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Energy barrier curves to internal rotation in P2H4 and P2F 4 have been studied by the ab initio 
SCF-LCAO-MO method in the gaussian approximation and by the CNDO method. For PzH4, tWO 
stable rotamers at 75 ~ and 180 ~ of equal energy and separated by a barrier of only 500 cal/mole 
are predicted, and the cis barrier computes to be 4.1 kcal/mole. A "trans-only' form of P2F4 is the theo- 
retical structure with only an arrest in the barrier curve at the gauche position. The CNDO method 
does not produce reliable information concerning the number of stable rotamers, their precise con- 
figurations, or the heights of the barriers. 

Die Kurven der Energiebarriere bei der inneren Rotation von P/H 4 und P2F4 wurden nach der 
ab initio SCF-LCAO-MO-Methode mit einer Basis yon Gaussfnnktionen sowie nach der CNDO- 
Methode untersucht. Beim P2H4 ergeben sich zwei stabile Rotamere von gleicher Energie bei 75 ~ und 
180 ~ und getrennt dutch eine Barriere von nur 500cal/mol; die cis-Barriere berechnet sich zu 
4.1 kcal/mol. Eine reine trans-Form von P2F4 ist die theoretische Struktur mit nur einem Sattel- 
punkt in der Energiekurve bei der gauche-Position. Die CNDO-Methode liefert keine genfigend 
genauen Anhaltspunkte zur Zahl der stabilen Rotameren, ihren genauen Konfigurationen oder zu 
den H6hen der Barrieren. 

Les courbes d'6nergie donnant les barri6res de rotation interne ont 6t6 6tudi6es pour P2H4 et 
P2F4 par la m6thode ab-initio SCF LCAO MO en base gaussienne et par la m6thode CNDO. Pour 
P/H 4 on pr6voit deux rotam6res stables de mame 6nergie ~ 75 ~ et 180 ~ s6par6s par une barri6re de 
500 cal/mole seulement, la barri6re cis calcul~e ~tant de 4,1 kcal/mole. La structure th6orique de 
PzF4 est la forme <<tout-trans>> avec seulement un arr6t sur la courbe dans la position gauche. La 
m6thode CNDO ne produit pas d'informations sfires en ce qui concerne les rotam~res stables rant 
du point de vue de leurs configurations que de celui des barri6res. 

Introduction 

In  v iew of  the  a p p a r e n t  q u a l i t a t i v e  success  o f  the  s e m i e m p i r i c a l  C N D O  and  

I N D O  ca l cu l a t i ons  in p r e d i c t i n g  the  p r o p e r  n u m b e r  of  s tab le  r o t a m e r s  for  hyd ra -  

z ine  (N2H4)  a n d  t e t r a f l u o r o h y d r a z i n e  (N2F4)  as r e p o r t e d  in the  p r e v i o u s  p a p e r  [1],  

t he  resul t s  o f  s imi la r  ab initio S C F - L C G T O - M O  ene rgy  ba r r i e r  ca l cu l a t i ons  on  

d i p h o s p h i n e  (P2H4) and  t e t r a f l u o r o d i p h o s p h i n e  (P2F4) h a v e  been  c o m p a r e d  wi th  
t he  c o r r e s p o n d i n g  s e m i e m p i r i c a l  C N D O  ca l cu l a t i ons  on  these  molecu les .  

D i p h o s p h i n e ,  P2H4,  is be l i eved  to  h a v e  ' gauche-only '  s t ruc tu res  in b o t h  the  

ga seous  a n d  l i qu id  phases  s imi la r  to  t hose  of  h y d r a z i n e  [2, 33, whi le  in the  so l id  
phase  it  is s u p p o s e d  to  exist  in the  trans c o n f i g u r a t i o n  on ly  [4].  A ' t rans-only '  
s t r u c t u r e  is a lso  f a v o r e d  for  l i qu id  d i p h o s p h o r u s  t e t r a f luor ide ,  P2F4,  on  the  

basis  o f  in f ra red  a n d  R a m a n  d a t a  [5].  In  all  s ta tes  s tudied ,  b o t h  P2C14 a n d  P214 

