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~ EMPIRICAL CALCULATIONS OF THE FORCE CONSTANTS, |
DISSOCIATION ENERGIES AND BOND LENGTHS OF DIATOMIC MOLECULES*

Chin-An Chang
Inorgan1c Mater1als Research Division, Lawrence Berkeley Laboratory
and Department of Chemistry; University of California,
Berke]ey, California 94720
ABSTRACT
Empirical equations have been derived to calculate the force

constant, F, dissociation energy, D, and bond length, R, of diatomic

vfmb1etu1es.' They are

N /2.

Fax = Fax(Fa /FBZ)

: 1/2
Dpy = Dyy(Dy /Dy )
AX ~ TBXTTA, B,
| and -
:

"R,y =R, += (R, -R_ )

where the,éubséripts stand for atoms A, B, X, Y,'reapectively.
The use of these equations is'i11ustrated with the existing data
on the diafomic a}kalis,_diatbmic ha]ogéﬁs ahd alkali halides. .Excel]ent
.'agreement is obtained for these molecules. The re]atiOns af the derived

equations to the earlier empirical equations are discussed.
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i. INTRODUCTION
The'mo1écu1ar'propertfes-Suchvés'the forcé constdnt, dissociation

energy and. bond length have 1ong.been of interest, both experimentally
and theoretically. It often turns out that one needs a simple and |
re1iab1evestimation of these quantities without having_to_figorouS]y '
solve the quantum mechanics involved; This is especially true to the
higﬁ temperature mass spectrometfic studies. Here, evaluation of the
thérmodynamic data using the third law method requires an estimation of
the free energy functions which, in turn, requires a knowledge of the
mo]ecu]ar propérties such as force constant and Eond length. For many
mo]ecu]eslpf high‘temperatureAinterest, however, such data are.often
lacking. Therefore, it is very usefui to find empirical re]atibns
which corré]até the available data in a simple way with.physica1 sfg—
nificance. _Among the existing commonly used empirical ke1ations are:
fof the force constant by Badger (1), Guggenheimér (2); Herschbach and
Laurie (3), Somayajulu (4), for the bond'energy by Pauling (5), and

for the bond‘length by ScHomaker and Stevenson (6). Recently, Hauge
and Margravé (7) established some corre1ations among the force constants
and-dissoéiation energies‘between diatomic oxides and sulfides.

AAn extensive uSe:of the relations of Referénces 1-6, however, is
often limited by the.fo]16wing factors. In order to calculate the force
constant, one needs'to know the bond length of the molecule; to estimate
the bond energy and bond length e]ectronegativities of the component
atoms in their valence state are Qeeded which are often lacking. It is,
therefore, the burpose,of this work to estab]ish some general equations

common to these molecular properties and to avoid the limitations inherent
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in these eariier empirica] equations. As wi1]'be shownllater, the
Co§re1ations found by Hauge and.MérgraVe are to be expected from the
equations derived in this paper. _ |

We Staft,our derfvations by‘assuming that certain reTétions}in‘common
exiét among the atoms from the same family <in their contributions to the

mo1ecu1ar'prbperties of interest. In other words, the change in

_ e]ectronegativityVOf these atoms from one .type of molecule to the other

is assumed tovbe similar. It is through theSe assumptions equations
ake_derived which relate the molecular properties of heteronuc]éér diatomics
difect1yito those o% the parent homonuclear ones. Nbvexp]iéit Va]ues of
electronegativityAare needed although the equations derived bear some |
similarity to the mentioned equations (4-6) which include e]ectrénegativity.

Section II shows the‘derivationS'of.our empirical equations, and

"Section III shows the ca]cu]ationé on the diatomic alkalis, diatomic

halogens and>a1kali halides. The applicability to the other types of

molecules and comparisons of these equations to the earlier ones are

: dfscusséd in Section IV.
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II. METHOD
Within‘the framework of the concept of e]éctronegativity we start
with the éssumption that atom A retains the same e]ectkonegatiVity among
molecules AX, AY and AZ; heke_x, Y and Z beiong to the same family which
may or may not be the same to that of A. First, consider the force
éonsfantf Assuhing‘a product relation, the abové assumption requires

1/2

* .
a "constant" contribution of (FA ) from atom A to the force constants

- 2 »
- of molecules AX, AY and AZ, with the corresponding ones from the atoms

X, Y and i being (FX )]/2, (FY )V2 and (FZ )]/2, respectively. Here
-T2 "2 2 *
F, 1is the force constant of molecu]e'Xz, etc, and FA is in general

X
2 , . 2.
different from FA , the force constant of molecule A2, when atom A is

2 :
not of the same family as X, Y, Z. Our assumption thus has the form
. - * ) v ]/12 ' )
Fax = (Fp x Fy.) (A1)

