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Di s soc ia t ion  Energy and Long-Range P o t e n t i a l  of Diatomic Molecules 

From Vib ra t iona l  Spacings: The Halogens 

Robert J.  Le Roy and Richard B .  Berns te in  

( i )  Page 25. I n  Table  V t h e  v va lues  f o r  t h e  t w o  bromine i so topes  H 

should be 53 (not  50) .  

( i i )  Page 61, R. 2-3 should read: 

P** FIT POLYNOMIALS OF INCREASING ORDER TO THE DATA TILL THE 
C DECREASE I N  THE SUM OF SQUARES OF RESIDUALS DUE TO THE 
C HIGHEST POWER TERM IS NOT STATISTICALLY SIGNIFICANT 
C (ACCORDING TO A PARTIAL F-TEST), OR THE STANDARD ERROR 
C BECOMES LESS THAN ERY. 

( i i i )  Pages 67 and 79. The t h r e e  cards  immediately fol lowing s ta tement  

number 1000 should be removed and t h i s  s e c t i o n  should read: 

1000 A(KK) = l.DO/AMAX 
NK = N*NDIM 
DO 1500 I = l , N  
NK = NK-NDIM 
K = N-1-41 
I F  (ROW(K) .EQ. K) GO TO 1500 

A l l  r e s u l t s  repor ted  a r e  unaf fec ted  by these  e r r o r s .  
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Abstract  

A r e c e n t l y  developed method f o r  ob ta in ing  d i s s o c i a t i o n  l i m i t s  

and long-range i n t e r n u c l e a r  p o t e n t i a l s  from t h e  d i s t r i b u t i o n  of t h e  

uppermost v i b r a t i o n a l  levels of diatomic molecules is app l i ed  t o  

e x i s t i n g  d a t a  f o r  t h e  B IIou states of CR2P B r 2  and 12? and t h e  

ground X'Z+ s ta te  of CR2" Values of the asymptotic long-range 

p o t e n t i a l  cons t an t s  (C ) are deduced from t h e  d a t a ;  they compare 

w e l l  w i t h  t h e  b e s t  t h e o r e t i c a l  estimates. 

improved Do values  f o r  t h e  ground X'C' states of 

3 +  

g 

n 
The a n a l y s i s  y i e l d s  

CR2 1 35,35 
g 

1279127~  r e s p e c t i v e l y  as follows: 81381Br2 and 2' 
79,79 

1999f.25(43J), l5894.5(+0.4) - 15896.6(fO.5) and l2440.9(+1.2) - em-'. 

Presented a l s o  a r e : ( l )  a convenient g raph ica l  approximation procedure  f o r  

B r 2  3 

u t i l i z i n g  the  method,and ( 2 )  a g raph ica l  means of  making v i b r a t i o n a l  

assignments f o r  h ighe r  levels when gaps exis t  i n  t h e  observed 

v i b r a t i o n a l  sequence. 

reassignments 

The lat ter approach sugges t s  certain vibrationa3. 

€or ground-state CR2(X 1 4 -  C ) and f o r  B r 2  (B 3'4- IJ,ou). 
g 

- 1- 



I. In t roduc t ion  

An expression has  r e c e n t l y  been der ived which relates t h e  

d i s t r i b u t i o n  of v i b r a t t o n a l  levels near  t h e  d issoc ia t ion  l f m i t  D 

of a diatomic molecule 

i n t e r n u c l e a r  p o t e n t i a l  (l,z). - 

ou te r  branch of t h e  p o t e n t i a l  may be  c lose ly  approximated by the 

actractive inverse-power funetfomalf ty:  

t o  t h e  attractive long-range p a r t  of i ts 

For t h e  common situation where t h e  

t h e  d i s t r i b u t i o n  of v i b r a t i o n a l  eigenvalues E(v) near D is GlOSely 

approximated by 

Using phys ica l  cons tan ts  from Ref. (L), t h e  constant Kn is 

-1 f o r  D and E(v) i n  em t h e  reduced mass 1-1 i n  amu, and Cn i n  

cm A . A s  usual, T(x) i s  t h e  gamma func t ion  ($I e A. more u s e f u l  

expression is obtained by i n t e g r a t i n g  Eq. (2) ?d 

- lOn 

1 

where Hn = ( z ) K n 5  n-2 and f o r  n>2 t h e  i n t e g r a t i o n  constant  vD is  
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t h e  "ef fec t ive"  v i b r a t i o n a l  index a t  t h e  d i s s o c i a t i o n  l i m i t ,  

Truncat ing vD 

t h e  h ighes t  bound r o t a t i o n l e s s  l e v e l  supported by t h e  p o t e n t i a l ,  

Consideration of t h e  t h i r d  d e r i v a t i v e  of Eq. (4) shows t h a t  Birge- 

Sponer p l o t s  should show p o s i t i v e  (upward) curva ture  f o r  levels Eying 

c l o s e  t o  D where Eq. (1) is appropr ia te .  The s i g n i f i c a n c e  of t h e  

parameters and t h e  types of errors i nhe ren t  i r t  Eqse (1)-(4) are 

discussed i n  Ref e (2). 

E(vD) = D e  

t o  an i n t e g e r  then y i e l d s  t h e  v i b r a t i o n a l  index of 

I n  genera l ,  va lues  of t h e  four unknowns D, n ,  C and vD may n 
be  obtained from a leas t - squares  f i t  of experimental  v i b r a t i o n a l  

energies  t o  E q .  ( 4 ) .  However, s i n c e  it i s  non-linear i n  t h e  parametereg 

E q .  ( 4 )  r e q u i r e  good i s h i t i c s l  t r i a l  parameter va lues  if t h e  f i t  i s  t o  

converge uniquely.  811 of t h e  results presented below were obtained 

from genera l  f i t s  t o  E q .  (4) using i n i t i a l  t r i a l  va lues  obtained by 

t h e  method presented i n  Refs. (2) and (5) e 

t hese  r eg res s ion  procedures are l i s t e d  i n  Ref e (x) 
The gene ra l  smoothing and regress i tx i s  techniques discussed in 

Computer programs f o r  

Refs. (2) and ( 5 )  - y i e l d  t h e  b e s t  parameter va lues  obta inable  from 

E q s .  (2 -4)  e 

be  obtained from a simple g raph ica l  treatment of t h e  d a t a ,  descr ibed 

below, i f  two e x t r a  condi t ions  are s a t i s f i e d .  

t h e  asymptotic va lue  of' t h e  power in E q .  (1) 

However, r e s u l t s  wi th  almost t h e  same accuracy may 

F i r s t ,  t h e  value of i!i9 

must b e  k n m v  Second, t h e  

levels must be  s u f f i c i e n t l y  "dense" t o  a l low use of t h e  approximation 
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express ions  

2n 
$331 

suggest ing a p l a t  of (ATv> - vs E(v). For t he  h ighes t  levels 

t h i s  should be  l i n e a r  with i n t e r c e p t  

deeper levels i t  should show negat ive  curva ture .  Hence, a l i n e a r  

D, while  f o r  t h e  r e l a t i v e l y  

ex t r apo la t ion  from such a p l o t  should axways g ive  an upper bound t o  

D. Once D has  been $sterrnl.ned i n  t h i s  manner, Eq. ( 4 )  may be  r e w r i t t e n  

as 

With n=%, a p l o t  of t h e  l e f t  hand s i d e  _I vs. v y i e l d s  v,, as fihe 

i n t e r c e p t ,  and Hn (and hence C ) from t h e  s lope .  The usefulness  of 

E q s .  (5-7’) is demonstrated below. 

n 

In  See. 11, Eq.  (4) is f i t t e d  t o  t h e  experimental. v i b r a t i o n a l  

3 +  energ ies  of t h e  B SIou states of CEz,  B r  and 12* yie ld ing  estimate; 

of t h e  asymptotic long-range p o t e n t i a l  cons t an t s ,  

va lues  of t h e  ground-state d i s s o c i a t i o n  energ ies  b?/ A f u r t h e r  app l i ca t ion  

of Eq.  ( 4 )  is introduced in See, 111, which sugges ts  v i b r a t i o n a l  

reassignments f o r  t h e  h ighes t  observed levels of B r 2  (B SIou) and 

of ground s ta te  I n  the la t ter  case, a f i t  t o  Eq. ( 4 )  

then y i e l d s  estimates of v and of t h e  long-range C6 cons tan t .  

