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Ab initio SCF-LCAO-MO calculations of the barriers to internal rotation have been performed 
for N2H 4 and NzF 4 using a small basis of gaussian functions. A single rotamer is predicted for NzH 4 
at 94 ~ with cis and trans barriers of 9.64 and 3.67 kcal/mole. For N2F 4 there are two stable forms 
(64 ~ and 180~ the trans configuration being more stable by 1.5 kcal/mole. The computed harrier 
separating gauche from trans N2F 4 is 5.7 kcal/mole. CNDO and INDO barrier curves agree quali- 
tatively but not quantitatively. The barrier curves are best reflected by the sums of all overlap popula- 
tions across the N - N  bonds. 

Ffir die Molekfile N2H 4 und N2F 4 wurden ab initio SCF-LCAO-MO-Berechnungen der Barrieren 
der inneren Rotation mit einer kleinen Basis von Gaussfunktionen durchgeffihrt. Fiir NzH 4 wird 
ein einziges Rotameres bei 94 ~ mit cis- und trans-Barrieren yon 9,64 und 3,67 kcal/mol berechnet. 
Beim N2F 4 gibt es zwei stabile Formen (64 ~ und 180~ wobei die trans-Konfiguration um 1,5 kcal/mol 
stabiler ist. Die berechnete Barriere zwischen gauche- und trans-Form be N2F 4 betr~igt 5,7 kcal/mol. 
Die nach den beiden Methoden CNDO und INDO bestimmten Kurven stimmen qualitativ, abet 
nicht quantitativ fiberein. Der Verlauf der Barrierenkurven wird am besten durch die Summe aller 
r der N-N-Bindungen widergespiegelt. 

Calculs ab-initio SCF LCAO MO des barribres de rotation interne pour N 2 H  4 et N2 F 4 en 

utilisant une petite base de fonctions gaussi6nnes. On pr6voit l'existence d'un rotambre unique pour 
N2H 4 ~ 94 ~ avec des barri6res cis et trans de 9,64 et 3,67 kcal/mole. Pour NzF 4 il y a deux formes 
stables (64 ~ et 180~ la configuration trans 6tant favoris6e par 1,5 kcal/mole. La barri6re calcul6e 
entre les formes gauche et trans de N2F4 est 5,7 kcal/mole. L'accord est qualitatif mais non quantitatif 
avec les courbes dormant la barri6re dans les m6thodes CNDO et INDO. Les courbes de barri6re 
sont mieux repr6sent6es par les sommes de toutes les populations de recouvrement ~t travers la 
liaison N-N. 

Introduction 

In  r e c e n t  y e a r s  a n u m b e r  o f  ab  in i t io  a l l - e l e c t r o n  s e l f - cons i s t en t - f i e ld  t y p e  

c a l c u l a t i o n s  h a v e  b e e n  c a r r i e d  o u t  o n  s i m p l e  m o l e c u l e s  in  t h e  h o p e  o f  e l u c i d a t i n g  

t h e  n a t u r e  o f  t h e  b a r r i e r s  to  i n t e r n a l  r o t a t i o n .  T h e s e  c a l c u l a t i o n s  a p p a r e n t l y  give 

r e a s o n a b l e  v a l u e s  for  t h e  m a g n i t u d e s  o f  t h e  b a r r i e r s ,  a n d  t h e y  s e e m  to  a g r e e  wel l  

w i t h  t h e  e x p e r i m e n t a l l y  d e d u c e d  s t a b l e  c o n f i g u r a t i o n s  o f  t h e  g a s e o u s  c o m p o u n d s .  

U n f o r t u n a t e l y ,  t h e s e  c a l c u l a t i o n s  a r e  v e r y  e x t r a v a g a n t  w i t h  c o m p u t e r  t i m e  

so a t t e m p t s  h a v e  b e e n  m a d e  to  e s t i m a t e  b a r r i e r  h e i g h t s  for  i n t e r n a l  r o t a t i o n  a n d  
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Table 1. Geometrical parameters used for N2H 4 and NaF , 

Parameter NzH 4 NeF 4 

N-N distance 1.499 • 1.53 
N-X distance 1.022 A 1.393 A 
XNX angle 106 ~ 103.7 ~ 
NNX angle 112 ~ 101.3 ~ 

to predict the stable configurations using semiempirical methods of calculation. 
We here compare our ab initio calculations on hydrazine (N2H4), and tetrafluoro- 
hydrazine (N2F4) with the corresponding calculations on the same molecules 
using the semiempirical CNDO and INDO methods of Pople et al. [1-3].  

