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Two different approaches were used for a theoretical study of the solvation of 
N2, with HF, H20,  NH3, CH4 as solvents. In the first approach, the contour 
maps of orientationally optimized interaction energy between N2 and one 
solvent molecule were computed by fast semiempirical methods (Extended 
H/ickel and CNDO/2)  in order  to find a reliable but not too expensive 
calculation method for solvation models. In the case of the N2-H20 system, an 
ab initio map was also evaluated for comparison. The second approach is 
based on the building up of clusters with one molecule of N2 surrounded by a 
number (2 to 8) of solvent molecules and finding the structure of such clusters 
by energy minimization. From the structures obtained it results that they are 
determined mainly by steric factors, so that clusters optimized by means of 
different methods are similar, despite the remarkable differences in the maps. 
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1. Introduction 

Various theoretical investigations into solvation have been carried out over recent 
years. 

Analytical potentials are often used in order to simulate the solvent and keep the 
enormous amount  of calculations within reasonable limits [1]. In a usual approx- 
imation, neglecting many body contributions (generally relatively small), one 
needs the potentials describing the interaction not only between one solute/one 
solvent molecules but also between two solvent molecules. Potentials derived 
from ab initio calculations, in which water is the solvent and an enzyme, an 
aminoacid, a model molecule" of biological interest, or a small molecule is the 
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solute, are now available [1-8]. Alternatively, semiempirical quantum mechanical 
methods are chosen to examine structural problems involving the solvent. For 
example liquid water [9], the structural organization of water molecules in 
enzymes [10] and in DNA [11], and the role of solvents on electronic transitions 
[12] and on chemical reactions [13-15] have been investigated. In all cases it 
appears that water was the only solvent investigated. 

In the course of our research on the solvent effect on organic reactions [15] the 
choice of the number of solvent molecules needed to describe the first shell of 
solvation adequately presented a major  problem. In a recent paper [16] the 
interaction between a small apolar solute (N2) and strongly polar solvents (H20 
and HF) was computed by the semiempirical C N D O / 2  method. The interaction 
energy maps were compared with the structures of the clusters built up by one 
nitrogen molecule and a number (two to eight) of H 2 0  or HF molecules. 

In the present study other solvents, such as ammonia and methane, and other 
computational techniques, were taken into consideration and the isoenergy 
contour maps of orientationally optimized N2-solvent interactions (s.= 
H20,  HF, NH3, CH4), computed by E H T  and C N D O / 2  methods, were obtained. 
The ab initio surface for the N2--H20 system was also computed. 

We set ourselves two goals: first, to estimate the reliability of the semiempirical 
methods considered for predicting solute/solvent interactions by comparison with 
ab initio results; secondly, to compare the information given by the semiempirical 
interaction surfaces with those deduced from the solvent clusters obtained by 
directly surrounding one solute molecule with a few solvent units. 

2. Calculations 

The C N D O / 2  method was employed following the standard procedure,  with the 
parameters assigned by Pople and Segal [17-19]. E H T  calculations were per- 
formed according to the early formulation by Hoffman [20]. In view of a close 
comparison between the two semiempirical methods the valence state ionization 
potentials and the Slater exponents necessary for E H T  were the same as those 
adopted for CNDO/2 .  For ab initio LCAO-MO-SCF calculations the Gaussian 
minimal basis set (7/3) [21] and the IBMOL-6 program by Clementi et al. [22] 
were used. An energy minimization process following Powell's technique [23] was 
applied to optimize the geometrical parameters. 

Table 1. Geometrical parameters of N2 and of solvent molecules. Bond-lengths are in/~ 
and angles in degrees 

N2 HF H20(Czo) NH3(C3o) CH4(TcI) 
N--N H--F O--H HOH N--H HI~IH C--H 

exp 1.094 a 0.917 b 0 .957  104.5 c 1 .012  106.7 d 1.085 e 
CNDO/2 1 .143  1 . 0 0 0  1 .029  104 .5  1 . 0 6 5  1 0 6 . 4  1.116 

a Ref. (26); b Ref. (27); c Ref. (28); d Ref. (29); e Ref. (30, 31) 
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Fig. 1. Geometrical parameters defining the position 
of each solvent molecule relative to N2. The angle y, 
not depicted in the figure, is the smallest dihedral 
angle between the plane containing the three 
nitrogen atoms and the plane defined by r and one 
hydrogen atom 

3 r 

N 2 - H F  N 2 - H 2 0  

e ~ 

H 2 - N H  3 N 2 - C H  4 

Throughout the calculations the interacting molecules were kept rigid. Optimized 
geometries were adopted in CNDO calculations, while experimental values were 
used for EHT and ab initio ones. The geometrical parameters adopted for N2 and 
the solvents are reported in Table 1. The parameters defining the relative 
positions of the solvent molecules with respect to N2 are r, a and/3. As shown in 
Fig. 1, we define r as the distance between the center of mass of N2 and the heavy 
atom of the solvent molecule; a is the angle between r and the N--N bond, and/3 
is the minimum angle between r and the H--M bond (M = F, O, N, C) of the 
solvent molecule. 