2 

C5, and improved 

3-t -  

1 4  Ci2(X cg >. 
D 
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34- 
11, Ground S t a t e  Dissociation Energies and E no, State 

P o t e n t i a l  Tails of  t h e  Halogens 

A d e t a i l e d  d i scuss ion  of t h e  f f t t f n g  or' t h e  experimental  d a t a  

3 - e  of Douglas e t  a1 (9) f o r  d2  (B TE ) t o  Eg* ( 4 )  has been presented 

(2) However t h e  r epor t ed  (1,2) -- ~ ~ ~ . ~ ~ ~ a ~ ~ t ~ e ~  fa t h e  pamameters w&ze 

OU - 

i n c o r r e c t l y  descr ibed as 95% s ta t i s t ica l  confidence i n t e r v a l s  ; they 

w e r e  a c t u a l l y  two s t anda rd  dev ia t ions ,  carresponding t o  t h e  95% confidence 

level only i n  t h e  l i m i t  of many degrees of freedom. Parameter va lues  

obtained on f i t t i n g  t h e  experimental  ene rg ie s  (9) - t o  Eq. ( 4 )  with n 

f r e e  o r  f i x e d  a t  

95% confidence i n t e r v a l s v  

2 % - 5 v  are gfven i n  Pig.  1, toge the r  w i th  t h e  proper 

5 

As w a s  concluded i n  R e f .  ( 2 1 ,  - t h e  h i g h e s t  observed levels of 
3 4 -  Ck2 (B fl ) depend mainly on t h e  t h e o r e t i c a l  asymptotic %=;5 i n v e r s e -  

power term i n  t h e  long-range p o t e n t i a l w  The disagreemenf, with t h e  
OU 

-- n-6 suggest ion of Byrne, Richards,  and Horsley ( I O >  is discussed i n  - 
See. IV. The va lues  of D, C g 9  and vD repor t ed  i n  Ref. (z) (whfch 

a l s o  gave p red ic t ed  ene rg fes  of t h e  unobserved highes,k bound levels of 

t h i s  state) 

tgge the r  w i t h  t h e  impr 

are l i s t e d  f o r  t h e  sake  of completeness i n  Table I ,  

sd estimates of t h e i r  u n c e r t a i n t i e s w  S imi l a r ly  

included are t h e  r e s u l t s  f o r  t h e  o t h e r  halogen systems, t o  b e  discussed 

b e l o w w  

While t h e  parameters given in Table 1 are t h e  b e s t  values  

ob ta inab le  fram t h e  a v a i l a b l e  experimental  data ( 9 )  - w i n g  t h e  p re sen t  
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t h e s e  d a t a  (9) - directly i n  t h e  simple graphical manner suggested by 

E q s .  (5-7), For this ease t h e  t h e o r e t i c a l  %=59 9 and Ffg. 2 shows t h e  

p l o t  suggested by Eqe (6); t h e  in t e rcep t  is imdistmgufshabbfe from ehe 

value of D obeained from t h e  f i t s  t o  Eq. ( 4 )  (see T a b k  I), Using 

tWis D and n==%=S, Figm 3 shows the plot suggested by Eq. ( 7 ) ;  its 

s l o p e  and i n t e r c e p t  are very c l o s e  t o  the fiisted veflzas of Hn and 

V D" 
3-r- Combining t h e  f i t t e d  D value for CR2 (B no,) wfth t h e  

atomic CE sp in -o rb i t  s g a i t e i n g d  ~632~50 em-'* ( ~ ~ 2 1  2 
2 P r i 2  - p3/2 
y i e l d s  a ground state d i s s o e i a t i o n  energy of = 19993.25 (t0~3) em-', 

This d i f f e r s  s i g n i f i c a n t l y  from both the estimate o f  Do = 20062(+40) - cm 

obtained by Rao and Venkafeswarfu ( 1 4 )  - from B 3frge-Sponer e x t r a p o l a t i o n  

of the$ ground-stata v i b r a t i o n a l  d a t a ,  and from rhs Do = 20040(+20) - em-' 

which Clyne and Coxon (15) -- obtained on r e i n t e r p r e t i n g  t h e i r  d a t a  (I&). 

-1 

However, t h e  discrepancy is  removed by the vibrat5onaP reassignment of 

t h e  h i g h e s t  observed ground-state level, discussed be lm fn Sec. 111, 

B: Bromine 

The p resen t  a n a l y s i s  of fha 3 'E* state of B r 2  makes 
6u 

use sf concurrent fitting t o  Eq. ( 4 )  of data f o r  d i f f e r e n t  i so topes  

i n  a given molecular electronic s ta te ,  The only assumption required 

is t h a t  the long-range potenkial taf ls  o f  the %sotopic species be 

i d e n t i c a l v  I f  t h e  i s o t o p i c  pastenria%s are assumed to b e  i d e n t i c a l  

everywhere, t h e  number of' f r e e  parameters in the; problem i s  reduced 
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f u r t h e r ,  s i n c e  t h e  r a t i o  of vD values  f o r  i s o t o p i c  spec ie s  i and 

j i s  then determined s o l e l y  by t h e  reduced mass r a t i o :  

To obta in  t r i a l  parameter values  f o r  a m u l t i - i s o t q e  case (L), Eq.  (8) 

is assumed and t h e  re la t ive i so tope  s h i f t s  are estimated?B/ (AlternateZy , 
tr ial  parameter values may be  est imated sepa ra t e ly  by applying E q s  

method of Ref 

However, i n  t h e  f i n a l  P i t s  t o  Eq. ( 4 1 ,  D ,  n, C n ,  vD 

and the  r e l a t i v e  energy s h i f t s  (ground-state zero-point energy 

sh i f t s% f o r  t h e  d i f f e r e n t  spec ie s  were allowed t o  be  free parameters.  

(5-7)  or the 

(2) - t o  t h e  d a t a  f o r  t h e  i n d i v i d u a l  i s o t o p i c  moleeulas e )  

f o r  each i so tope ,  

Horsley and Barrow (B) have measured v i b r a t i o n a l  energ ies  

of fou r  ad jacent  v i b r a t i o n a l  levels, v=50-53, near  t h e  d i s s o c i a t i o n  

81981Br (It i s  suggested 
79979~r2 and 2' l i m i t s  of t h e  B 'il' states of 

ou 
i n  See. 111 t h a t  t h e i r  v i b r a t i o n a l  assignment f o r  t hese  l e v e l s  i s  one 

u n i t  t oo  s m a l l ;  t h e  new numbering is  used here . )  

t hese  e i g h t  observat ions t o  Eq.  ( 4 )  with  a l l  s i x  p a r m e t e r s  free 

Unfortunately,  a f i t  of 

-.. 
d i d  n o t  y i e l d  a r e l i a b l e  value of ?I. However, sinc;e 

a l l '  t h e  levels considered l i e  w i t h i n  28 cm-l of t h e  d i s s o c i a t i o n  

l i m i t ,  i t  is probable t h a t  th&y depend p r imar i ly  on t h e  t h e d r e t i c a l v  

asymptotic p o t e n t i a l  behavior ( V ( R ) N R - ~ )  . The p l a u s i b i l i t y  of t h i s  

assumption is strengthened by cons idera t ion  of Fig.  2 which shows t h a t  

f o r  CkZ (B au ) t h e  levels w i t h i n  ca. 40 cm-a. of D accord wi th  

n = 5 9  while  t h e  t h e o r e t i c a l  C5 f o r  Ck2 is considerably 

3 4 -  

." 
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smaller than t h a t  €or B r 2 . V  
2 Fixing n=E=5,v the  e i g h t  d a t a  were f i t t e d  t o  E¶. ( 4 )  y i e l d i n g  

t h e  parameters given in .  Table I ,  and an i s o t o p i c  zero p o h t  energy 

s h i f t  of 2.05 (+0,12) I 

more p r e c i s e  va lue  of 2.1329 (50.014) c m - l ,  t h e  d i f f e r e n c e  between the 

ground-state i s o t o p i c  zero p o i n t  ene rg ie s  ca l cu la t ed  from t h e  v i b r a t i o n a l  

The lat ter i s  in good agreement: w i th  t h e  

constants  of Ref e as> I e 

The r a t i o  of t h e  B r 2  i s o t o p i c  vD's i n  Table 

wi th  t h a t  p red ic t ed  w i t h i n  t h e  u n c e r t a i n t y  of t h e  f i t  

confirming i ts  v a l i d i t y  f o r  t h i s  case. Hence, Eq. (8) 