a lso  a p p a r e n t l y  h a v e  ' t rans-only '  s t ruc tu res  [-6, 7]. U n f o r t u n a t e l y ,  s t ruc tu ra l  
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pa rame te r s  have not  been r epo r t ed  for ei ther  PzH4 or P2F4, consequent ly  we 
have had  to es t imate  these quant i t ies  f rom s t a n d a r d  b o n d  distances and  b o n d  
angles in con junc t ion  with the k n o w n  x- ray  results  on trans P214 [8]. M o d e r a t e  
var ia t ions  in the assumed  P - P  b o n d  dis tances  in bo th  P2H~ and  P2F4 gave 
energy bar r ie r  curves very s imilar  to those  shown in our  figures, but  the value 
for m i n i m u m  to ta l  energy was somewha t  less for the C N D O  than  for the ab initio 

calculat ions.  In  the case of  P2H4, m i n i m u m  C N D O  energy resul ted when the 
P - P  d is tance  was 2.08 A;  m i n i m u m  SCF energy was a t ta ined  at  a P - P  dis tance 
of  2.23 A. The  values used for the geomet r ica l  pa rame te r s  in the comple te  calcula-  
t ions are  shown in Tab le  1. 

Appa ren t l y  no  previous  ab initio c o m p u t a t i o n s  of any type have been pe r fo rmed  
on either molecule ,  a l t hough  semiempi r ica l  ca lcula t ions  have been r epor t ed  for 
all of  these molecules  [9, 10], a lbei t  in one case wi th  the incredible  conclus ion  that  
the cis conf igura t ions  are  more  s table  than  the trans conf igura t ions  in all such 

X2Y4 molecules.  
The  me thods  of ca lcu la t ion  are  essent ial ly  the same as those  used previous ly  

[1]. Orb i t a l  exponents  and  con t rac t ion  coefficients under  the same small  (7s, 3p) 
canonica l  basis  set as before were ob ta ined  for the phospho rus  a t o m  by use of 
the compu te r  p r o g r a m  A T O M - S C F  [11]. These  values are d i sp layed  in Table  2. 

Table 1. Geometrical parameters used for PzH4 and P2F4 

Parameter PzH4 P2F4 PzI4 

P-P distance 2.20 A 2.20 A 2.212 A 
P-X distance 1.437 A 1.535 A 2.474 A 

2.477 
XPX angle 93 ~ 102 ~ 102.18' 
PPX angle 98 ~ 96 ~ 93 ~ 56' 

93 ~ 58' 

Table 2. Orbital exponents and contraction coefficients for phosphorus a 

s-type functions p-type functions d-type functions 

1. 3543.636228 
2. 536.127007 
3. 121.572803 
4. 33.288729 
5. 6.723555 
6. 2.303495 
7. 0.204794 

8. 18.575386 
9. 3.646498 

10. 0.268971 

11. 0.45 

ls(P): 0.015106 )~1 + 0.106675 X2 + 0.394480 X3 + 0.560759 Z4 
2s(P): 0.235149 ;(5 + 0.854946 ;(6 
3s(P): 1.000000 ;(7 
2p(P): 0.325554 ;(s + 0.787068 ;(9 
3p(P): 1.000000 ;(lo 
3d(P): 1.000000 Zll 

a The Xl, Z2, " ' "  are the gaussian functions whose exponents are given above. 
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For P2H4 we again have a total of 44 gaussian orbitals, but now these are con- 
tracted to 22 orbital functions. The 96 gaussians employed for P2F4 were con- 
tracted to 38 orbital functions representing the ls, 2s, 3s, 2px, 2py, 2p=, 3px, 3py, 
and 3p= atomic orbitals on each of the two phosphorus atoms and the ls, 2s, 
2px, 2py, and 2p~ atomic orbitals on each of the four fluorine atoms. The SCF 
energies and wavefunctions were computed at eight different values of the dihedral 
angles for each molecule. Only CNDO semiempirical calculations were performed 
on the PzH4 and PzF4 molecules since in our version of CNINDO the INDO 
program does not apply to second-row elements. However, d-orbitals on the 
phosphorus atoms are taken into account in these CNDO calculations. 

Results and Discussion 

PzH4. The ab initio calculations on P2H4, using the same basis set as for N2H4, 
generated the potential barrier curve shown in the middle of Fig. 1. The corres- 
ponding CNDO barrier curve for P2H4 is exhibited on the upper part of Fig. 1. 
Neither of these calculated energy barrier curves would predict a strictly 'gauche- 
only' structure for P2H4. However, the ab initio result could certainly account 
for the experimental expectations because of the low barrier between the pre- 
dicted gauche and trans configurations, and because of the general 'flatness' of 

