19.7 321 96.0 189 414
BO* a'4 480 19.5 31.7 95.5 187 411
BO~ iz* 152 50.0 984 217 563 812
CO T 201 47.8 (19.0) 140 271 (136) 867 1402 (796)
19.0 3338 131 193 801 956
CO a*n 124 18.0 842 110 5106 576
co* pz* 177 241 129 156 839 890
COo* 420, 895 233 619 140 384 795
co*  H?II, 15.8 3.08 115 192 744 106
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Table 5 (continued)

Molecule k,x 10° —1,x 103 m, x 10%*

Z, Zy Exptl Z, Zy Exptl. Z, Zg Exptl.
CO** 1z+ 12.1 1.66 925 115 627 7.12
NO 20, 18.6 288 (15.9) 131 190 (124) 816 1098 (775

19.7 27.1 135 173 821 967
NO*t iz 250 386 191 275 1301 1723
NO- 32~ 224 337 151 213 898 1166
LiN  32- 1.05 5.74 273
BeN  2[I; 1.16 6.58 327
BeN 23+ 0.257 1.60 8.79
BN* 0 927 174 (841 573 822  (63.9) 311 336 (500)
BN 35- 133 308 81.8 141 443 562
BN a4 132 305 797 140 425 550
BN* 211, 100 1385 62.9 9.76 347 437
BN* 23* 594 0.167 38.7 0.986 222 4.65
BN~ I, 16.1  36.2 93.8 156 476 576
CN* p2Z7 184 249 (16.3) 117 141 (111) 652 692 (601)
CN HII, 154 112 978 629 542 310
CN* 432~ 7.89 13.0 488 751 267 384
CN*  alz* 140 820 934 439 547 190

2 Footnote a, Table 2.

Table 6. Representative force constants calculated for periods 1—2 and 2 —2 diatomic molecules

using Clementi atomic densities®®

Molecule k,x 10° —1,x 1043 m, x 1021

Zz, Zy Exptl. zZ, Zy Exptl Z, Zy Exptl.
PO 26 798 (9.44) 106 490 (57.6) 025 27 Q7
PN 171 106 (10.5) 797 627 (61.5) 320 327 (295)
SO 6.83 18.0 (7.93) 415 91.1 (49.2) 223 402 (265)
Sio 18.0 555 (9.24) 742 33.6 (54.9) 261 181 (278)
CIO 130 582 (489 699 350 (32.7) 331 187 (172)
P, 950 950 (5.56) 21 421 (2712) 163 163  (106)
SiS 6.29 10.8 (4.94) 297 4.25 (23.2) 123 146 (91.3)
cl, 432 432 (329) 218 218 (18.3) 9.6 966 (61.2)
AlCI 187 694 (2.08) 9.36 23.6 (10.8) 410 697 (66)
Si, 370 370 (212) 140 140 (8.55) 458 458 (29.5)
NaCl 0637 283 (1.10) 315 666 (4.29) 138 131 (130
Na, 0.547 0547 (0.172) 130 130 (0315) 266 266 (0276)

? Eqgs. (15) to (17) of text.
b Columns labeled Z; employ the charge of the light nucleus, those labeled Z,; the heavy nucleus.
Experimental values from footnote ¢, Table 1; cgs units.

4. Anharmonic Force Constants from Electron Densities

Formulas for the anharmonic equilibrium force constant I, and for the quartic
equilibrium force constant m, for diatomic molecules are got by taking derivatives

of Eq. (14):

le = 4nga(dQﬂ/dRa)e - 2ke/lze N

m,=4nZ,(d*g4/dR2), — 2I,/R, + 4k /R?.

(16)
a7



310 A. B. Anderson and R. G. Parr: Diatomic Molecules

Table 7. Examples of the effects of modifying the number of valence electrons in second row
Clementi atomic charge densities on equilibrium force constants determined using Egs. (15) to (17)
of text; cgs units

Molecule k, x 10° —1, %1013 m, x 102!

Calc. Exptl.® . Calc. Exptl.® Calc. Exptl.®
Si, 3.70 (2.12) 14.0 (8.55) 45.8 (29.5)
Sif 2 231 (2.12) 9.12 (8.55) 315 (29.5)
P, 9.50 (5.56) 42.1 (27.2) 163 (106)
P2 7.07 (5.56) 319 (27.2) 126 (106)
P34 4.64 (5.56) 217 27.2) 892  (106)

2 Table 1, footnote c.

Predictions of I, and of m, using Egs. (16), (17) are given in Tables 2—6, and they
follow the same trends as for k,. Predictions using second row Clementi atomic
densities tend to be too large, as seen in Table 6. However, removing the contri-
butions of one or two valence electrons can largely correct for this, as seen in
Table 7. This suggests modifying the atomic valence population to fit the ex-
perimental k, exactly in Eq. (14), and then calculating accurate higher order force
constants with the modified density [14].
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