7938$r y i e l d i n g  vD 5: t o  t h e  mixed i s o t o p i c  molecule 2' 
t h e  (79,79)-(81,81) i s o t o p e  s h i f t  suggests  a va lue  of 

i 

f o r  t h e  mixed i s o t o p e  (79 ,8 l ) .  Using thdse  i n t e r p o l a t e d  parameters 

and t h e  cons t an t s  given i n  Table I, t h e  ene rg ie s  of t h e  h i g h e s t  v i b r a t i o n a l  

levels of t h e  E IIou p o t e n t i a l  may b e  p red ic t ed  from Eq. ( 4 )  f o r  

a l l  t h r e e  i s o t o p i c  s p e c i e s .  I n  Table T I  t h e s e  are compared t o  t h e  

experimental  ene rg ie s  of ~ e f ,  (18) - f o r  t h e  pure (79 ,79 )  and (8L,8f) 

i so topes ,  and of Brown (20) f o r  (7g9$l)$$?T 

34- 

- 
A s  i n  t h e  d i scuss ion  of CR2, i t  is  i n t e r e s t i n g  t o  compare t h e  

b e s t  f i t t e d  parameter values  with t h e  estimates of them which would 

have been obtained from E q s .  (5-7) wi th  n.=& I n  t h i s  ease t h e  

two isoeopes must be  considered s e p a r a t e l y ;  f o r  Bach, t h e  f o u r  observed 

ene rg ie s  y i e l d  only two AG va lues  which uniquely datermlne t h e  

i n t e r c e p t s  D. These r e s u l t a n t  D va lues  for (79,79) and (81,8f) are 

r e s p e c t i v e l y  only 0.05 cm-' 

f i t t e d  va lues  (Table I) .  

- 
V 

and 0.15 em-' l a r g e r  than t h e  b$st  

Using t h e s e  (approximate) D ' s  and f%xing n=5, 
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Eq. (7') then y i e l d s  Fig.  4 .  

s lopes  and i n t e r c e p t s  l i e  w i t h i n  t h e  s ta t i s t ica l  u n c e r t a i n t i e s  in t h e  

f i t t e d  Table I parameter values .  

A s  b e f o r e  ( f o r  CR2, see Fig.  3) t h e  

Combining &e f i t t e d  D va lues  f o r  t h e  pure iootopes w i t h  the 

3685 e 2 (4-0.3) - cm-' sp in -o rb i t  s p l i t t i n g  ( 2  - 1) yi&lds ground state 

d i s s o c i a t i o n  ene rg ie s  of Do (79,79) - 15894.5(26.4) em-', and 

D~ ~SI,SJ.> = L W X . ~ ( + O . ~ )  - em-'*  he c o n s i s t e n t  as t imated value f a r  

t h e  mixed i s o t o p e  is Do (79,531) = X5895.5(+0.5) - em . -1 

The only quan t ika t ive  d a t a  f o r  t h i s  s t a t e  extending above v-58 

appear t o  b e  Brown's (22) band-head measurements f o r  levels ~ 4 1 3  

Since a Birge-Sponer p l o t  of h i s  v i b r a t i o n a l  spacings shows p o s i t i v e  

curvature  everywhere, t h e s e  d a t a  are s u i t a b l e  f6r treatment by t h e  

p re sen t  method a 

t o  72>$ 

3 4 -  A s  f o r  CR2 (B TIou) ( 2 ) ,  I t h e  v i b r a t i o n a l  ene rg ie s  were rkpeated9.y 

f i t t e d  t o  Eq. ( 4 )  whi le  t h e  deeper levels were suecessiveLy smitit;ed 

from considerat ion.  This was done i n  t u r n  wi th  a l l  f o u r  p a r m e t e r s  

being v a r i e d  f r e e l y ,  and with n f i x e d  a t  & 5 *  The r e s u l t i n g  parameter 

values  are shown i n  Fig.  5 ,  p l o t t e d  a g a i n s t  t h e  enargy of t h e  lowest 

level included i n  a givenl f i t ,  

t h e  d a t a  is  such t h a t  t h e  fsur-parameter f i t s  become uns t ab le  when fewer 

than 10  levels are considered a t  once:, precluding a d i r e c t  determinat ion 

of z.  Even when n is he ld  f i x e d  at &5, t h e  three-parameter fib 

become erratic when fewer than 9 levels are considered a t  orace, 

5 E(vL) h/ Unfortunately,  t h e  seatter i n  
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While r e l i a b l e  " l o c a l  values" of n cannot b e  determined 

d i r e c t l y ,  t h e  f l a t t e n i n g  of the t h r e e  dashed curves in. Pig. 5 f o r  

v 9. 55 

i n  t h e  asymptotic (&5) region.  

t h e  f a c t  that the f i t t e d  C5 values are w i t h i a  30% of t h e  t h e o r e t i c a l  

v a l u e w f  b3xlO em . The p resen t  b e s t  estimates of D ,  Cg9 and 

v , presented i n  Table I, were obtained by weighting t h e  r $ s u l t s  f o r  

v =55 t o  64 by t h e  squared i n v e r s e  of  t h e i r  u n c e r t a i n t i e s u  This vD 

s u g g e s B t h a t  th is  s ta te  has  15 v i b r a t i o n a l  levels above t h e  h i g h e s t  

one observed by Brown (22);  __. pred ic t ed  values  of t h e i r  ene rg ie s ,  

generated from Eq. ( 4 )  and t h e  parameters in  Tabla I, are given i n  

Table 111. 

s t r o n g l y  suggests  khat t h e  h i g h e s t  E. 18 observed levelo l t e  
L r l ,  

This  is q u a l i t a t i v e l y  confirmed by 

5 -1 ;5 

D 

L 
7 

A s  i n  t h e  previous cases, t h e  b e s t  f i t t e d  parameter va lues  

can be  compared t o  estimates of them ob ta inab le  from Eqs. (5-7). 

Fig. 6,  based on Eqs. (5-6) y i e l d s  an estimate of D i n d i s t i n g u i s h a b l e  

from t h e  v a l u e  i n  Table I. 

v 55 copfirms t h e  dominant n=5 i n f l u e n c e  i n  t h i s  region. The 

ensuing p l o t  based on E q .  7 (Fig. 7) y i e l d s  estimates of vD and Hn 

l y ing  w e l l  w i t h i n  t h e  s ta t is t ical  u n c e r t a i n t i e s  i n  t h e  Table I values .  

Combining t h e  f i t t e d  v a l u e  of D w i t h  t h e  7'603.15 an-' atomic 

- 2P3/2 s p l i e t i n g  (12,25) -- y i e l d s  a ground-state d i s s o c i a t i o n  

Furthermore, t h e  l i n e a r i t y  of t h i s  p l o t  f o r  

N 

I 

2P 

energy of 

between t h i s  r e s u l t  and Verma's (26) - 

discussed elsewhere (fl) 

112 
The source  of t h e  disagreement -1 \?. = l2440.4(+1.2) - cm . 

DO 

Do = 12452.5(21.5) cm-' 9s 
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111. Proposed Vibra t ions1  Reassignments 

A. General 

Frequently t h e  energ ies  and indexitlg of t h e  deeper v i b r a t i o n a l  

l e v e l s  of a given e l e c t r o n i c  state are accura t e ly  known, while  near 

i ts  d i s s o c i a t i o n  l i m i t  D t h e  d a t a  are o f t e n  r e l a t i v e l y  s p a r s e ,  with 

gaps of s e v e r a l  v ibra t iona l .  quantum numbers between observed levels. 

I n  t h e  absence of a d d i t i o n a l  information,  t h i s  may lead t o  e r r o r s  i n  

v i b r a t i o n a l  assignments 

One c o n s t r a i n t  which may be  appl ied  t o  t h e  d a t a  is t o  r e q u i r e  

t h a t  t h e  Biuge-Sponer p l o t  f o r  t h e  spec ie s  i n  ques t ion  should have 

p o s i t i v e  curva ture  f o r  l e v e l s  near  D (&&. The present  approach 

i m p l i c i t l y  includes t h i s  c o n s t r a i n t  whi le  making more e x p l i c i t  use  
..' 

of Eq. ( 4 ) .  The necessary assumptions a r e  a va lue  f o r  n ,  and a good 

estimate of 1) which i s  independent of the v i b r a t i o n a l  numbering 

under d i spu te .  Then (according t o  Eq. ( 7 ) ) ,  f o r  n f ixed  a t  a n- 2 t-\ 
'2n ' vs v should be. E n e a r  for  l e v e l s  very nea r  p l o t  of [D-E(v) ] - 

D, while  showing progress ive ly  s t ronge r  nega t ive  curva ture  f o r  deeper 

l e v e l s  ( s e e  d iscuss ion  i n  Sec. I ) .  Since t h e  long-range interatomic,  

i n t e racb ion  may be  expressed (29,223) -- as a sum of inve r se  (integ&r)-power 

terms in  R ,(of lowest  order  'yn) t h e  e f f e c t i v e  "lbcal" n a t  the  

ou te r  tu rn ing  po in t s  i nc reases  with t h e  binding energy. However, 

cons idera t ion  of Eqe ( 4 )  shows t h a t  i n  t & e k l f m i t  of very l a r g e  n ,  
l. 

