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The electronic structure and energy of dimerization and trimerization of HCN are computed 
with an STO-3G basis arm the results found to be in good agreement with the experimental A E. Unlike 
CNDO/2, this small ab initio basis predicts the correct geometry for the dimer of hydrogen cyanide. 
The charge redistribution effects found in this H-bond involving a C-H proton donor and sp hybridized 
acceptor are similar to those found in previous H-bonded studies. 

Hydrogen cyanide, unlike water [1] and hydrogen fluoride [2] 1, forms a well- 
characterized dimer in the gas phase. As early as in 1939, definitive thermodynamic 
measurements [3] on the gas phase association of H C N  gave an enthalpy of di- 
merization of - 3.3 kcal/mole and an enthalpy of trimerization of - 8.7 kcal/mole. 

There have been two previous attempts to calculate the energy of dimerization 
of HCN.  One, by Hoyland and Kier [4] used the C N D O / 2  semi-empirical mole- 
cular orbital method [5] and found cyclic (HCN)2 far more stable than the linear 
structure found experimentally [6]. This failure of C N D O / 2  was in contrast to the 
success it enjoyed in predicting properties of other H-bonded systems [5, 7] and 
indicated that this system would be a very interesting one to study with a minimum 
ab initio basis set. 

Rae has computed [8] the dimerization energy and minimum energy geometry 
for the H C N  linear dimer and found a dimerization energy of 4.7 kcal/mole and 
R(N. . .  C) = 3.3 A. He used a very good SCF wave function for the H C N  monomer  
and separately computed the electrostatic, polarization, exchange repulsion and 
dispersion contribution to the intermolecular energy. 

We have computed the energy for both the linear (HCN. . .  HCN)  and cyclic 

N = C - - H / s t r u c t u r e s  of (HCN)2 as well as the energy for the linear trimer 

( H C N . . . H C N . . . H C N )  at R I ( N . . . C ) = R 2 ( N . . . C ) = 3 . 2 A  using an STO-3G 
basis set and the results of the calculations are listed in Table 1. 

The monomer  geometry was assumed fixed at the experimental value [10], 
this approximation ]has been found to be excellent in previous studies of weak 
hydrogen bonds [1 l].  Unlike the C N D O / 2  results, we found the cyclic dimer very 

1 HF forms mainly a hexamer but IR studies indicate that under appropriate conditions, the dimer 
could be characterized. 
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Table 1 

H C N  monomer 

E = - 9 1 . 6 7 5 2 7  a. u. 

r ( C - - H )  = 1.07 A 

r (~N)  = 1.15 A 

R F - - 1  

Linear dimer H C N . . .  H C N  

R (N. . .  C) (A) 

2.7 
3.0 
3.2 
3.3 
3.6 

H - - C - ~ N q  
Cyclic dimer N ~ C - - H  ~ R 

R (between monomers)  (A) 

2.0 
2.6 
2.9 

3.2 
3.5 
3.8 

RI R2 
r - - i  r - - I  

Linear trimer H C N . . .  H C N . . ,  H C N  

R 1 (N. . .  C) = R2(N ... C) = 3.2 A 

E = - 2 7 5 . 0 3 8 5 4  a. u. 

E (a. u.) 

- 183 .31595  
- 183.35563 
- 183.35640 
- 183.35634 
- 1 8 3 . 3 5 5 2 2  

E (a. u.) 

- 183.25790 
- 1 8 3 . 3 4 1 6 0  
- 183.34942 
- 183.35164 
- 183.35207 
- 183.35210 

little stabilized relative to the HCN monomers and the linear dimer was found 
to have a stabilization energy of 3.7 kcal/mole at R(C . . .N)=  3.2 A, the same 
length as found in the crystal [12] where the HCN molecules form infinite linear 
chains. The neglect of three and four center repulsions in CNDO/2 clearly is the 
cause why a cyclic structure, with the 2C's and N's close together, is computed to 
be especially stable in a CNDO/2, calculation. Our A E is in better agreement 
with the experimental value than Rae's, mainly because a molecular orbital 
calculation does not include the attraction due to dispersion forces, which Rae 
finds to be 1.3 kcal/mole at the minimum energy geometry. The A E calculated by 
us is too large probably because charge transfer and polarization effects are 
exaggerated in this minimal basis calculation. Our calculated R(C... N) length is 
probably a bit too short, since one would expect the dimer length to be longer 
than that found in the crystal. 