Only in the case of hydrazine have ab initio type calculations previously been 
reported [4-6] ,  and we have used these results to appraise the adequacy of our 
method of calculation. Microwave studies on hydrazine [7, 8], although incomplete, 
do confirm the theoretical predictions that only the 9auche rotamer with a dihedral 
angle near 90 ~ is stable. From this study the experimental barrier height was 
estimated to be 3.14+0.15 kcal/mole when the unlikely assumption was made 
that the cis and trans barriers were equal. 

In the case of tetrafluorohydrazine, N2F4, it appears that both the 9auche 
and trans forms, with dihedral angles of 60-70 ~ and 180 ~ respectively, exist in 
equilibrium with each other and have approximately the same energies [9-12]. 
The two forms are apparently separated by a barrier of 4 -7  kcal/mole [13]. In 
our calculations on N2F 4 we used the averaged geometry obtained from electron 
diffraction studies [14], although more recent work gives somewhat shorter N N  
and NF distances [12]. 

The values for all of the geometrical parameters used in the computations are 
shown in Table 1. In our calculations, as is the custom, we varied only the dihedral 
angles in going from one point to another although there are undoubtedly de- 
formations in other parameters as the dihedral angle is changed and these may 
well have significant effects on the energies [15]. 

Methods of Calculation 

The ab initio method used here for the calculation of the molecular wave 
functions and the molecular energies is the conventional Hartree-Fock-Roothaan 
SCF-LCAO-MO method in which all integrals are evaluated analytically [16]. 
The actual computations were carried out using the computer program IBMOL 
[17], which computes the wave functions of molecular systems using gaussian 
orbitats. All of the calculations were performed on the IBM System 360 Model 67 
computer of the Washington State University Computing Center. 

Our canonical gaussian orbital basis set used three s-type gaussians centered 
on each hydrogen atom, and seven s-type plus nine p-type (three in each direction) 
on each nitrogen and fluorine atoms. Thus, for N2H 4 we used 44 gaussian orbitals 
whose orbital exponents were optimized for the separated atoms and then not 
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Table 2. Orbital exponents of the gaussian functions for hydrogen , nitrogen , and fluorine 

Hydrogen Nitrogen Fluorine 

s-typefunctions 

1 4.500370 636.101 1448.6612 
2 0.681277 105.386 122.282223 
3 0.151374 27.5167 55.219578 
4 9.02708 17.303336 
5 3.33086 6.312729 
6 0.828625 1.3769414 
7 0.243109 0.40502026 

p-typefunctions 

8 5.19829 8.9238 
9 1.10716 1.84090 

10 0.26175 0.40607 

Table 3. Contracted gaussian setsfor hydrogen, nitrogen, and fluorine" 

ls(H): 

Is(N): 
2s(N): 
2p(N): 

ls(F): 
2s (F): 
2p(F): 

0.070480 Zl + 0.407890 Zz + 0.647669 Z3 

0.018231 Z~ + 0.108122 Z2 + 0.324286 Z3 + 0.478333 Z4 + 0.221201 Zs 
0.466703 Z6 + 0.596283 Zv 
0.138430 Zs + 0.497601 Z9 + 0.575051 Zao 

0.012709 Z1 + 0.085081 X2 + 0.290095 Z3 + 0.482837 Z4 + 0.261361 Z5 
0.508534 Z6 + 0.555137 Z7 
0.154710 Z8 + 0.520809 Z9 + 0.554338 Zlo 

a The Z1, Z2, ... are the gaussian functions whose exponents are given in Table 2. 

var ied  any further.  This  mo lecu la r  basis  of  44 gauss ian  orb i ta l s  was t h e n ' c o n -  
t rac ted '  to 14 o rb i t a l  funct ions  co r r e spond ing  to the var ious  ls,  2s, and  2p a tomic  
o rb i ta l s  in the N2H4 m o l e c u l e  [18]. F o r  N2F4,  we used 96 basis gaussian 
orb i ta l s  for the whole  molecule  con t r ac t ed  to 30 o rb i t a l  funct ions represent ing  
the ls,  2s, 2px, 2py, and  2p~ a tomic  o rb i ta l s  on each of  the six a t o m s  in the molecule.  
The o rb i t a l  exponents  and  the con t r ac t ion  coefficients used for the different a toms  
are  given in Tables  2 and  3 [19]. 

