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Molecular Constants and Potential Energy Curves for Diatomic Molecules! 

MAURICE L. HUGGINS, Department of Chemistry, The Johns Hopkins University 

(Received April 26, 1935) 

By using the function U = Ce-a(r-re) - C'e-al(r-re) with C= lO-J2e-a(Te-r12\ and taking 
a =6.0 X 10' em-I, '" values calculated from the band spectrum constants are nearly the same 
(1.46A) for all except highly excited states of all diatomic molecules containing only elements 
in the first row of the periodic table and having 12 or more electrons. This indicates that the 
repulsive term is nearly the same in all of these cases. This relation enables one to calculate, 
from experimental values of two of the molecular constants (e.g., w, and woX,) the magnitudes 
of others (e.g'., r" B, and a). Calculated values of w,y, and w,o, are invariably small but not zero. 
The dissociation energy is (empirically) about 0.8 (C' - C), calculated using a =4.0 X 10' em-I. 

INTRODUCTION 

MORSE'S equation' for the potential energy 
of a diatomic molecule as a function of 

the internuclear distance has been found very 
useful by band spectroscopists and others. This 
equation may be written in the form 

w, and the dissociation energy, the calculated 
value of W,x, then being inaccurate. Apparently 
a single equation of the Morse type is not 
accurately correct over the whole range of 
distance from r, to co. This is not surprising in 
view of the simplicity of the function and the 
somewhat arbitrary relation between the con-

U = Ce-a(r-r e) - C' e-a'(r-re) (1) stants. 

with a=2a' and C'=2C. (Since at r=r, 

dU/dr=a'C'-aC=O (2) 

these two relationships between the constants 
are not independent.) 

By relating the constants in this way Morse 
was enabled to solve the wave equation, ob­
taining from the solution an equation for the 
energy levels, 

Ev/hc=E,/hc+w,(v+!) -w,x,(v+!)' (3) 

agreeing approximately with that usually de­
duced from the spectra. Although additional 
terms, w,y,(v+!), and w,z,(v+!)'. are some­
times needed to represent the experimental data 
accurately, w,y, and w,Z, are nearly always 
negligibly small in comparison with w, and W,x,. 

The values of the constants in Morse's equa­
tion can be calculated from w, and W,x, in which 
case the calculated dissociation energy, C' - C, 
is usually quite far from the true value as 
obtained in other ways. On the other hand the 
constants of the equation can be obtained from 

I Preliminary reports of this work have been made at 
the Washington (1933), Cleveland (1934) and New York 
(1935) meetings of the American Chemical Society. 

'P. M. Morse, Phys. Rev. 34, 57 (1929). 

For different electronic states of the same 
diatomic molecule not only does the attractive 
potential vary widely but so also does the 
repulsive potential. It would seem more reason­
able that the repulsion should vary but little 
from state to state. It may be noted that for the 
alkali halide crystals a repulsion term of the 
form Ce-a(r-r,,) has been founda to be satis­
factory for calculations of lattice energies and 
interatomic distances, with the same value of a 
for all these crystals. The constants r12 are 
different for different crystals but are additive. 

Considerations such as the foregoing led the 
writer to derive and test a modification of 
Morse's equation, in which the repulsive term is 
the same for all electronic states of a particular 
molecule. In so doing, several interesting and 
useful relationships between the molecular con­
stants have been deduced and compared with 
the experimental data. 

SUMMARY OF METHODS AND RESULTS 

Putting 

we have Ce-a(r-re) = ce-a (r-r 12 ). 

(4) 

(5) 

'M. Born and J. E. Mayer, Zeits. f. Physik 75,1 (1932); 
J. E. Mayer and L. Helrnholz, Zeits. f. Physik 75, 19 (1932); 
M. L. Huggins and J. E. Mayer, J. Chern. Phys. 1, 643 
(1933). 
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The constant c is arbitrary; in this paper it will 
be taken as to- I2 erg, the value used for the 
alkali halide crystals. The distances r, r" ro and 
rI2 will be measured In Angstrom units and a 
and a' in reciprocal Angstroms (108 em-I). 