2 2

As an'examp]e; consider NaCl and NaBr. -Using the data listed in

Reference 8b, Fﬁa “is found to be 0.3728 mdynea™! compared with the
value of 0.172 mdynéA'] for FN (8). The higher value for P
: 2, : Na2

implies an increasing contribution of Na in going from Na2 to NaCl and
NaBr in determining the force constahts of'thése molecules. This is
expected in view of the change in bonding type from Na2 to the Na
halides. For the mo]ecu]es“composed of atoms frdm the same family, it is
reasonable to assume that atom A has the same contribution in détermining
the force constants of molecules AB and A2. This is similar to assuming
thét the bonding type'is very similar in these molecules. For this type

of molecules Equation (A-1) thus reduces to
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~ (F

) >_<_.FB)”2 S (A-1')

2 2

For the a]kaﬁi_and halogen series cohsﬁdefed here, Equatioh (A-1') -holds
to within 2% accuracy (8), as is shown in Table 1, except for the
mo]etu]es containing f]ourine'atom, Whiqh will be discussed later.

Next,. consider molecules AX and AY. From Equations (A-1) and (A-1')
“we havg : |
’ *

(Fay % Fay)/Fyy = FA2 | o ' (1)

With a similar relation for molecules BX and BY, we have the general
relation |

. ’ . * * .
(Fax > Fay)/ (Fgy > Fay) = Fp /Fg @

In the speciai_cése where X = Y, Equationl(Z)'becomeS‘

| o (FF E* 12 o :
- Fax/Fax = (R, /Fg) - (3)
To bringArélation Tike Equation'(3) to a more usefﬁ] form where data -

. % . i
are lacking for computing FA » etc, we further assume that

Fy /Fe =F, /F R (A-2)
A2 B2 AZ- B2 _ ,
for A, B being treated'toward another famiiy of atoms. }In other words,
following the earlier assumptions, this-is similar to saying that the
change in bonding type between A2 and AX is to‘the same extent as
that betweeﬁ 82 and BX, Using the data of Reference 8b, we have
/FK

*

. *.
].742 and 1.745 of the rat1os FNa2 ) and FNaz/FK2

showing excellent fit with the assumption Equation (A-2). Our empirical

» respectively, -
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equation for the force constant thus has the form

e 12 . :
FAX = FBX(FAZ/FBZ) : B _(FC'])

Using the same approach similar equations can be derived for the
dissociation energy and bond length. Assuming a product relation for

the former and an addition one for the latter, these equations have

the forms
0N oan ¢ \1/2
DAX - DBX(DA /DB ) (DE'])
2 2
and v
Dpg = (Dy * D5 ) | (A-1')
2 2
for the dissociation energy and
- 1 ) _
Rax = Rpx * 7 (Ry - Rg ) (BL-1).
| 2 B
and
R.. =X (R, +R,) (A-1")
AB 2 A2 82

for the bond length.

These are the . equations to be used in our computations. Comparison

¥

with the earlier empirical equations will be discussed later.



TI1. RESULTS
The derived equations are first app]ied fo the diatomic q]ka]is

'éndfha]ogens, ésvshown in Tab]és 1-3. Exce]]ent agreeméht is obtainea
with all the observed values using Equations- (FC-1), (DE-1) and (BL-1).
~ Also shown in these Tables are the values usihg the common relation
"(A-1'). Again, excellent agreement is'0bta1ned except for the cases
where f]uorine’atom 1s involved.

| Next, we.célcuiate the properties of alkali halides. Take forée
constant fﬁr example, and the other two propekties equally dpp]icab]e,
if_is best to find the rafio of FAX/FAY-or FAX/FBX and compare with
“the vaTue.('FXZ/FYZ)]/‘2 or (FAZ/FBZ)]/Z, respectiye1y. 'The results are
shown in Tables 4-6. . It is seen that through the proper.phoice of
correlations agreement.with»experimenf.is very-satisfagtory for all
the alkali ha]ides; Tables 4b and 5b show how the fluorides can be
sqtisfactori]y correlated although a nearly éon;tantAdeviation isvnOted
when‘the fluorides are correlated in the way shown in Tables 4a,_5a and 6.
These deviations, however, can still be made useful for our purposes, as
expiained Taier. It is'ihterésting to note that the deviation noied is
very similar for the force constant and dissociation energy, being c]osé

Cto 1.44 for both properties.
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IV. DISCUSSION

The derived eqdations of this work ﬁave been Showﬁ to be very
-succéssful toAthé diatomic a]ka]is,zhalogéns and alkali haTides. No
knowliedge of the e]ectronegativity is needed for these computations.
This, together?with the simple relations derived betweéh a heteronﬁc]eaf
molecule and'the parent homonuclear diatomié molecules allows estimation
ofvthe properties of either type of mo]ecu]gs.from the available data
of the other. Extension of this work to many other types of diatomic
and polyatomic molecu1es is also successful and'wil1 be reported later.