In  the semiempi r ica l  C N D O  and I N D O  calcula t ions  we used the c o m p u t e r  
p r o g r a m  C N I N D O  [-20]. These me thods  cons ider  only  the valence-shel l  e lectrons 
which are all  t rea ted  explicit ly.  Ove r l ap  integrals  are neglected and the o ther  
one-e lec t ron  integrals  a re  ca lcu la ted  empir ical ly .  The zero differential  over lap  
a p p r o x i m a t i o n  is a d o p t e d  for the e lec t ron repu ls ion  integrals  and  the remain ing  
two-e lec t ron  integrals  are  rep laced  by ave raged  values. In spite of this 
imba lance  between one-  and  two-e lec t ron  terms,  these pa r t i cu la r  semiempir ica l  
me thods  should  be more  sa t i s fac tory  than  the str ict ly one-e lec t ron  semiempir ica l  
methods ,  such as the ex tended  Hfickel  procedure .  

9* 
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Results 

N2H 4. In Table 4 the calculated barriers to internal rotation for hydrazine 
are summarized, and in Fig. 1 our total calculated energies are plotted as functions 
of the dihedral angles. The dihedral angle is taken to be the angle between the 
bisectors of the two H N H  angles, the cis (eclipsed) configuration corresponding 
to a dihedral angle of 0 ~ 

Our small-sized basis set ab initio calculation correctly gives the proper stable 
configurations and predicts barrier magnitudes in fair agreement with those of 
the more extensive calculations (Table 4). The contention that the barrier curve 
is relatively insensitive to the size of the basis set [21] again seems to be substanti- 

Table 4. Calculated barriers to internal rotation in hydrazine (kcal/mole) 

Veillard [4] Pedersen and Fink, Pan This work Expt'l 
Morokuma [5] and Allen [6] ab initio CNDO INDO 

cis-barrier 11.5 11.05 11.88 9.64 1.74 2.08 
(3.14) [8] 

trans-barrier 4.7 6.21 3.70 3.67 2.23 3.19 J 
stable form 94 ~ ~ 90 ~ ~ 100 ~ 94 ~ 65 ~ 70 ~ ~ 90~ 
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'~-110.670 

n~ -110.675 
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~1.~ -110,680 
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Fig. 1. Calculated energy barrier curves for N 2 H  4 



Ab Initio versus C N D O  Barrier Calculations. I 119 

-128.168 

-[Z8.172 

-154.422 

-154.426 

~ -501.170 

>- 
(.9 

1-501.175 

IJA 

_J 

0~1-501.18o 
I.- 

-501385 

-501.190 

-501.195 

0 . 0 o / "  \ / 

N2F 4 BARRIER 

I KCA~MOLE 

\ / 

I I I I I I I I I I I 
O* 30"  60* 90* 120" 150* 180* 210" 240* 270* 3 0 0 "  330* 360* 

DIHEDRAL ANGLE 

Fig. 2. Calculated energy barrier curves for N2F 4 

Table 5. Calculated barriers to internal rotation in tetrafluorohydrazine (kcal/mole) 

ab initio C N D O  I N D O  Experimental  [12, 13] 

cis-barrier 16.3 2.125 2.015 
gauche-barrier 5.7 0.502 0.377 

4 - 7  
trans-barrier 7.3 0.985 0.86 J 
stable forms 64 ~ 180 ~ 68 ~ 180 ~ 69 ~ 180 ~ 67 ~ 180 ~ 

ated. The semiempirical CNDO and INDO results both qualitatively reflect the 
results of the more sophisticated calculations in that they correctly predict only 
stable 9auche configurations, but the calculated dihedral angles of 65 ~ and 70 ~ 
respectively, are certainly significantly different from the value of 94 ~ of the 
extended calculations and of experiment. Furthermore, these semiempirical 
methods here greatly underestimate the magnitude of the cis barrier in comparison 
with the ab initio calculations. 