We shali consider in this paper only diatomic 
molecules composed of elements in the first row 
of the periodic table, and except from considera­
tion the Li2 molecule, SInce it contains a much 
smaller number of electrons than the others for 
which data are available. 

From the band spectrum constants w" w,x" r, 
and a rough values of a can (in most cases) be 
calculated. For the molecules being considered 
a is usually about 6. For any assumed value of a, 
all the other constants a', C', C and r" are 
obtainable from We, w,x, and r,. 

The assumption that a is exactly 6 in all cases 
leads to approximately the same value oj r", not 
only Jor difFerent electronic states oj the same 
molecule but also Jor different molecules. (See col. 
15, Table 1.) In the highest energy state of each 
molecule for which data are available, the calcu­
lated r" values are usually higher than for the 
lower energy states. All values of r12 for the C, 
molecule are also a little high, perhaps on account 
of the smaller number of electrons. Otherwise, 
in all cases but one for which data are availahle, 
the calculated r" values are within 0.02A of 
1.46A. This means that, to this same degree of 
approximation, the r, values can be calculated 
from We and w,x" assuming exactly the same 
repulsive term for all of these molecules in all 
but highly excited states. (See cols. 17 and 18.) 

Calculations of w,y. and W,z, show them to be 
small in all cases. The agreement with experi­
ment IS apparently as good as with Morse's 
equation (giving w,y,=w,z,=O) but still not good 
in the cases where the experimental constants 
are large. This probably means that this form 
of potential function, like Morse's, is not a very 
good approximation for large values of r. 

Further evidence to the same effect is afforded 
by the fact that the values of C' - C do not agree 
well with the values of dissociation energy 
(col. 8) where the latter are known. Better 
agreement IS obtained using a = 4.0 and the 
empirical relationship 

De=0.8(C' - C), (6) 

Downloaded 07 Mar 2012 to 192.195.154.2. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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the quantity in parenthesis being calculated with 
the a value just mentioned, is fairly accurate 
(col. 10). D, values calculated in this way are as 
a rule more accurate than those calculated by 
means of Morse's equation (col. 11). 

Calculation of the rotational constant a gives 
practically the same degree of agreement with 
the experimental values as obtained from Morse's 
equation (cols. 19, 20 and 21). 

Rough values of w,x, are obtainable from WI, 

r, or ro and the assumption that r12= l.46A, 
with a = 6.0 (col. 5). 

CALCULATION OF a', C AND C' FROM w" w,x, AND a 

Expanding the exponentials of Eq. (1) and 
collecting corresponding terms, one obtains an 
equation of the form 4 

with C, =aC(a -a')/2 =aa'(C' - C)/2, 

C3= -aC(a'-a")/2·3, 

c,=aC(a3-a")/2·3·4, etc. 

(8a) 

(8b) 

(8c) 

The values of C2, C3 and c, are given in terms of 
the band spectrum constants by the equations' 

c, = 27f2C2w;p., (9a) 

W,= (C.j27f2c2p.) I, (9b) 

C3= -(c.jr,)(aw,/6B;+1), (lOa) 

a= -(c3r,/c,+I)(6B;/w,), (lOb) 

C4=5c32/4c,-2w,:o.,c./3B,r,2, (lla) 

w,X, = (15ca'/8c,'-3c,/2c,)B,r;. (11b) 

Substituting Eqs. (8a) and (8b) in Eq. (lib), 

w,x,= (1/24) (2a 2 + 7aa' + 2a")B,r;, (12) 

a' = (33a2/16+ 12w,x,/B,r.')1-7a/4. (13) 

Since B,r; = 10 16h/87f'cp.= 16.78/ M (14) 

where M is the reduced mass in atomic weight 
units 

a' = (33a'/16+961r'cjJ.W,x,/10 16h)I-7a/4 

= (2.0625a 2 -O. 7154Mw,x,)L 1.7500a. (IS) 

• J evons, r~ference 1, Table I, p. 23. 
, J evons, reference 4, p. 27. The additional correction 

terms in the corresponding equations deriveq by ). L. 
Dunh:,m, Phys. Rev. 41, 721 (1932) are of neghgible 
magmtude. 