[D-E(v)] v a r i e s  d i r e a t l y  as (vD-v) . Thus, a p l o t  of [D-E(v)]Z 2 

v should have s t r o n g  p o s i t i v e  curva ture  near  t h e  d i s s o c i a t i o n  



1 2  

l i m i t  ( f o r  > 4 t h i s  curvature  becomes i n f i n i t e  a t  D), whi le  

becoming inc reas ing ly  l i n e a r  f o r  the deeper levels. 

The p resen t  approach c o n s i s t s  of r equ i r ing  t h e  v i b r a t i o n a l  

assignment t o  b e  such t h a t  t h e  two types of p l o t  

show t h e  appropr i a t e  curved and linear regions.  

Fig. 8 t h i s  approach was appl ihd t o  t h e  d a t a  of Douglas et a l  (9 )  - 

f o r  CR2 (B Rh), for which “n..S.?L/ Clea r ly ,  even had t h e r e  been a 

gap of LO unobserved levels somewhere i n  t h e  range, F ig .  8 would 

have unambiguously f i x e d  t h e  v i b r a t i o n a l  assignments e 

discussed above 

As  a check, i n  

34- 2 

14- 
B: V ib ra t iona l  Reassignment and P o t e n t i a l  Ta i l  of Graund-State CR2(X Cg)  

The only experimental  d a t a  f o r  h igh iy  e x c i t e d  v i b r a t i o n a l  levels 

of ground state CR2 are t h e  PfV resonance emission doublets r epor t ed  

by Rao and Venkateswarlu (14). - The r o t a t i o n a l  assignment f o r  t h e s e  

doublets  has  r e c e n t l y  been r ev i sed  (15) I_ y i e l d i n g  s l i g h t l y  d i f f e r e n t  

e n e r g i e s p  and t h e s e  are used he re .  However, t h e  v a l i d i t y  of t h e  

p re sen t  d i scuss ion  does n o t  h inge  on t h i s  change. 

In  R e f .  (14) - t h e  e x t r a p o l a t i o n  of a Birge-Sponer p l o t  gave a 

va lue  f o r  t h e  ground s ta te  d i s s o c i a t i o n  anergy 65(210) l a r g e r  

than t h a t  of Sec. I I A V  Fbrthermore, t h i s  p l o t  showed growing 1 4  

nega t ive  cu rva tu re  n e a r  t h e  d i s s o c i a t i o n  l imit ,which would b e  worsened 

i f  t h e  e x t r a p o l a t i o n  were constrained t o  y i e l d  t h e  p re sen t  

is t h e  opposi te  of t h e  expected behavior i n  t h i s  region,  e s p e c i a l l y  

s i n c e  t h e  v i b r a t i o n a l  spacings f o r  thG analogous (but  shal lower)  

ground e l e c t r o n i c  s ta te  of 

Doe This 

I2 (2) show p o s i t i v e  curvature  f o r  levele 
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i 

-1 l y ing  w i t h i n  1000 cm 

t h e  long-range inverse-power a t t rac t ive  p o t e n t i a l  t a i l  t o  b e  somewhat 

weaker f o r  CR2 than f o r  IZ9 its i n f luence  on t h e  h i g h e s t  v i b r a t i o n a l  

levels should n o t  disappear  a l t o g e t h e r .  

of t h e  d i s s o c i a t i o n  l i m i t .  Although one expects  

Ref. (14) - r epor t ed  observat ions of all. ad jacen t  or semf-adjacent 

ground-state levels from v=9 t o  42.- Abbve t h i s  po in t  four  o the r  

levels were observed, s epa ra t ed  by gaps assigned r e s p e c t i v e l y  as two, 

t h r e e ,  two, and one unobserved l e v e l s .  The anomalous inc reas ing ly  

negat ive Birge-Sponer cu rva tu re  i s  explained i f  t h e s e  gaps are t o o  small. 

Using t h e  t h e o r e t i c a l  n==6 and t h e  ground-state d i s s o c i a t i o n  

energy obtained i n  Sec. EL A ,  t h e  observed levels (re-eualuated using 

t h e  r o t a t i o n a l  reassignment of Ref. (25)) are presented i n  Fig.  9 i n  

t h e  form suggested by t h e  preceding s e c t i o n .  

ad jacen t  e o i n t s  i s  j o i n e d  by a s t r a i g h t  l ine  which i s  ex t r apo la t ed  t o  

t h e  t i e  l i n e  corresponding t o  t h e  nex t  h ighe r  observed level. 

p o s s i b l e  v i b r a t i o n a l  assignments correspond t o  i n t e g e r  va lues  of v 

- 2  

Above ~ ~ 4 2 ,  each p a i r  of 

The 

on t h e s e  t i e  l i n e s g  and t h e  t h r e e  p a i r s  of curves i n  Fig.  9 ,  ( A , A ' ) ,  

(B,B') and (C,C'> correspond to t h e  only p l a u s i b l e  sets of assignments. 

I n  Fig.  9 ,  curves (C,C'> correspond t o  t h e  o r i g i n a l  assignment 

(14) - ; as s t a t e d  above and confirmed by t h e  cu rva tu re  s h a m ,  t h i s  is 

implausible.  

which is  t o o  pronounced t o  b e  due t o  experimental  b r r o r .  However, t h e  

Curve A shows p o s i t i v e  cu rva tu re  f o r  t h e  h ighe r  levels 

s l i g h t  p o s i t i v e  cu rva tu re  i n  

w i t h i n  the u n c e r t a i n t y  i n  t h e  experimental  ene rg ie s  .v Thus, it 

appears t h a t  t h e  (B,B')  reassignment of t h e  o r i g i n a l  (g) 

B a t  t h e  h i g h e s t  observed level is  

~ 5 4  as 

F 5 5  is correct. 



The main r e s t r i c t i o n  on t h e  use  of t h i s  approach is the  

requirement f o r  a good i n i t i a l  va lue  of D. 

t h e  same energ ies  using tr ial  D va lues  i n  t u r n  50 cm smaller and 

l a r g e r  than t h e  present  va lue  would have y ie lded  (C3Q') and (A,A') 

Applying t h e  method t o  
-1 

respec t ive ly  as t h e  most probable assignments. On t he  o t h e r  hand, 

using Do = 20012 cm-I ,  t he  b e s t  estimate a v a i l a b l e  P ~ ~ V ~ Q U S  t o  Ref. 

(14) - t h e  present  reassignment is  obtained. 

It is  tmportant t o  no te  t h a t  t h i s  reassignment nega tes  t h e  

specu la t ion  concerning a poss ib l e  b a r r i e r  maximum (9,125) No such maxinum is 

expected t h e o r e t i c a l l y ,  s i n c e  f o r  t h e  ground states of the halogens,  

a t  least t h e  f i r s t  two non-zero inverse-power p o t e n t i a l  terms are 

attractive (see  t h e  argument presented f o r  I2 i n  Ref. (g))9 as 

w e l l  as t h e  exchange fo rces  which g ive  r ise t o  t h e  chemical binding.  

Using t h e  known ii=6 and Do f o r  t h e  ground state,  Eq. ( 4 )  w a s  

f i t t e d  t o  t h e  t h r e e  h ighes t  experimental. energ ies  ( ~ ~ 4 9 ,  52 and 55) 

C6 and v given i n  Table I. The C6 obtained D y i e l d i n g  t h e  va lues  of 
06 

is i n  f o r t u i t o u s l y  good agreement wi th  t h e  t h e o r e t i c a l  C6 9 0.82~10~ cm-' A 

est imated by Caldow and Coulson (SO) - e However, f i t t i n g  t h e  h ighes t  

two levels using t h e  (A,A') and (C,C") Vibra t iona l  assignments would 

y i e l d  

t h e o r e t i c a l  estimate. This lands credence t o  both t h e  present  

v i b r a t i o n a l  reassignment and t h e  s i g n i f i c a n c e  of t h e  f i t  i t s e l f .  