NzF 4. The results of the energy calculations on tetrafluorohydrazine are 
shown in Fig. 2 and Table 5. From the ab initio results we predict that both the 
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gauche and trans forms of N2F 4 are stable, with the trans configuration more 
stable by about 1.5 kcal/mole. These calculations predict the cis barrier to be 
very high, 16.3 kcal/mole; the other two barriers are in agreement with the ex- 
perimental prediction [13], being 5.7 and 7.3 kcal/mole, respectively, from the 
gauche and trans positions. The gauche dihedral angle calculates to be about 
64 ~ again in agreement with the experimental expectation. The calculated energy 
terms for N2F 4 and NzH 4 as functions of the dihedral angles are given in Table 6. 
The semiempirical calculations on N2F 4 again reflect the ab initio results, correctly 
predicting the proper stable configurations, but once more greatly underestimating 
the magnitudes of the barriers. These methods, however, do correctly vaticinate 
the trans form to be the more stable configuration. 

Discussion 

The energy barrier curves of NzH 4 and N2F4, as shown in Figs. 1 and 2, 
differ qualitatively from one another in that N2H 4 has an energy barrier for the 
trans position while NzF 4 exhibits an energy minimum. It appears that NzF 4 
has the more expected behavior and that NzH 4 may then represent the egregious 
case. The origins of these kinds of rotational barriers have previously been con- 
sidered from several points of view using the results of ab initio calculations. 
Analysis of the barrier mechanism from an energy standpoint has often been 
utilized. The nuclear-nuclear potential repulsion energies do not reflect the 
barrier curves for either N2H 4 or N2F 4. However, the attractive (V,u = V,e ) and 
repulsive (V~e p = V,, + Vee + T) energy components, into which the total energy 
may be partioned, seem to show opposing phase relations as functions of the 
dihedral angles thus showing a delicate balance of forces which changes as the 
molecules rotate [21]. This is shown for N2H 4 and N2F 4 in Fig. 3. For  hydrazine, 
these curves have been interpreted as indicating that both the cis and trans 
barriers are 'repulsive dominant'  because the V,.ep terms, in going from 0 ~ to 94 ~ 
and from 180 ~ to 94 ~ decrease faster than the V~, components increase [21]. 
Thus, in the mutually competing interactions of the various rotating electrons 
and nuclei, the repulsive terms apparently dominate as both the cis and trans 
barriers in hydrazine are approached. On the other hand, in N2F4, while the cis 
barrier from 0 ~ to 64 ~ and the first gauche barrier from 112 ~ to 64 ~ are again both 
repulsive dominant, the second gauche barrier from 180 ~ to 112 ~ appears to be 
attractive dominant. However, the magnitudes of these component energy changes 
for N2F 4 are nearly 100 times larger than those for N2H 4, even though the ab- 
solute differences in these terms are about the same in both molecules. 

In certain cases the trends of the gross atomic and overlap populations seem 
to correlate with the barrier curves [22, 23]. Fig. 4 shows the total atomic popula- 
tions of the atoms in N2H 4 and NzF 4 as functions of the dihedral angles. These 
data were obtained from the Mulliken population analyses [24] of the SCF 
wavefunctions from our ab initio calculations. In the case of N2H4, it is seen that 
as the molecule is rotated from the cis toward the trans configuration, charge 
is transferred monotonically to the nitrogen atoms from the bonded hydrogen 
atoms; this charge goes to the N-atom p-orbitals perpendicular to the N - N  
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Fig. 3. Attractive and repulsive energy c o m p o n e n t s  v e r s u s  dihedral angles for N z H  4 and NzF , 
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Fig. 4. SCF gross atomic  populat ions  as functions of  the dihedral angles for N 2 H  ~ and N2F 4 

bond axis. Here the charge variations do not reflect the barrier curve. However, 
in the case of NzF4, the charge first flows offof the nitrogen atoms onto the attached 
fluorine atoms, then back onto the nitrogen atoms, and finally back again to the 
fluorine atoms; thus the maxima of charge on the nitrogen atoms do reflect the 
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Fig. 5. CNDO and INDO total atomic charges as functions of the dihedral angles for N2H 4 and N2F 4 