Curves showing the variation of a' with Mw,x, 
for a = 6.0 and 4.0 are shown in Fig. l. 

From Eqs. (8a), (9a) and (15) we obtain (in 
10-16 erg) 

2C2 41r'c'p.w; 0.0585Mw; 
(C'-C)=-

aa' aa' aa' 

0.0585Mw; 

(33a 2/16+ 12w,x,/ B,r,2)!a -7a'/4 

From Eq. 2, 

C= (C'- C)/(a/a'-I). 

(16) 

(17) 

C' is of course the sum of (C' - C) and C. Thus, 
by means of Eqs. (15) and (17) we can obtain, 
from w, and w,x, the constants a', C and C' for 
any given value of a. The calculated values for 
a=6.0 are given in columns 7, 12 and 13 of 
Table I. 

CALCULATION OF rl2 AND r, 

Assuming Eq. (4), with c = 10-12 erg, 

(r12-r,) = (2.303/a) log (1012C). (18) 

The values of rl' computed by adding to the 
observed r, values the values of (rI2-r,) obtained 
in this way are given in columns 14, 15 and 16 
for a = 7.0, 6.0 and 4.0. The constancy of the 
values calculated for a = 6.0 has already been 
noted. Nearly as good constancy is obtained for 
a = 7.0, rl' being then approximately l.35A in 

ur---,--"--~--r--'--'---'~--r-.---, 

lO'Crri' 

FIG. I. The relationship between Mw,x, and a', for 
a=4, for a=6 and assuming Morse's equation. 
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practically all cases. Such agreement would 
seem to be ample evidence for the approximate 
constancy of the repulsive term, i.e., for the 
approximate correctness of Eq. (4) (at distances 
not far removed from r e), with a constant value 
of a. 

The calculated T12 values show a definite trend 
for each type of molecule, from a minimum of 
1.44A or 1.45A (for a = 6.0) for the normal state 
to much higher values for the higher energy 
states (low values of (C' - e) and of De). For 
the latter the assumptions involved in Eqs. (1) 
and (4), with constant a and TI' are certainly 
inaccurate. 

The approximate constancy of a and TI2 for 
1st row elements makes possible the calculation 
of T, in cases where it is not known. To indicate 
the accuracy to be expected, the values in col. 
18, calculated on the assumption that a = 6.0, 
can be compared with the experimental values 
of col. 17. For states of high energy (low De) 
the calculated Te values should be considered 
only as minimum values. Better agreement is of 
course obtained when allowance is made for the 
trend of Tl' with De or (C' - e). 

CALCULATION OF wey, AND w,z, 

To calculate W,Ye and w,ze we may use equa­
tions derived by Dunham.' His constants a., a" 
etc., are related to those used in this paper by 
the equations 

a./Te=c,/C2= - (a+a')/3, 

adr;= c./c2=a'+aa' +a"/3· 4, 

a,/T.'=c,/C2 

(19a) 

(19b) 

= 2( -l)n(an+an- Ia' + ... +a'")/(n+2)!. (19d) 

By using these and Eqs. (9a) and (13) one can 
calculate, for an assumed value of a, wey, and 
WeZe as functions of a', M and We. 

Values of w,Y, for the molecules listed in 
Table I have been calculated for a = 4.0 and 
a = 6.0. In both cases they are all very small, 
in agreement with the usual experimental obser-

• J. L. Dunham, reference 5. 

10 

8 

-, 
-. 
-6 

-8 

-10 

-12 

FIG. 2. Potential energy curves for the ground state of 
N 2 , assuming a=4, a=6, and Morse's equation. These 
curves are all made to agree at T = r e. The true curve ap­
proaches the line U = 0 asymptotically as r approaches 
infinity. 

vations. In only 2 cases are the calculated values 
greater than 0.13 cm-1 for a=6.0 or 0.07 for 
a=4.0. Comparison with such w,y, values as 
have been determined experimentally shows but 
little better agreement (if any) than is obtained 
with Morse's function. The assumed potential 
function is obviously far from accurate (at least 
in these cases) for interatomic distances far 
from re. 