C6 values  r e spec t ive ly  7 t i m e s  l a r g e r  and 1 / 8  as l a r g e  as t h e  

Table I V  presents  t h e  energ ies  pred ic ted  by t h e  cons tan ts  i n  Table I 

f o r  t h e  h ighes t  bound l e v e l s  of CR2 (X Cg )v 1 4 -  
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34- C: Vibra t iona l  Reassignment f o r  B r 2  (B Eou) 

The fou r  v i b r a t i o n a l  levels observed near t h e  d i s s o c i a t i o n  l i m i t  

81 '%r were o r i g i n a l l y  7 9 9 7 9 B r 2  and 2 
3 4 -  of t h e  B Eou state of each of 

assigned as v49-52  (g), The only o the r  measurements of Ehe upper 

v i b r a t i o n a l  levels of t h i s  s ta te  are Brm ' s  (20) observat ion of levels 

7g28'Br I n  o rde r  t o  compare t h e s e  r e s u l t s ,  t h e  2"  up t o  v=48 of 

(79,791 and (8E,8l) ene rg ie s  (l.8J were averaged t o  y i e l d  approximate 

2 (79,811 ene rg ie s  f o r  t h e  l&vt;ls considered. For t h i s  s p e c i e s  4g-5 

and D w a s  obtained i n  See. LE B), Pig.  lo i s  t h e  p l o t  suggested by 

Sec. IIIA, The s o l i d  p o i n t s  are Prom Ref. (20) and t h e  open p o i n t s  are 

t h e  i n t e r p o l a t e d  ene rg ie s  mentioned above. 

o r i g i n a l  (18) -- v i b r a t i o n a l  numbering of t h e  lat ter f o u r  levels must be  

increased by me.  

It is  apparent  t h a t  t h e  

This  raassignm$nt was used i n  Sec. E1 B .  

IV, Discussion 

3 4 -  A: Comparison of B llou S t a t e  D Values wi th  Prewious Resu l t s  

Most of t h e  r e s u l t s  i n  Table I d i f f e r  somewhat from previous 

d i s s o c i a t i o n  l i m i t s  and conclusions about t h e  n a t u r e  of t h e  long-range 

p o t e n t i a l s ,  d e s p i t e  being based on t h e  same da ta .  POP t h e  D v a l u e s ,  

t h e  appropr i a t e  quan t i ty  f o r  comparison is 

enwgy of t h e  h ighes t  observed level. 

and b e s t  previous va lues  of t h i s  q u a n t i t y  f o r  t h e  B llou states of 

t h e  halogens 

[D-E(vn)], t h e  binding 

Table U compares t h e  p re sen t  

3 4 -  
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Xn the case o f  I2 the  discreparrcg o r i g i n a t e s  in the g raph ica l  

e x t r a p o l a t i o n  of Ref. (22) beyond t h e  highest observed EeveEo. This 

The discrepancy ~ 5 t h  t h e  p m s s n k  r e s u l t s  ImpLies  that the absorption series 

were incomplete; $ , e .  they d id  not axtand t o  t h e  p r e d l s s o c f a t i o n  % i t E f % ,  

It has been shown ( 3 4 )  - t h a t  f o r  v i b r a t i o n a l  levels lying near the 

t h a t  t h e  experimencers d i d  not observe the very highest ~ o ~ - ~ ~ ~ d ~ ~ s ~ ~ 9 ~ ~ ~ n ~  

levels. This  is consisteriL w i t h  t h e i r  l ack  of observat ion o€  any  broadened 

l i n e s .  

One f u r t h e r  e f f e c t  t o  be considered is t h e  effact on t h e  fitted 

D value of an w r o r  i n  the chosen value of % e  P i t t i n g  t h e  d a t a  t o  

Eq. ( 4 )  9n t h e  manner descr ibed i n  Sec, %E, but w i t h  nn s e t  equal  t o  6 

instead of 5, one ob ta i a s  14 values f o r  6R2$ B r 2 :  and 9e29 r e s p e c t i v e l y  

which are only 0.36, 0.50 and 2 , 7  em"-' smaller than t h e  b 



3-p. B: The B Rou State Potantfa% Tails. Comparison with Prevfous 

Resu l t s  and wi th  Theory 

Byme et a l  (10) - concluded khat t h e  outer RKR turrsfaag p o i n t s  

3 4 -  -6 (35) f o r  t h e  B ITou states of both @8, and B r 2  fo l~ .med.  an R 

dependence r a t h e r  than rhe t h e o r e t i c a 9  asymptotic R form Bowever 

t he  v a l i d i t y  of t h i s  eonc.,lasion fs ~ ~ ~ ~ ~ ~ i g ~ ~ ~ ~  on the  accuracy o f  t h e  

RKSR p o t e n t i a l  and of the value of D assumed. 

& - 
-5 

For CR2 t he  rapor ted  turning p o i n t s  (E) are p l o t t e d  a g a i n s t  

binding energy i n  Fig.  11, using both t h e  p re sen t  D and the expsrimanters' 

(9) I 

between t h e s e  

t h a t  t h e  previous IT=& 

t h e  last  f e w  levels. 

is s p u r i o u ~ . )  The d i f f e r e n c e  betweom t h e  i n t e r c e p t s  of curves A and 

D (presumably tho value used i n  Raf, (18)) - ev 'She s m a l l  d i f f e r e n c e  

D ' s  has a n e g l i g i b l e  e f f e c t  on t h l s  p l o t ,  and it appears 

d e ~ ~ c ~ ~ o ~  is wrong s i n c e  i t  r e q u i r e s  ignoring 

"C6" (This a l s o  implies  t h a t  t he  r epor t ed  ( lo )  - 

B fn Fig. %l i n d i c a t e s  t h a t  e i t h e r  t h e  p re sen t  b e s t  c5 is 2-3-@ 40% 

small, o r  t h a t  t h e  RKR r e s u l t s  are s l i g h t l y  i n  error, The latter 

is p l a u s i b l e  s i n c e  no exparimentsl  d a t a  were ava%Pable f o r  t h e  ltst~est 

s ix  levels of t h i s  s ta te ,  spanning t h e  lower 40% oE the  potential w e l l .  

3 4 -  The, RKR p o t e n t i a l  f o r  B r 2  (B ITou) from which Byrlzle e t  a1 (EO) I__ 

concluded ?~=6 appears t o  have? b$ew ~~~~~~~t~~ (35) y_ f o r  the mixed 

i so tope  (79,8l)  from t h e  averaged R e f .  (18) - data f o r  (79,79) and 

($l ,81)  However3 t h e s e  r e s u l t s  only span levels 9 - -  e v g 19 and 

50 - -  < v < 53 ,  and ve-9 l ies ~ a .  37% of t h e  w e l l  depth above the 

minimum, 

assignment f o r  t h e  f o u r  hfgh 9evel.a (49  - -  v 5 2 ) ,  t h e  i n t e r p o l a t i o n  

I n  a d d i t i o n  t o  using t h e  i n c o r r e c t  o r i g i n a l  (_all) v i b r a t i o n a l  
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-a 2 , &  cm 

t h e  binding energ ies  f o r  t he  h ighes t  14;evsls sufficiently f a r  t he  l a a t  

from tho previous value (18) - to the present  one altered 

two po in t s  on such a log-log p l o t  to disp lay  t h e  proper  s lope  o f  -5, 
i 

S t e i n f e l d ,  ~ ~ ~ ~ ~ ~ 1 l  and Weiss (37) ~ ~ ~ ~ u ~ a E ~ d  RKR turn ing  

po in t s  f o r  levels 43 - -  Q M g 50 of T 2  (B TIo,,), and on analyzing them, 

concluded t h a t  the potenbid.  was disp lay ing  its ~ ~ ~ ~ ~ ~ t ~ ~ ~ 1  

behaviorC/ i n  this region.  

i n  Figs .  5 and 6 strggeet tha t  the p o t e n t i a l  dev ia t e s  s i g n i f i c a n t l y  

from this asymptoeic behavim f o r  

C5 
Thus, their b 5  conclusion appears fortuitous. 