In the case of NH3 a further parameter y (i.e. the smallest dihedral angle between 
the plane containing the three nitrogen atoms and the plane defined by r and one 
hydrogen atom) was required in order to define the position of the solvent 
molecule. 

3. Results 

3.1. Energy Maps 

The calculation of interaction energy contour maps is widely used in the study of 
solute-solvent interactions [8, 10, 24, 25]. Owing to the symmetry of N2(D~h) the 
maps were computed by taking into account a single quadrant of a plane defined 
by N2 and the heavy atom of the solvent unit. In the quadrant, the solvent 
molecule was placed at regular distances (0.2 ~ ,  for semiempirical calculations, 
0.4 ~ for ab initio ones) from the center of mass of N2 in several directions. At 
each point the tota~ energy of the solute-solvent system was minimized with 
respect to complete rotation of the solvent unit: H20 and HF always resulted to be 
coplanar with N2; CH4 was found to be symmetric with respect to the map plane. 

The interaction energy maps computed by CNDO/2 and EHT are shown in Fig. 2 
and 3. The N 2 - - C H  4 map for the EHT method is not reported because a negligible 
interaction was found beyond the repulsive region. Common features are found in 
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Fig. 2. Isoenergy (kcal/mole) contour maps of 
orientationally optimized N2-solvent interaction 
energies, calculated by CNDO/2 and EHT 
methods for HF, H20, NH3. Absolute values of 
attractive interaction energy are reported 

5 

N~" N H  3 
4 ~ ~ C N D O  

I 

�9 (~) 



102 

"! 

~ N2 -CH 4 
"i ~ / CNDO 

i_ 

1 2 3 4 5 

r CA~ 

P. Demontis et al. 

Fig. 3. Isoenergy (kcal/mole) contour 
map of orientationally optimized 
N2--CH4 interaction energies, calculated 
by CNDO/2 method. The corresponding 
map calculated by EHT is not reported, 
because the computed interactions are 
negligible. Absolute values of attractive 
interaction energy are reported 

C N D O  maps.  First, two different  kinds  of m i n i m a  can be observed in each map:  an 
ou te r  m i n i m u m  which may be due to the solvat ion in teract ion,  and  other  inner  

min ima.  The  lat ter  may be classified as " reac t ive"  min ima ,  owing to the s t rong 

in terac t ion  energy as well as to the short  distance be tween  the heavy a tom of the 

solvent  molecule  and  N2. Moreover ,  the solvat ion min ima  are located at values of 

a ranging be tween  50 ~ and  65 ~ as repor ted  in Table  2. 

In  E H T  maps  a single solvat ion m i n i m u m  appears  for a = 0 ~ whereas  the values 

of r are quite close to the cor responding  ones for C N D O  maps,  as shown in 

Table  2. 

In  all solvat ion min ima ,  regardless of the calculat ion method ,  the solvent  molecule  
is or iented  so that  a H a tom is po in t ing  towards a N a tom;  the N - - H  dis tance is in 

the range of 1 .5-1 .7  ~ ;  in o ther  words a hydrogen  b o n d  may be hypothesised.  

Table 2. Energy and molecular geometries in solvation minima of energy contour maps 

Esolv  

Method Energy (a.u.) (kcal/mol) r(~) a (~ fl (~ N...H(~) 

N2.HF CNDO -51.5495 -14.00 2.71 65 10 1.52 
EHT -10.9886 -8.75 2.95 0 0 1.46 

N2.H20 CNDO -42.9980 -10.20 2.89 50 10 1.53 
EHT -9.9393 -5.05 3.12 0 0 1.62 
ab initio -184.2717 -1.59 3.85 0 9 2.38 

-184.2707 -0.92 3.56 50 43 2.50 
N2.NH3 CNDO a -37.0727 -7.00 2.93 50 107 1.72 

EHT b -9.0924 -0.74 3.15 0 2 1.66 
N:.CH4 c CNDO -33.2127 -3.90 3.13 50 7 1.68 

ab initio -148.5025 -0.13 4.80 0 0 3.21 

a 3 ~ = 300; b 3' = 0~ c EHT interaction energy is negligible. 
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Fig. 4. Ab  initio isoenergy contour map of orientationally optimized N2--H20 interaction energies 
(kcal/mole). The molecular geometry corresponding to a given energy is depicted in the left side of the 
figure. The size of the water molecules are scaled down to make the figure more legible 