CALCULATION OF THE DISSOCIATION 

ENERGY D, 

If Eq. (1) were strictly true for all values of T, 

the dissociation energy De would be equal to 
(e'-C). However the choice of a=6.0, which 
gives good agreement between r'2 values for 
different molecules and electronic states and 
which we may assume gives a potential function 
approaching the truth quite closely for r not far 
from T" give (C' - C) values which, like Morse's, 
are much too high. (Compare columns 8, 9 and 
11 of Table I.) 

An attempt was made to determine what value 
of a would give agreement with the otherwise 
determined dissociation energies, for those first 
row molecules for which values of the latter (not 
in parenthesis) are given by Jevons. Eliminating 
a' from Eqs. (15) and (16) one obtains 

(2.0625a'+0.7154Mwexe)la -1.750a2 

=0.0585Mw,2/(C'-e). (20) 

Out of 10 cases, in only one is any value of a 
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possible which will satisfy this equation, using 
Jevon.' values of D" w, and W,x,. In all cases, 
however, the closest approach to agreement is 
obtained with a in the neighborhood of 3.5 to 
4.0. Comparison between columns 8 and 10 of 
Table I shows that approximately 

D,=0.8(C'-C) (6) 

if (C' - C) is computed on the assumption that 
a=4.0. The average deviation (not counting the 
D, values given in parenthesis by Jevons) is 
less than 0.7 electron volt. 

CALCULATION OF a 

Eq. (lOb) furnishes a method of calculating 
the rotational constant a. Substituting for c, 
and Ca, 

(21) 

The values in column 20 of Table I were calcu­
lated in this way, taking a = 6.0. Calculations 
assuming a = 4.0 lead to but slightly different 
results. The a so computed averages 0.0015 cm- I 

less, the maximum difference being 0.004 (not 
counting the exceptional 1~ state of F" where 
the difference is 0.04 cm- I ). The average devia­
tion between the observed values of a and those 
calculated, assuming either a value, is less than 
0.003 cm- I • 

In the instances in which Bo was known but 
not B" the former was used to obtain an approxi­
mate value of a; this was then employed in 
calculating B, from the relation 

B,=Bo+a/2 (22) 

and finally a more exact value of a was computed 
from this B,. 

The expression for a derived by Dunham' 
leads to an equation of the form of (21) except 
for the addition of a complicated correction 
term. The magnitudes of the correction terms 
for the I~ state of F, and the F 1 II state of CO 
(probably the worst cases), assuming a = 6.0, 
are about 2 X 10-' and 10-' cm-I , respectively. 

Assuming Morse's equation, 

a' =a/2 = (81C'c,uw,x,/10!6h) I. (23) 

Substituting in Eq. (21), 

aM = 6B; / w,[ (81C'c,uw.x,/1 0 !6h) Ir, -1 ] 

=6B,'/w,[(w,x,/B.)I-lj. (24) 

This is equivalent to the equation 

a = 2x,B,[3(B,/w,x,)1_3(B,/weX.) ] (24a) 

derived by Pekeris. 7 

The figures (col. 21) obtained by means of 
Eq. (24) closely parallel those (col. 20) obtained 
from Eq. (21), as might be expected. 

CALCULATION OF a FROM a, w" w,X, AND r, 

From Eqs. (15) and (22) one obtains 

a+a' = aw,/2B,'r,+3 /r, 
= (33a'/16+0. 7154Mw,x,)1-3a/4. (25) 

Solving for a, 

a= / F2±(11F'/12 -0.4769Mw,x,) I, (26) 

where F= aw,/2B,'r,+3/r,. (26a) 

Calculations of a using this relationship lead 
to imaginary values in 10 cases out of 36 for 
which the data are available. Either the method 
is too sensitive to experimental inaccuracies or 
else the assumed equations are not sufficiently 
valid. It is perhaps significant however that the 
average of the 26 other cases is 6.0, the value 
found to give such uniform values of '12, with an 
average deviation of 0.9. 