3 4 -  

545 
2 On t h e  o the r  hand, the r ~ s u l t s  presknted 

v 2 55;  mor^^^^^ their (37) - apparent 
EO ' ~ ~ ~ ~ ~ ~ ~ i ~ a ~  va16ee $V c o e f f i c i e n t  is more than 208% larger then th 

SteinfeLd &t a%*s (37) rurniag po in t s  f o r  43 g v c 5 9  wera 

based on t h e i r  ~ ~ ~ s u ~ ~ ~ ~ ~ t  of two vLbra%fonaE bands whose upper states 

(they eone3uded) wixxi v 4 3  , a d  44. However, t he f f  ensuing ~~5.49 energy 

is 

- -  - 

11.4 ern-' lower than t h e  value observed by Brom (23, l ead ing  
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t h i s  i s  t h e  probable source of their apparent R-' behavior ,  

In  Table V I ,  t he  v 'exper~menta lv9  Cs values  obtained by %lie 

present  method are compared t o  t h e  t h e o r e t i c a l  values.ly Also given are 

t h e  approximate b i n d b g  egerg ies  beyond which devia t ions  frm simple 

R-' behavior become apparent ,  as ind ica t ed  by Table IE and Figs .  2 

and 6.  

of t h e  con t r ibu t ing  

These q u a n t i t i e s  w i l l  depend mainly 014 t h e  r e l a t i v e  s t r e n g t h s  

Ra5, and R"' and f8 po ten t i a l  terms. Xk appears 

t h a t  f o r  B r 2  

r e l a t i v e  s t r e n g t h s  of t h e  C5 c o e f f i c i e n t s .  However, t h i s  maybe spur.'I.3us, 

due t o  e r r o r s  i n  e i t h e r  the energ ies  o r  t h e  assignments of t h e  (79,811 

l e v e l s  of Ref. (20).f/ 

t h i s  range is anomakx.uly small i n  r e l a t f o n  to the  

While t h e  present  "experimental" C5 values are seen t o  b e  i n  

reasonable,  agreement wi th  theory,  they are c o n s i s t e n t l y  small. Since 

t h e r e  may b a  same r e s i d u a l  b i a s  inherent  i n  t h e  present method (2) it  
is  d i f f i c u l t  t o  make an a p p r a i s a l  of t h e  t h e a s e t i c a l  va lues ,  although 

a p o t e n t i a l  weakness i n  them was mentioned i n  footnote  46 of Ref, (2). 
However, t h e  q u a l i t a t i v e  agreement shown i n  Tiable V I  does strong5;y 

confirm t h a t  t h e  h ighes t  levels considered i n  t h e  present  a n a l y s i s  

do depend mainly upon t h e  asymptot ical ly  dominant R-5 p o t e n t i a l  t a i l .  

C: General 

Recently S i x a l l e y  (38) has  presented an a l t e r n a t e  de r iva t ion  of E q . ( 4 ) ,  

1 +  
- 

and then appl ied  i t  t o  d a t a  f o r  t h e  B Cu s tate of H2 ( fbr  which 

E=3) by performing f i t s  t o  E$. (7)  whi le  varying t h e  va lue  of 2, t o  

minimize devia t ions  H e  a l s o  v e r i f i e d  t h e  present Eqs .  (3-4) 
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€or  the exact c a l c u l a t e d  eigenvalues  of an W (12,3) p o t e n t i a l  

( i .e. ,  a w e l l  w i th  an R-3 p o t e n t i a l  t a i l )  u o b t a i n i n g  t h e  same good 18 

-6 agreement as had previously been found for an R - t a i l e d  p o t e n t i a l  (2 ) .  I 

The main r e s t r i c t i o n  on t h e  u s e  of t h e  p re sen t  method ( f i t s  t o  

E q .  ( 4 ) )  is  t h a t  t h e  levels considered muqt l i e  c l o s e  enough t o  the 

d i s s o c i a t i o n  l i m i t  t h a t  t h e i r  Birge-Sponer p l o t  shows p o s i t i v e  

curvatarc;-.. 

t h e o r e t l c a l  

the level  dens i ty  is  g r e a t  enough t o  s a t i s f y  t h e  l i n e a r  approximation 

of E q .  (51, then a p p l i c a t i o n  sf E q s .  (6-7) may y i e l d  good approximations 

t o  t h e  b e s t  parameter values  (see Sec. 11). Where appropr i a t e ,  t h e r e f o r e ,  

p l o t s  of the form of E q .  ( 6 )  should r ep lace  conventional Birge-Sponer 

ex t r apo la t ions  as a means of determining t h e  d i s s o c i a t i o n  l i m i t  D, 

It is be l i eved  t h a t  t h e  p re sen t  methodology is now 

It has a l s o  been found very advantagestts t o  know t h e  

2 f o r  t h e  state under c o n s i d e r a t i o n u  YE i n  a d d i t i o n  

s u f f i c i e n t l y  w e l l  documented t o  become anogher everyday toof  i n  t h e  

spectroscopis ts '  d a t a  a n a l y s i s  k i t .  
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g 

X C States 

Cg2 
35,35 

79 9 79Br  
2 

127, 1271 
2 

2 1  

Table I: S u m r y  of Results f o r  t h e  Halogens % 

a 
D (m"') 

19997.2,(50.3b) 

I589 4.5 (20 e 4) 

15896.6(50.5) 

a) See  footnotes  3 amd 7 .  

b) See  foo tno te  6. 

5 

5 

5 

5 

- 

6 

6 

6 

6 

C> These u n c e r t a i n t i e s  arp only estimates. 
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v - 
41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 ’ 

57 

58 

59 

GO 

61 

Table IX.: ergies (in cm-’> of the highest 

bound levels of isotopic B r 2 ( B  3 +  If&). Numbers 

in parentheses are experimental; far (79,99) and 

(81,8l) these are from Ref. (U), while f o r  

(7g381) they are taken from R e f .  i 2 0 )  

- 
_I 

979,39) 

19453 44 

473 e 76 

491.66 

507 a 34 

520 e 94 

532 ., 65 

542.62 

551- 01 

557.97 

563.65 (19563.65) 

568-20 ( 568.20) 

571.76 ( 571.77) 

574.47 ( 574.47) 

576 ., 46 

577.84 

578.75 

579 e 29 

579 D 53 

579 e 69 

579. 

- 

c 39 g 81) 

19448.89 (19490.3) 

469.72 ( 486.2) 

488. E3 ( 499.5) 

504.28 ( 512.5) 

518.36 ( 524.9) 

530,51 ( 531.9) 

540.90 ( 542.2) 

549.68 ’f 551.4) 

557.01 

563 04 

567 e 90 

591.74 

574.69 

576 89 

578.46 

579 e 51 

580 a l7 

580. 53 

580 e 69 

585. 74 

- 

(8138l) 

19444.00 

465 e 33 

484 * 31 

506 * 97 

515.53 

528 15 

538.98 

548 18 

555.90 

562 e 28 (I9562 e 28) 

567.46 ( 567.45) 

571.60 ( 571.61) 

574.82 (. 574.81) 

577 24 

579.00 

580 22 

581 08 

581, 45 

581 e 68 

1 

581. gg 

58Iy7 
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Table 1x1: Calculated energies (in an-') of the highes t  

31- bound leve.1s of =7J27I2(l3 r[ 0u 5. Bz"0wnVs 

(z) experimental energies for v I 72 are 

given in parentheses a 

v - 
66 

6% 

68 

69 

90 

71 

72 

73 

7 4  

75 

76 

034.4 

oh$. 7 

v 

77  

78 

79 

86 

8 1  

82 

83 

84 

85 

86 

87 

E (VI 

20038 e 6 

040.1 

041.3 

042 2 

042 0 

043 0 

043.6 

043 0 84 

043 * 94 

043 e 99 

644 - o0 
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V - 
48 

49 

50 

51 

5 2  

53 

54 

Table PV: Calculated ene rg ie s  ( in  cmc') of t h e  

h ighes t  bound fevels of ground-state 

35 ' 35C12 ( X I  c") 

l e ~ e 1  ene rg ie s  obrainecl by applying 

t h e  rotational reassignment of R e f ,  (15) L_ 

to che data of Ref, (l4), II are given f n  

The experimental  

parentheses  

E (Q) 

19119 D 

306 e (19305 ?) 
465 e 

593 D 

706. (19711.") 

792 e 

860. 

v 

55 

56 

57 

58 

59 

60 

61 

E Ct.) 

19911, (19905. a) 

947. 

972 e 

986 e 

994. 
b 

996. 
t 993. 25 

a) Calculated from fAe d a t a  i n  Table P of R e f ,  @I using t h e  

r o t a t i o n a l  reassignment of Ref, (15) - and t h e  ground-state 

r o t a t i o n a l  cons t an t s  of Ref, (2). 

b) Within t h e  unce r t a in ty  i n  vD (see Table E),these levels may 

n o t  exis t .  
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' -1 Table V: Binding energies  (in em 1 of h i g h e s t  

3 +  observed level <v,> of t h e  B T[ ou 
s t a t e s  of t h e  halogens 

Species v H 

31. 