__ P2H4 BARRIER _ 

-17.090_17.095 ~ ~  CM / I KGA OLE 

~. -,7.,oo_ 

<~ -677.390 
LCGTO-SGF- MO 

-677.3951--- 2 

-677"67"J ~ LCGTO-SCF-MO / 

-677.680 
I I I I I I I I I I I 

0 �9 30 o 60 ~ 90 ~ 120 o 150 ~ 180 ~ 210 ~ 240  o 270 ~ 500 o 330 ~ 360 ~ 
DIHEDRAL ANGLE 

Fig. 1. Calculated energy barrier curves for PzH4 
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Fig. 2. Calculated energy barrier curves for P2F4 

the barrier curve from 60 ~ to 300 ~ . The calculated values of the energies are given 
in Table 3, and the barrier heights are presented in Table 4. It is interesting here 
that the barriers calculated by the CNDO method are significantly larger than 
the ab initio barriers as well as being qualitatively different in shape. This is in 
contrast to the results for N2H 4 where the CNDO barriers were considerably 
smaller than the ab initio barriers. However, the CN D O  calculations here do take 
into account the d-orbitals on the two phosphorus atoms, whereas this first set 
of ab initio SCF calculations does not. 

Using a new basis set for the phosphorus atoms obtained by adding to the 
canonical set a single gaussian function with orbital exponent equal to 0.45 for 
each of the six d-orbitals (one of which is redundant), produces the energy barrier 
curve shown at the bottom of Fig. 1. The corresponding energy terms are also 
tabulated in Table 3. It is apparent from these results that although the total 
energy is lowered considerably, the addition of d-orbitals to the phosphorus atom 
basis set in the manner used here, neither significantly alters the qualitative 
shape of the barrier curve nor notably modifies the heights of the barriers. This 
again corroborates the conjecture that the barrier potential curve is relatively 
unaffected by the size of the basis set [12], and thus gives some confidence in the 
reliability of our energy barrier curves. 

P2F4. The calculated energy barrier curves for P2F4 are shown in Fig. 2. 
The ab initio barrier curve is in accord with the expected "trans-only' structure, 
but again the curve is quite flat and the magnitude of the barrier considerably 
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smaller than in the case of N2F 4. The CNDO results are not in agreement with 
the experimental 'trans-only' prognostication in that both gauche and trans 
configurations are predicted to be stable with the trans form somewhat more so 
by about 1.78 kcal/mole. The calculated CNDO barriers are also significantly 
higher than the ab initio barriers (cf. Table 4). 

A ready comparison of all of our calculated ab initio and CNDO energy 
barrier curves may be made from Fig. 3. The ab initio calculations engender much 
larger barriers for the nitrogen-containing molecules than for the phosphorus 
molecules and they delineate the transition from the gauche-only structure 
through the gauche plus trans configurations to the trans-only case. In contrast, 
the semiempirical computations produce small barriers for the nitrogen compounds 
and large barriers for the phosphorus compounds. In addition, the CNDO method 
appears to favor the gauche plus trans structures for all of the molecules since 
there is even a hint of this in tlae case of N2H 4 and there is no indication of ap- 
proaching the trans-only structures in the phosphorus molecules. 

Analyzing the barriers for the phosphorus molecules as before [1], we have 
plotted the attractive (V~u = V,e ) and repulsive (V~p = V,, + V~e + T) components 
of the total energy (E = T + V,e + V,, + V~e) as functions of the dihedral angles 
for PzH4 andP2F 4 in Fig. 4. For PzH4, the cis barrier is repulsive dominant; 
the small barrier at a dihedral angle of 120 ~ is slightly repulsive dominant from 
the trans position, but slightly attractive dominant from the gauche position, 
the difference between the two factors being very small in either case. In the case 
of PzF4, all barriers are repulsive dominant. Again it should be noted that the 
nuclear-nuclear potential repulsion terms do not reflect the barriers for either 
P2H4 or PzF4; only a monotonic dropping off of this potential energy component 
occurs as the dihedral angle changes from 0 ~ to 180 ~ but, of course, the magnitude 
of the change is much greater for PzF4. 