It is_recé]]ed'that although all the molecules treated in this
paper canvbe-satisfaétorily correlated, some care is necessary in dealing
with the fluorides. This probably implies a rather drastfc change in
bonding strength between, for example, F2 and FC1 as qompared with that.
between C]2 and C1Br. In terms of electronegativity this;could be due |
to the large difference in this quantity bétWeen fluorine and other
Ha]ogen atoms. Howévef,,by proper corre]atiohs such as that.demonstréted
in Tab]e§'4b and 5b, this difficulty can be overcome .and successful
appiicatibn of our'équations achieved.

- As mentioned the presént equations can be used to estimate

" heteronuclear moTepuTes from the éorrespondingVhbmonuciear parent ones.
In the caseg where information on the latter is lacking é second set
of equations in the familar forms cah.bé easf]y:derived from

Equations (FC-1), etc, i.e.,

'(FC-2)

Fax = Fax(Fay/Fay)

D

n

ax = Dpx(Pay/Ogy) (DE-2)



and
R

ax = Rgx * (Ryy - (BL-2)
As can be seen from Tables 1-6 these equations work very well for the
molecules dealt with here, and can be used wherever necessary.
Our equations are now compared with the earlier ones (1-6). Take
‘the force constant for example, and compafe ouriEquation (FC-1) with that
of Somayajulu (4)
F

RN V7
B FB ) + A

2 "2

= (F,

A being a function of the -difference in e1ectkonegativity between atoms
A and B in their valence states. It is recalled that Equation (FC-1) is
derived from the assumption set forth in Equation (A-1) .. Comparing

" Eq. (A-1) with Somayajulu's equation one-notices that in our treatment
. . N o *

‘the electronegativity part is absorbed into the term FA . After
. ' 2
%* - . )
relating FA‘ back to FA using the assumption (A-2) Equation (FC-1) is
2 2

dgrivéd that relates two heteronuC]ear'moTch]es through the parent
homonuclear ones. Itris through these-assumptions that no éxp]icit
values of e]ecfronegativity are needed fof our combutations. The
_successfu1 appT1cation of fhe'derived equations thus'supports our
) approach.here. - N |

Similar augumenté also apply to ouriequatidhs on dissociation enerqgy
and bond 1ength'when.they are Compared,.respectively, to those of
~ Pauling (5)

1/2

R

+30(x - x)2
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and Schomaker and .Stevenson (6)

Rpp = +R, ) - c[xA - X

1 |
Rae = 2 B

Here, x's are the e]ectronegativities'and C 5s-a function of bond type.

Compariéon with the works of Badger (1), Guggenheimer (2), and
Hefschbach and Laurie (3) reveals further advantages of the present
method, 'Each property can be estimated without having to first estimate
another property as in requifed by these earlier works.. ih addition, A
a combined use of the present method with the earlier ones also helps to
evaluate the éstimated properties. For examp]é, the estimated bond
Tength from the present method can be qsed in the earlier ones fqr
the force:constant, which; in turn, cén be compaféd with the one
obtained from the preseht method using on]y the‘data on the force
constants frbm the relevant molecuies. |

AFina]Ty, compare -our work with_that of Hauge and Margrave (7).
These authors found a general empirical relation for the dissociation

energies and force constants of diatomic oxides and sulfides
_(DMO/DMS)/(FMO/FMS) ~ constant

where MO and MS stand for the oxides and sulfides, respectively. The
ratio has the values of 0;66-0.81 for the molecules investigated with
a slight trend noted. Applying.our Equations (FC-1) and (DE-1), the

above relation takes the form

)12

IRV 172,
(Oyg/ Duus )/ (Fug/ Fius) = (B, /D5 ) (Fs 7Fo,
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and has a value of 0.70 using the data on'DO , etc (8,9). The close
agreement with experiment thus also provides some physical meaning

to the empirical relation found by these wokkers.
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Table 1. Caléuiated force constants of diatomic

: - - alkalis and halogens.

| Fsﬁs ;;ic (A—l') Fégic (FC-1)
Mol. m dyﬁe Al o dyne At “m dyne AL ' Remarks*
LiNa  0.208 0.209 0.208 Standard
LiK 10.1585 0.1574 |
LiRb 0.1446 _0.1436
LiCs - 0.1327 0.1317
NaK. 0.130 0.1302 10.130 Standard
NaRb 0.121 0.1188 0.1186
NaCs 0.1089 0.1088

" KRb . 0.0899 0.0898

KCs 0.0824 0.0823
RbCs 0.0748 0.0752 0.0751
FCl 4.562 3.837 4.705
FBr.. , 4.071 3.320 .4;671 Standard
FI 2,777 . 3.404
C1Br 2.832 2.844 2.832 Standard
ClT  2.383 2.378 2368
Brl © 2.058 2.049 -

*® . . ) .