CALCULATION OF w,x, FROM WI AND r, 

From Eq. (18) we have 

C= 10-12log-1[a(r12-r,)/2.303J, (27) 

from Eqs. (16) and (17) 

a'=a-0.0585Mw"/aC, (28) 

and from Eqs. (12) and (13) 

W,X,= (1/ M)(1.398a'+4.89aa' +1.398a"). (29) 

Assuming a = 6.0 and r12 = 1.46, values of w,x. 
are readily computed by means of Eqs. (27), 
(28) and (29) from r, and We. As a first approxi­
mation WI can be used in place of w" the approxi-

1 C. L. Pekeris, Phys. Rev. 45, 98 (1934). 
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mate w,x, so obtained being then used to calcu­
late W,: 

W,=WI+w,x,/2. (30) 

A second approximation can then be made if 
desired. In most cases, however, the second 
approximation is only about 0.2 cm- I lower than 
the first approximation and the calculated values 
are rarely that accurate. (Compare columns 4 
and 5 of Table I.) They are especially inaccurate 
for highly excited states and for states having 
reo not very different from '12. 

CALCULATION OF w,x, AND OTHER CONSTANTS 

FROM wlo a AND (C'-C) 

As already pointed out, (C'-C) is not in 
general equal to the dissociation energy, for any 
assumed value of a. Taking a=4.0 however, 
one can obtain approximate (C' - C) values by 
Eq. (6) and from these by Eqs. (16) and (29) 
w,x, may be calculated. As in the computation 

of this quantity from WI and r, one can use WI 
in place of w, for a rough calculation, later, if 
desired, using w, obtained by means of Eq. (30). 

Values of w,x, obtained in this way are given 
in col. 6 of Table I for comparison with the 
experimental values in col. 4. 

Knowing w,x, and w" one can of course then 
calculate reo B" a, etc., assuming a = 6.0 and 
r12= 1.46, if these are not already known. 

POTENTIAL CURv-ES FOR LARGE VALUES OF r 

Comparison of the experimental values of w,y. 
and D, with those calculated indicates a closer 
agreement, when r is much larger than reo if a 
is taken as 4.0 than if it is given a higher value. 
To obtain the equation of a potential curve 
conforming reasonably well to the actual curve 
for r large. it is suggested that one use this 
smaller value of a and Eqs. (6), (16) and (17) 
to obtain a'. C and C' from the dissociation 
energy (if known) and w, (or WI). 
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Entropy and the Absolute Rate of Chemical Reactions. II. Unimolecular Reactions 

O. K. RICE AND HAROLD GERSHlNOWITZ,l Chemical Laboratories, Harvard and Princeton Universities 

(Received April 8, 1935) 

In this paper the considerations of the previous paper 
have been developed further and compared with the theory 
of reaction rates as formulated in terms of a specifically 
defined activated complex by Eyring. The theory has been 
appJied to a discussion of various unimolecular reactions. 
A number of cases have been treated by considering the 
reverse bimolecular or trimolecular association and dis­
cussing the extent to which rotational degrees of freedom 
must be frozen out in order for the associations to occur. 
Other cases have been treated by the activated complex 
method, which involves discussion of the number of free 
rotations and the frequency of the vibrations in the com-

1. GENERAL CONSIDERATIONS 

I N a recent paper2 (referred to hereafter as 
Part I) we have developed a method for the 

discussion of the rates of reactions which do not 

1 Parker Traveling Fellow of Harvard University. 
'0. K. Rice and Gershinowitz, J. Chern. Phys. 2, 853 

(1934). 

plex. It has been shown that it is possible to account for 
the rates of a considerable number of unimolecular reac­
tions by making reasonable assumptions and that there is 
a considerable class of unimolecular reactions which 
conform to what is designated as the "hypothesis of 
exact orientation," the only necessary assumption being 
that the rotational degrees of freedom of the fragments 
which recombine in the reverse reaction must .be frozen 
out just sufficiently so that they correspond as regards 
their entropy terms to the resulting vibrational degrees 
of freedom of the molecule formed. 

involve any change in the electronic states of the 
system. Since the publication of Part I. there has 
appeared an interesting paper by Eyring' in 
which the same problem is treated by a method 
which has many features in common with our 
procedure. though the viewpoint and the termi-

3 Eynng, J. Chern. Phys. 3,107 (1935). 
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