The ab initio map for the N z - - H 2 0  interaction (Fig. 4) shows two well-defined 
zones. The inner one is repulsive and extends as far as 3.0-3.5 4 from N2. The 
outer  part  of the map is attractive and shows two minima. The absolute one lies 
along the direction of the N - - N  bond at r = 3.85 ~ .  The relative minimum falls at 
a = 50 ~ r = 3.56 4 .  The barrier between the two minima is about  1 kcal /mole.  In 
the repulsive region the oxygen of the water  molecule points towards the nitrogen 
atom. In the two minima, on the contrary, one hydrogen a tom of water points 
towards the nitrogen molecule. However ,  f rom c~ = 0 ~ to 90 ~ the water  molecule 
rotates and at about  90 ~ the oxygen points towards N2. The trends described are 
shown on the left side of Fig. 4. A comparison of semiempirical and ab initio 
results in the case of the N E - - H 2 0  system indicates that C N D O  and E H T  only 
partially describe the interaction. In particular, E H T  does not reproduce 
the relative minimum at a = 50 ~ while it gives a fairly correct description of the 
absolute minimum at a = 0~ on the other hand, C N D O  does not reproduce the 
absolute minimum, but gives a minimum at a = 50 ~ As expected, the interaction 
energy is strongly overest imated by both methods (see Table 2). Indeed, even 
though experimental  data about  the solubility of N2 are not available, the 
solvation energy of N2 does not look like exceeding a few kca l /mole  even in polar 
solvents. The present  ab initio calculations for N2 give a value of 1.59 kcal /mol,  
which can be considered acceptable if one takes into account that dispersion 
energy and other effects are not included in the calculation. 

In the case of N2--CH4 system, while E H T  gives only repulsive interactions, 
C N D O  predicts two energy minima of about  - 4  kcal /mol  as shown in Fig. 3. 
Since this result might be an artifact of the C N D O  method,  ab initio calculations 
have been per formed for several configurations of N2--CH4: interactions resulted 
to be very weak, with negative values of energy ( - - 0 . 1 3  kcal /mol)  for a = 0 ~ 
and r ~ 4.8 4 .  
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B o t h  in C N D O  and E H T  maps  a r egu la r  t r e n d  for  the  so lva t ion  in te rac t ion  ene rgy  
va lues  is o b s e r v e d  in going f rom H F  to H 2 0 ,  NH3, CH4 solvents :  the  ene rgy  for  
m o r e  p o l a r  so lvents  is h igher  than  for  less p o l a r  or  a p o l a r  ones ,  as is to be  
expec ted .  

3.2 .  C lus te r s  

S o l u t e - s o l v e n t  in te rac t ions  have  also b e e n  inves t iga ted  by  cons ide r ing  clusters  
bui l t  up  f rom a mo lecu l e  of so lu te  s u r r o u n d e d  by  a n u m b e r  of  so lvent  uni ts  
s imula t ing  the  first so lva t ion  shell .  In  o r d e r  to c o m p a r e  the  i n fo rma t ion  o b t a i n e d  
f rom the  two di f ferent  app roaches ,  ca lcu la t ions  on  the  s t ruc ture  of c lusters  
inc luding  N2 and 2, 4, 6, 8 molecu les  of H F  and  H 2 0  were  p e r f o r m e d  using 

C N D O  and  E H T  me thods .  

T h e  geomet r i ca l  p a r a m e t e r s  o b t a i n e d  by  min imiz ing  the  to ta l  ene rgy  of the  c lus ter  
a re  r e p o r t e d  in Tab l e s  3 - 4  and  shown in Figs. 5 and  6. I t  is n o t e w o r t h y  tha t  the  
s i m m e t r y  of the  clusters  is itself a resul t  of the  ca lcula t ion .  

T h e  geome t r i e s  of the  clusters  o b t a i n e d  with the  C N D O  m e t h o d  differ  f rom those  
o b t a i n e d  with  E H T  only  when  a smal l  n u m b e r  (two) of so lvent  mo lecu le s  ( H 2 0  or  
H F )  are  cons ide red ,  as ev idenced  in Tab l e s  3 and  4. I nde e d ,  the  geomet r i ca l  

Table 3. Energy and geometries of N2(H20), clusters. Distances in ~,  angles in degrees 

Structure E AE AE/n 
n Method (Fig. 5) (a.u.) (kcal/mol) (kcal/mol) r a /~ r(N...H) 