0.080 

0 . 0 6 0  q 

0 . 5 0 0  

0 . 2 8 0  

0.26C 

-O.OIC 

- 0 , 0 5 0  

-0 .180  

- 0 . 2 0 0  

TOTAL OVERLAP POPULATIONS 

N2H4 

POPULATIONS ACROSS 
THE N - N  BOND 

/ /  NN / \ 
/ X 

\ 

//,/// T H H d 

"\'~\ Z N H / / ~ g ' / /  

\\~. / /  

i i ~ "  I l 
0 o 3 0  ~ SO o 9 0  ~ 120 ~ 150 ~ 180  ~ 

0,100 

0 . 0 8 0  

0 . 0 6 0  

0.040~ 

0 . 2 4 0  

0 . 2 2 (  

- 0 . 0 0 5  

- 0 . 0 2 5  

- 0 . 0 5 5 t  

- 0 . 1 4 0  

- 0 . 1 5 0  

N2F4 

SUM OF A L L  OVERLAP 

/ THE N-N BOND 

/" NN 

/ ' rrP / 

' t f -  

) - N F  / / ' ~  

I I I I I / 
0 o 5 0  = 6 0  = 9 0  ~ 120 o 150 ~ 180 ~ 

DIHEDRAL ANGLES 

Fig. 6. SCF total overlap populations as functions of the dihedral angles for N2H 4 and N2F 4 
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Fig. 7. CNDO total bond indices as functions of the dihedral angles for N2H 4 and N2F 4 

barriers. These charge redistributions do not occur in such a way that the nuclear 
shieldings minimize the FF'  and HH'  interactions in the eclipsed configurations. 

The variations of atomic charge for N2H 4 and N2F 4 as calculated by the 
semiempirical CNDO methods are shown in Fig. 5. The curves for N2H 4 show 
trends similar to those from the ab initio treatment and still do not reflect the 
barrier curve. The curves for N2F 4 are not in agreement with the corresponding 
charge variations from the ab initio calculations, nor do they now reflect the 
calculated barrier curve. In addition, the trends in the semiempirical N2F 4 
atomic charges are opposite to those of N2H 4 in that the nitrogen atoms now 
monotonically lose charge to the attached fluorine atoms as the dihedral angle 
increase toward 180 ~ . 

The overlap populations between the atoms across the N - N  bond in N2H 4 
and N2F 4 as functions of the dihedral angles calculated from the SCF wavefunc- 
tions are shown in Fig. 6. For  both molecules there are maxima in the NN bond 
orders near the stable gauche configurations, but not at the stable trans configura- 
tion for N2F 4. In the case of NzH 4, the sum of all the overlap populations across 
the NN bond fairly well reflects the barrier curve, although all of the factors 
(NN', NH', and HH'  overlap populations) individually contribute to the overall 
effect and have maxima or minima near the stable gauche configuration. In the 
case of NzF 4, the sum of all the overlap populations across the N N  bond again 
reflects the barrier curve, showing maximum total bond orders at the stable 
configurations. This curve, and therefore the barrier curve for NgF 4, is charac- 
terized primarily by the FF'  interactions. The agreement here is better than in 
the NzH4 case, perhaps indicating that the lone-pair interactions are less important 
for N2F 4 than for N2H~. 

A B 

The CNDO and INDO 'Bond Indices' [25-], Pa~ = ~  ~Pu~Suv, are shown 
# v 

as functions of the dihedral angles in Fig. 7. For  NzH4, none of the bond index 
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curves reflect the energy barrier  curve calculated by the C N D O  and I N D O  
methods.  For  N2F4, the sum of all the b o n d  indices more  nearly reflects the barrier 
curve than do any of  the individual components .  However,  these bond  indices 
obtained from the semiempirical wavefunctions do not  vary with the barriers 
as faithfully as do the total overlap popula t ions  from the ab initio wavefunctions. 

Conclusions 

The energy barrier curves for N z H  4 and NEF4 generated by the ab initio 
S C F - L C G T O - M O  method  correctly predict the geometries of the stable con- 
figurations and give reasonable magni tudes  for barriers to internal ro ta t ion which 
are in agreement  with existing experimental  predictions. Analysis of the SCF 
wavefunctions indicates that  the qualitative distinction between the barrier 
curves of  N z H  4 and N2F  4 results f rom the fact that  the NEF4 barrier curve is 
characterized primari ly by the change in the FF '  interactions with dihedral angle 
while in N 2 H  4 the HH' ,  NH' ,  and N N '  interactions all vary with comparable  
magni tudes  and have essentially equal influences in determining the overall 
barrier curve. 

The barrier curves calculated by the semiempirical C N D O  and I N D O  
methods  qualitatively reflect the ab initio curves in that  they correctly predict 
the actual  number  of  stable rotamers  in each case, but  they significantly under- 
estimate the magni tudes  of  the barriers as well as generate fallacious values for 
the dihedral angles. 
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