Those marked 'standard" are the molecules used to apply
Eq. (FC-1). For example, LiNa for LiK, LiRb and LiCs;
FBr for FCl and FI; ClBr for ClI and BrI.

aRéférén@e 8.
b . J
Values for the homonuclear diatomic molecules needed for

computations are from Reference 8.

4
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Table 2. Calculated dissociation energies for the
: diatomic-alkalis and halogens.

a b ‘b
Dobs calc (A-17 ) 'Dcalc (DE-1)

Mol. - Kcal 4mol'_1 - Keal mol"-1 Kcal mol-'l Remarks*-

LiNa | 212
Lik 17.52
LiRb o . 16.76
LiCs : 16544 .
NaK . 14.3 14.29 13.69
NaRb  13.1 13.67 13.1 - Standard
NaCs I 13.41 12.86 |
KRb 1129 . 10.82
‘KCs 11.08 - 10.62
RbCs -  10.60  10.16
FCcl . 59.0 ' - 46,0 ,  59.0 Standard
FBr . 55.0 . 41.0 52,6
FI | 36.3  46.6
ciBr . 51.4 S s0.9 531
CIT  49.63 5.0 PEE
BeIl 41,91 40.2 41.91 Standard

See footnote of Table 1 for a similar meaning in applying
Eq. (DE-1).

Reference ]

b ' . . . '
Values for the homonuclear diatomic molecules needed for
computations are from Reference 9.
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Table 3. ‘Caléulated bond lengths for the diatomic halogens.

Mol.  RZ b b

obs Rcalc (A-1") Rcalc_(BL—l) Remarks*
A A A
FCI  1.628  1.703  1.6081
FBr  1.7556  1.851° 1.7556  Standard
PT  2.042 1.9471
ClBr 2.138 2.1358 2.1292
e 2.3208 2.3273 23208 Standard
Ber . 2.4751 2.4682

* ' . .
For example, FBr as the standard in applying Eq. (BL-1)
for FC1 and FI. .

aReference 10.

_bValues for the homonuclear diatomic molecules needed for
computations are from Reference 10.




Table

the alkali halides.

.. Correlations of the force constants among

Atom M

a

/F.

b,

v/ Fyc1 Fume Fupr/Tur
Li 1.75 1.18 1.24
Na 1.60 1.15 "1.26
K ©1.59 1.23
Rb 1.70
Cs l 70_, . ‘
. 7y [Py V%107 @, my OMPra6 oy sr M 2e1.20
2 2 2 2 Y2 72
_ a a a
Atom X Frix/ Fyax Fyax/ Frx xx/ Frox Frox/Fesx
F 1.41 1.29 1.05 1.07
c1 1.29 1.27 1.13 1.07
Br 1.26 1.37
1 1.27
1/2_ L\1/2. 1/2 /2,
(FLiz/FNaz) (FNaZ/FKZ) =1,32 (FK /Fsz) 1.10 (FRbZ/FCSZ) 1.09

aReference 8.

-9L-



Table 5. Correlations among the dissociation energies of alkali halides.

-

Qe
Atom M Dygp/Pycy Dyca/ DMB:.; : Dyyge/Pyr”
Li 1.21 1.12 1.22
Na _1.1.6‘ 111 125
K 1.16 1.11 1.16
" Rb 1.18 1.11 1.15
Cs 1.17 1.12 1.21
g /g Y 0.8 ®g, /Py 23112 @, /p ) %113 ~]
2 - Gy Bxyt G R S '
b.
Atom X Dr 1%/ Pyax® Dyax/Prx® Dex/Prox Drvx/Posx ©
F 120 £ 0.98 0.98 0.98
c1. 1.15 0.98 0.99 0.97
Br 1.14 0.97 0.99 0.98
I 1.17 0.90 0.98 | 1.03
(DLiZ/DNa2)1/12=1.22 (DNaZ/DKZ).l/ 2.1.21 (DKZ/DRbZ)l/ 2.1.05 (DRbZ/DCSZ)ll 2.1.02

aReference 9.

-
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Table 6. Correlations among the bond lengths of
the alkali halides. *

Atom M Ry Rwr - Rr Buc1® - Ry Rypy @
: A . : A A

Li 0:.49 T0.18 0.19

‘Na 0.43 ‘ 0.12 - 0.23

K L 0.50. ~ 0.16 - 0.23

Rb o o.s1 0.14 - 0.20

Cs | 0.58 T A  0.23
Ly, R 0=0.285 Ly -r )=0.1475 L -r,_ y=0.1915

2 T2 | 2 BTy

2 2

Correlatlons similar to those of Tables 4b and 5b are not made
due to insufficient experimental data.

Reference 11.
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