50 

50 

72 

a) See foo tno te  6 .  

b) From Ref. (2) e 

c )  From Ref. (18) e 

d) From Ref e (3) 
I_ 

Present Previous - 
3 .,1(+2 b 

- 

2 7 (20.5) 

4.1(50 0 5 )  

d 12.6 



26 

Table V I  : Comparison of present "experimental9' 

C vaPues (in em"' x 5 )  with t h e o r e t i c a l  

estimatesvfor the B 'IIEU stakes of the 

halogens.  

5 

E$(; = 5 )  is the  approximate binding energy 

beyond which deviations frm ItF5 behavior 

become apparent .  

Species 

C5 "Experimental" 

C Theorer ical"  

Eb (:=5) 

5 

5 1 . 9  (4-0.2)XlO 9 -  E. %9(4-Q.2.)x1Q - 

1. 44x10 5 

60 

2. 39x10 5 

50b 

I 

5 3 1 E (90 0 2 XI( 1 

4. S4xlO 5 

200 

a See footnote 10. 

As discussed i n  foo tno te  11, the i s o t o p i c  assignments 

of BPOWII'B (20) Levels may b e  in e r r o r ,  i n  which case t h i s  

50 cm-' is a lower bound to Eb(%=5) 

_c 
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Footnotes 

1. Eq.  ( 4 )  is  v a l i d  only f o r  cases  i n  which ~ $ 2 ~  Hmever, 

analogous expressions fo r  n=2 and f o r  t h e  ease  of an 

attractive exponent ia l  long-range p o t e n t i a l  are given i n  

Ref. (2) 

2. A summary of t h e o r e t i c a l  knowledge of t h e  asymptot ical ly  

.-., dominating power n is  given i n  Appendix B of Re€, (2) - e 

For t h e  B IIou states of t h e  halogens &5, whi le  f o r  t h e i r  

ground X '2 states, %=6 (6-,L9J) 

3 4 -  

g 
3. Unless otherwise s t a t e d ,  throughout t h i s  paper all energ ies  are 

expressed relative t o  t h e  v = &  J = < O  level of t he  ground 

e l e c t r o n i c  s ta te  of t h e  designated i s o t o p i c  molecular species. 

The present  d i scuss ion  of ch lo r ine  considers  only t h e  most 4. 

35 9 q - g  
2' common i s o t ~ p i c  spec ie s  

5. Unless otherwise' s t a t e d ,  a l l  u n c e r t a i n t i e s  given i n  t h i s  paper 

correspond t o  95% s t a t i s k i c a l  confidence i n t e r v a l s .  

6. The f i n a l  u n c e r t a i n t i e s  i n  t h e  b e s t  parameter va lues  f o r  

34 -  CR2 (B TIou) d i f f e r  from both t h e  previously reported va lues  

(1,2) I -  and t h e  t r u e  95% s t a t i s t i c a l  confidemce i n t e r v a l s  shown 

i n  Fig. 1, The va lues  given a r e  b e s t  estimates based on the 

45% confidence f n t & r v a l s  f o r  t h e  last f e w  p o i n t s  t o  the r i g h t  i n  

Fig. 1, 

7 .  The u n c e r t a i n t i e s  i n  these  D va lues  d i f f e r  from those  repor ted  

previously (l3Z91L) --- because of the incorrect 95% asnfidence 

i n t e r v a l s  i n  t h e  earlier work, 
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8. This is  math less s t r f n g e n t  than r equ i r ing  p r e c i s e  p o t e n t i a l  

invar iance  everywhere including R va lues  mar  t h e  minima. 

S m a l l  d i f f e rences  between p o t e n t i a l  curves f o r  d i f f e r e n t  i s o t o p i c  

spec ie s  i n  a given state arise from ehe coupling of nuc lear  and 

e l e c t r o n i c  motion. 

ground s ta te  of 

e f f e c t  of' such coupling disappeared a t  Yon$ range. 

I n  t h e i r  ~- a p r i o r i  ca feu la t ions  f o r  t h e  

H 2 s  Kslos and Wolniewi@z (16) - showed t h a t  t he  

More generally, 

t h e  effect of t h i s  coupling on an eigenvalue depends  on t h e  

expec ta t ion  va lue  of t h e  nuc lea r  k i n e t i c  energy, and t h i s  goes t o  

zero  f o r  levels approaching .&he d i s s o c i a t i o n  limft ( e , g . ,  f o r  

ground state s e e  Table 1x1 of Ref (17)) - e 

9. These s h i f t s  w e r e  es t imated i n  two ways: (a) by comparing 

v i b r a t i o n a l  zero  poin t  ene rg ie s ,  and (b) by sepa ra t e ly  

smoothing t h e  level energ ies  f o r  t h e  d i f f e r e n t  i s o t o p i c  molecules 

as func t ions  of a c m m  a b s c i s s a  x 
quanbum number by: x D-. v( i )  (1) /u (i) and comparing t h e  calcul.aeed 

( r e l a t e d  t~ the  v i b r a t i o n a l  
1. z 

ord ina te s  a t  any ahoskn )i va lue .  

10. Values of long-range C5 cons tan ts  may be  expressed as %he 

product of a f a c t o r  pecu l i a r  t o  t h e  electronigl s ta te  i n  ques t ion ,  

and t h e  expec ta t ion  va lues  of t h e  square  of t h e  r a d i i  of t h e  

valence e l ec t rons  {r2 on t h e  i n t e r a c t i n g  atoms (2). Knipp 

(9 
f a c t o r s  f o r  a wide range of s i t u a t i o n s ,  and Pischer  (J9-) has 

r ecen t ly  presented accu ra t e  Kartree-Pock va lues  of 

shel ls  of most atoms. 

and Chang (z) have presented t a b l e s  of t hese  numerical  
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11. Brown (20) s t a t e d  that: :  "In g e n e r a l  t h e  measurements are not 
-1 accura t e  to b e t t e r  than 2 cm 

e f f e c t  has  n o t  been i d e n t i f i e d ,  t h e  e r r o r  is considerably 

g r e a t e r . "  Furthermore, cons ide ra t ion  of Table I1 suggests  

t h a t  soma c;f h i s  band heads might more properly b e  rass ig i - ted  

t o  t h e  pure i so topes .  If t h i s  is done, f o r  6 of  t h e  8 experi~ental 

(79,8l)  ene rg ie s  given i n  Table IT the agreement is bekter &haa 

2 cm , whi le  f o r  t h e  o t h e r  two ( ~ 4 4  and 45) t h e  disagreement 

and i n  cases where t h e  i s o t o p e  

-a. 

-1 is  a t  worst  3.5 c m  a 

ene rg ie s  f o r  t h e  deeper levels  (e.g. 

i n c r e a s  9ng ly i n  error 

I n  any case, t h e  c a l c u l a t e d  (Table 11) 

v ,$ 4 3 )  are I f k e l y  t o  be  

12.  The p resen t  d i scuss ion  of i od ine  considers  only t h e  most commm 

f27,12 3I 
2' i s o t o p i c  s p e c i e s  

13. The o r i g i n a l  v i b r a t i o n a l  numbering of t h e s e  levels has s i n c e  

been r ev i sed  (23,241 -- ; thus t h e  numbering used by B r o m  (22)  - has 

been decreased by one u n i t .  

Using t h e i r  r o t a t i o n a l  reassignment,  CLyne and Csxon (dltj) 14.  

obtained a D va lue  43 an"' l a r g e r  than the p resen t  

estimate; however, t h i s  change does n o t  a f f e c t  t h e  q u a l i t a t i v e  

arguments presented he re .  

The scatter i n  the doublet  s p l i t t i n g s  (14) __. which g i v e  t h e  B v  

va lues  f o r  t h e  upper states is l a r g e  enough t o  yield p o s s i b l e  

o 

15. 

-L e r r o r s  of a few cm i n  t h e  l e v e l  ene rg ie s .  

For an e x c e l l e n t  review of t h e s e  methods, see chapter  V of t h e  

book by Gaydon (33).  I 

16 .  
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17 .  The v=32 t u rn ing  po in t  repor ted  by Todd et  a1 (35) - is ignored 

h e r e  as being spur ious ,  s i n c e  t h e r e  is no repor ted  observat ion of 

t h i s  level. This po in t  would l i e  w e l l  above a19 t h e  l i n e s  i n  

Fig.  11, s i n c e  t h e i r  ex t rapola ted  [E(32)-E(32)] i s  some 30% smaller 

than t h a t  pred ic ted  (2) on s u b s t i t u t i n g  the cons tan ts  of Table I 

i n t o  Eq.  ( 4 )  

18. I n  S twal ley ' s  more approximate d e r i v a t i o n ,  a numerical  f a c t o r  

of T/2 occurs i n  place of t h e  r a t i o  of gamma funct ions  i n  

Eq .  (3)  (g). Hn3 use  of his 

f o r  n=3 and 6 numerical f a c t o r  would g ive  va lues  of 

which are too l a r g e  by f a c t o r s  of 1 . 4 1  and 4.68 r e spec t ive ly .  