The stabilization energy for the linear trimer at RI(C. . .N)=R2(C. . .N ) 
= 3.2 ~ was calculated to be 8.1 kcal/mole which is in good agreement with the 
experimentally found value. 

The charge distribution changes found for the linear dimer and trimer are 
given in Table 2. The calculated dipole moments for the monomer and dimer are 
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Table 2 

Monomer population 
H 0.8502 
C 5.9896 
N 7.1602 

Linear dimer R = 3.2 A 

Population A population a 
H 0.8407 0.0095 
C 5.9688 0.0208 
N 7.1748 -0.0146 
H 0.8231 0.0271 
C 6.0098 -0.0202 
N 7.1828 -0.0226 

Linear trimer R 1 = R 2 = 3.2 X 

Population A population 
H 0.8391 0.0111 
C 5.9664 0.0232 
N 7.1783 -0.0181 
H 0.8140 0.0362 
C 5.9890 0.0006 
N 7.1974 0.0372 
H 0.8208 0.0294 
C 6.0107 -0.0211 
N 7.1843 -0.0241 

" A population = (monomer population)-(polymer population). Negative sign denotes increase of 
electronic charge on atom. 

Table 3. Dipole moments 

Configuration Dipole moment (D) 

Monomer 2.48 
Linear dimer (R = 3.2 A) 5.58 

presented  in Tab le  3. The enhancemen t  of  the  d ipo le  m o m e n t  due to H - b o n d i n g  
is of  the same magn i tude  as found  for the  water  d imer  [13]. 

As has been found  in previous  s tudies  on H-bond ing ,  the p r o t o n  d o n o r  
hyd rogen  loses charge  on hyd rogen  b o n d  format ion ,  and  the ~ N  of  the p r o t o n  
d o n o r  f ragment  gains. O n  the p r o t o n  acceptor ,  n i t rogen  ac tua l ly  gains  e lect rons  
at  the expense of  the less e lec t ronegat ive  C and  H atoms,  who are  big  losers  of 
charge.  I t  is very in teres t ing to  note  tha t  in the l inear  t r imer,  the centra l  H C N  
stays nea r ly  neut ra l  ( - 0 . 0 0 0 4 )  and  acts as a charge  t r ansmi t t e r  f rom one end 
f ragment  ( +  0.0162) to the  o ther  ( -  0.0158). This p h e n o m e n o n  has been previous ly  
observed  in C N D O / 2  ca lcula t ions  on H F  and  wate r  po lymers  con ta in ing  as m a n y  
as 12 m o n o m e r s  [15]. In  the  cyclic dimer ,  as the f ragments  a p p r o a c h  each o ther  
the charge  shifts f rom H ~ N in each fragment.  
7 *  
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The  field g rad ien t  a t  the  p r o t o n  is 0.362 a. u. in the  m o n o m e r ,  0.335 a. u. a t  the 
H - b o n d e d  p r o t o n  in the  l inear  dimer.  This  field g rad ien t  for the  m o n o m e r  is 20 % 
smal ler  t han  the exper imenta l  value  [16] ;  bu t  the interes t ing fact is tha t  the 
percent  decrease  of  the field g rad ien t  going  f rom m o n o m e r  ~ d imer  (8%) is 
s imi lar  to  tha t  found  in the  wate r  d imer  (9 %) [15]. 

These  ca lcu la t ions  a d d  add i t i ona l  suppor t  for the adequacy  of a small  con- 
t rac ted  ab initio basis  to  represent  the energies and  geometr ies  of hydrogen  
b o n d i n g  found  exper imenta l ly  and  encourages  the use of  this basis  on larger  
systems where  an  extensive basis  set ca lcu la t ion  wou ld  be prohibi t ive .  This  basis  
set tends to underes t ima te  the d is tance  be tween m o n o m e r s  by  0.1~0.3 • and  to  
overes t imate  the d imer iza t ion  energy by  20-40  % [14]. 
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