Fig. 5 shows the total atomic populations, calculated from the ab initio wave 
functions of PzH4 and P2F4, as functions of the dihedral angles. The corresponding 
variations of the atomic charges as obtained from the CNDO wave functions are 
presented in Fig. 6. For PzH4, the gross atomic population curves calculated 
from wave functions obtained using either basis set, in a sense, reflect the ab initio 
potential barrier curves. The CNDO atomic charge variations in PzH4 reflect 
the semiempirical barrier curve, but the character of the variations is opposite 
to that in the ab initio curves. The gross atomic populations in PzF4 vary in such 
a way that they may be said to reflect the computed energy barrier curve in that 
as the molecule is rotated from the cis orientation to the trans, charge is transferred 
from the P-atoms to the attached F-atoms in a manner that imitates the barrier 
curve. For PzF4, the CNDO atomic charges on the P-atoms decrease with di- 
hedral angle while the attached F-atoms gain electrons in the same fashion as 
the CNDO and INDO calculations prophesied for NzF4, but again these varia- 
tions do not mirror the barrier curve. 

The total overlap populations between atoms across the P-P  bonds in P2H4 
and P2F 4 are shown in Fig. 7. In the case of P2H4, the sum of all the overlap 
populations across the P -P  bond again well reflects the SCF energy barrier 
curve, although neither the PP', PH', nor HH' overlap populations by themselves 
will do so. For P2F4, the sum of all the overlap populations athwart the P-P  
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Fig. 8. CNDO total bond indices as functions of the dihedral angles for P2H 4 and P2F4 

bond best reflects the barrier curve, but now, in contrast to the N2F4 case, the 
FF' interactions have little influence. 

Fig. 8 gives the variations of the bond indices calculated from the CNDO 
functions. For P2H4, the sum of all bond indices across the PP bond reflects the 
CNDO barrier curve and this seems to result mainly from the PP bonding. In 
the case of P2F4, the sum of all the bond indices again closely follows the CNDO 
barrier curve and is very insensitive to the FF' interactions. 

Conclusions 

Energy barrier curves for internal rotation about the single PP bonds in 
P2H4 and P2F4, as computed by the SCF method using a small basis of gaussian 
functions in the linear-combination-of-gaussian-type-orbital technique (SCF- 
LCGTO-MO), are completely compatible with the meagre experimental infor- 
mation available. Introduction of d-functions onto the P-atoms, within this 
theoretical framework, does not appreciably alter the barrier curve, so that some 
faith in the reliability of the results may be warranted. The magnitudes of the 
calculated barriers are significantly smaller than for the corresponding nitrogen 
compounds and this is exhibited by the decreased dependence of the overlap 
populations on dihedral angle as a consequence of the increased separations in 
the phosphorus compounds. The barriers are again best analyzed in terms of 
the sums of all the overlap populations across the PP bonds; these show maximum 
bonding at the orientations with minimum energies. 
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CNDO barrier curves for P2H4 and PzF4 are not accordant with the ab initio 
barrier curves nor with the experimental predictions. The CNDO barriers for 
these compounds are considerably larger than those for the corresponding nitrogen 
molecules and there seems to be a tendency for this method to predict stable 
9auche and stable trans configurations for all of these molecules. For the sort of 
molecules here considered, it does not appear that the CNDO procedure will 
yield reliable energy barrier curves for a phenomenon as subtle as internal rotation, 
neither in regard to the number of stable conformations, their exact configura- 
tions, nor the magnitudes of the barriers separating them. 

References 

1. Wagner, E. L.: Theoret. chim. Acta (Berl.) (submitted). 
2. Nixon, E.R.: J. physic. Chem. 60, 1054 (1956). 
3. Baudler, M., Schmidt, L.: Z. anorg, allg. Chem. 289, 219 (1957). 
4. Frankiss, S.G.: Inorg. Chem. 7, 1931 (1968). 
5. Rudolph, R.W., Taylor, R.C., Parry, R.W.: J. Amer. chem. Soc. 88, 3729 (1966). 
6. Frankiss, S. G., Miller, F.A.: Spectrochim. Acta 21, 1235 (1965). 
7. - -  - -  Stammreich, H., Sans, Th.T.: Spectrochim. Acta 23A, 543 (1967). 
8. Leung, Y.C., Waser, J.: J. physic. Chem. 60, 539 (1956). 
9. Gordon, M.S.: J. Amer. chem. Soc. 91, 3122 (1969). 

10. Cowley, A.H., White, W.D., Damasco, M.C.: J. Amer. chem. Soc. 91, 1922 (1969). 
11. Program written by Roos, B., Salez, C., Veillard, A., Clementi, E. and obtained from Clementi, E.: 

IBM Research Laboratory, San Jose, Calif. USA. 
12. Allen, L.C.: Chem. Physics Letters 2, 597 (1968). 

Prof. Dr. E. L. Wagner 
Department of Chemistry 
Washington State University 
Pullman, Washington 99163, USA 