For a given f i t t e d  va lue  of 

'n 
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Figure Legends 

Figure 1 Resu l t s  of f i t t i n g  experimental  vibratiomal. ene rg ie s  

of 35’35C!t2 (B 311&) (2) t o  Eq. ( 4 ) .  The po in t s  

correspond t o  f i t s  of levels vL up t o  vH = 31. The 

broken ver t ica l  l i ne  i s  t h e  best estirmte obtained f o r  

D. 

parameter f i t s  w i t h  n v a r i e d  f r e e l y ,  while  t h e  o t h e r s  

correspond t o  three-parameter f i t s  w i t h  r. h e l d  f i x e d  

at  n = 5  0 The e r r o r  b a r s  r ep resen t  p r o p e r  

95% confidence i n t  

Po in t s  j o ined  by s o l i d  curves correspond t o  four- 

,v 

34- 

2 

Figure 2 Data f o r  359 35C !t2 (B ]ToU) (9) - p l o t t e d  according “ t o  

Eqs. (5-6) w i th  n=&S.v Energies are in em-’; t h e  

mark a t  D denotes t h e  f i t t e d  va lue  from Table I ,  

Figure 3 Data f o r  35’35CL (B 31$u) (9) - p l o t t e d  according t o  2 
Eq. (7 )  wi th  n=<==5** Energies are i n  cm -1 ; t h e  mark a t  

v denotes t h e  f i t t e d  va lue  from Table 1, D 

34-  Figure 4 Data f o r  t h e  ( 7 9 , 7 9 )  and (81,8f) i s o t o p e s  of B r 2  (I3 IT,,, 

(18) I p l o t t e d  according t o  Eq. ( 7 )  wi th  n=-%=5g As i n  

Fig. 3.  The s l o p e s  of t h e  l i n e s  d i f f e r  by t h e  amount 

p red ic t ed  by t h e  reduced m a s s  f a c t o r  i n  Eq. ( 3 ) .  

Figure 5 Resu l t s  of f i t t i n g  experimental  v i b r a t i o n a l  ene rg ie s  
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Figure 6 

Figure 7 

-re 8 

Figure 9 

of 127312712 (B %iU) (22)  - t o  Eq.  ( 4 ) .  As i n  Pig.  1, 

Data f o r  1z7'12712 (B 'TI' ) (22) p l o t t e d  according t o  

Eqs. (5-6) wi th  

ou - 
n=%=5@V As i n  Fig. 2. 

f27,12%I (B 
2 Data f o r  'TI' j (22) p l o t t e d  according t o  

A s  i n  Pig.  3 ,  
ore - 

n-2 

D-E (v>l - vs v f o r  observed le?~els of 

35'35Ck2 (B 311i,) (2) wi th  D from Table I ,  f o r  both 

( & $  left ordinate sca1e)and n="n-5 
-1 ordinates). All anergies are i n  cm The broken 

l i n e s  are Gangeats to t h e  two curves i n  t h e i r  linear r e g i ~ ~ n u .  

eD -E (v> 9 - vs v f o r  observed levels of 

35335CR2 (X C ) (14,15) wi th  D from Table I ,  for 

both n= , l e f t  o r d i n a t e  scale),  and n=%==6 @A9 

r i g h t  o r d i n a t e  s c a l e )  All ene rg ie s  81% i n  ern-.'* The 

p o s s i b l b  v i b r a t i o n a l  assignments (po in t s  jo ined  b y  s o l i d  

1' 
& -- 

lines) correspond t o  i n t e g e r  va lues  of v on the k i e  

l i n e s  f o r  t h e  d i f  f erent levels near t h e i r  i n t e r s e c t i o n s  

wi th  the  l i n e a r  e x t r a p o l a t i o n  from t h e  two preceding 

levels (broken l i n e s )  
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n-2 - 
vs v f o r  observed (201, s o l i d  po in t s )  and 

I I 

Figure 10 [D-E (v) 3 2n 

7g$81Br2 (B 31Tf 1 
ou 

i n t e r p o l a t e d  (18, open po in t s )  levels of - 
wi th  D from See. I l B ,  f o r  both ne (circles,  l e f t  

o r d i n a t e  scale), and n=G=5 ( t r i a n g l e s ,  r i g h t  o rd ina te s  

scale). A l l  ene rg ie s  are i n  cm"; "cdd" and "new" refer 

t o  t h e  v i b r a t i o n a l  assignments of t h e  f o u r  h i g h e s t  levels.  

Figure 11 Log-log p l o t  of binding ene rg ie s  ( i n  em -1 ) MS c a l c u l a t e d  - 
(35) RKR tu rn ing  p o i n t s  ( i n  81 f o r  35,35 CR2 (x ICC) 

g 
using both t h e  p re sen t  ( X I  and t h e  previous (?)'(@> 

estimates of Dy/The s t r a i g h t  l i n e s  have s l o p e  of  7 
-n; 

t h e  i n t e r c e p t  of A corresponds t o  t h e  p re sen t  (Table I) 

C5, whi le  l i n e  B is t h e  b e s t  n=5 f i t  t o  t h e  poin ts  

f o r  t h e  uppermost levels .  
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Appendix A: Smoothing and F i t t i n g  Program t o  Obtain Trial Parameter 

Values 

A Portran V l i s t i n g  of t h e  smoothing and f i t t i n g  program used 

t o  o b t a i n  good t r i a l  parmeter values  f o r  u se  in t h e  gene ra l  non-linear 

f i t s  t o  Eq. ( 4 )  (sea Appendix B) is  presented below. I n  a d d i t i o n  t o  

t h e  approaches discussed above and i n  Ref* (2) - 

a t  Least one of  t h e  parameters is known t h e  a l t e r n a t e  f i t t i n g  

procedures descr ibed below may b e  used. 

f a r  cases in which 

2 
. 1: If n=ii is known9)/Eq. (2) may be  w r i t t e n  as 

2n 
vs . kT2) s o  that a l i n e a r  f i t  t o  [dE(v)/dv] 

E(v) y i e l d s  D as t h e  i n t e r c e p t ,  and Cn 

(from Kn, Eq. ( 3 ) )  from t h e  s lope ,  Sub-= 

sequen t ly ,  v may be obtained from Eq.  (S), 

In e f f e c t ,  Eq. (AI) is equ iva len t  t o  Eq. (6) 
D 

except t h a t  the d e r i v a t i v e  i s  obtained by 

polynomia% smoothing r a t h e r  than by t h e  

approximation of Eq. (5). 

Case 2: I f  D is known!, Eq. (2’) y i e l d s  



which may be used i n  &he same manner as Eq. (A2). 

In e i t h e r  case9 i) subsequent fit to Eq. ( 7 )  y i e l d s  

D' v 

and Che l i n e a r  fit suggested by this expressioia y f k 9  is 

vD and Hn (and hence Cn) 0 

The f i t t i n g  procedure used in a given case is determined 'by 

t h e  value of the parameter IDR2 read i a  as input. The three 

basic approaches which have been discussed: a) use of Eqs. (E5-f6) 

i n  Ref, (2) ( I D R D O ) ,  b )  use of Eqs. (AL-A2) and Eq. (7)  (IDR2"0),  

and c> use sf Eqs (5-7)  and Eqs. ( A 3 - 4 4 )  (EDR24I)  have all.  been 

tested.  Except in .  cases  where there i s  much scatter i n  t h e  data,  

procedure a >  appears to g ive  s i g n i f i c a n t l y  better f i t s  than "&'be; 

o the r s ;  however the results of .the other approaches are a h a  s a t i s f a c t o r y .  
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Appendix B: 

F i n a l  Best Parameter Values 

A For t ran  V l i s t i n g  f o r  t h e  program used t o  perform the Zinal 

f i t s  t o  Eq. ( 4 )  is presented below. A s  input,  it r equ i r e s  reasonably 

good i n i t i a l  t r i a l  parameter values (see Appendix A). Sabroutine 

GASAUS, which w a s  used t o  perform t h e  l e a s t  squares  f i t t i n g ,  is 8 

Univers i ty  of Wisconsin Computing Center l ibrary subrout ine  and 3.ist- 

ings and documentation f o r  i t  may be  obtained from: 

Information and Documentation Of f i ce  

Univers i ty  of Wisconsin Computing Center 

1210 West Dayton S t r e e t  

Madison, Wisconsin 53706 
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