2 CNDO I -62.9049 -20.0 -10.0 2.85 53 10 1.53 
EHT II -12.3730 -9.6 -4.8 3.14 0 2 1.56 

4 CNDO III -102.7160 -38.0 -9.5 2.90 50 10 1.54 
EHT III -20.2727 -14.4 -3.6 3.08 40 12 1.68 

6 CNDO IV -142.5232 -53.4 -8.9 2.86 55 10 1.55 
EHT IV -28.1699 -17.6 -2.9 3.07 43 9 1.73 

8 CNDO V -182.3259 -66.4 -8.3 2.79 64 28 1.58 
EHT V -36.0638 -18.8 -2.4 3.08 49 10. 1.80 

Table 4. Energy and geometries of N2(HF)n clusters. Distances in A, angles in degrees 

Structure E AE A E /  n 
n Method (Fig. 6) (a.u.) (kcal/mol) (kcal/mol) r c~ /~ r(N...H) 

2 CNDO I -80.0074 -27.2 -13.6 2.76 54 13 1.47 
EHT II -14.1504 -16.8 -8.4 2.94 0 0 1.48 

4 CNDO III -136.9110 -46,0 -11.5 2.80 50 10 1.50 
EHT III -23.8218 -25.5 -6.3 2.83 39 12 1.51 

6 CNDO IV -193.8071 -60.6 -10.1 2.82 50 10 1.52 
EHT IV -33.4897 -31.3 -5.2 2.81 47 14 1.55 

8 CNDO V -250.6906 -66.4 -8.3 2.84 52 10 1.56 
EHT V -43.1525 -34.3 -4.3 2.81 53 14 1.60 
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Fig. 5. Geometries and parameters of N2(H20), clusters (n = 2, 4, 6, 8), In the case of n = 2, I refers to 
C N D O / 2  calculation, tI to EHT, respectively 
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Fig. 6, Geometries and parameters for N2(HF), clusters (n = 2, 4, 6, 8). In the case of n = 2, I refers to 
C N D O / 2  calculations, II to EHT, respectively 
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parameters r, o~, fl, for the cluster including two solvent units are close to the 
corresponding ones defining the preferred positions of the solvent in the inter- 
action maps. For higher coordination numbers the clusters optimized with the two 
semiempirical methods are similar. This finding is probably due to the repulsive 
interactions among solvent molecules: in the case of the larger clusters, when the 
number of solvent units surrounding each nitrogen atom is increased, they lie in 
staggered planes according to the decrease in solvation energy for molecule 
(Tables 3 and 4). 

To get further insight in the relative stability of the different clusters a partition of 
the total energy was undertaken. In this view the energy of the solvent molecules 
alone, fixed at the position optimized for the different clusters, have been 
computed (see column B in Table 5). Column A of the same Table gives the total 
energy, while in column C the energy difference EA-EB, representing the sum of 
the energy of the isolated nitrogen molecule and the solute/solvent interactions, is 
reported. In column D the difference between the energy of the water cages (EB) 
and that of a corresponding number of isolated water units is shown. Finally 
column E lists the energy of solute-solvent interactions obtained by subtracting 
the energy of the isolated nitrogen molecule from Eo  

The data collected in Table 5 put in evidence two interesting points. Firstly the 
binding energies of solvent clusters (ED) are very small, and in the most clusters 
calculated by CNDO/2 method are destabilizing. On the other hand it appears 
that the stability of the clusters is mainly due to solvent/solute interaction (EF) 
which regularly increases as the number of solvent units increases. In this sense, in 
spite of the overestimation of solvation energies put in evidence in Table 2 one can 
say that the stability of the clusters increases with the number of the added solvent 
units, at least in the case under study (two-eight water molecules taken into 
consideration). 
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The  trend of solvation energy and calculated values of AHn, n-1 describing 
subsequent additions of solvent molecules to N2, shown in Fig. 7, shows that a 
reasonable coordination number for N2 would be eight, so that, according to the 
present calculations, the first solvation shell of N2 would include eight molecules. 

4. Discussion 

The present results, regarding neutral molecules in polar solvents furnish further 
information about the applicability of semiempirical methods t ~ the calculation of 
solute-solvent interactions. With this in view, an ab initio calculation for the 
N2- - H20  system was performed in order to make a direct comparison with other 
methods. Firstly, it appears evident that the interaction energy maps for one 
solute - one solvent molecules obtained with the C N D O / 2  method show an 
absolute minimum, defined above as the "react ive" one which does not match the 
position of the absolute minimum found using ab initio calculations in the case of 
the N2- -H20  system. 

The C N D O / 2  absolute minimum is probably a side effect of this method which 
strongly overestimates bonding interactions (see for example Ref. 9 where a 
similar case is reported). Furthermore,  E H T  interaction energy maps fail to 
describe the relative minimum found in ab initio map for the N 2 - -H 2 0  system, 
Moreover,  both method overestimate the interaction energy value. 

As for the clusters, when only two solvent molecules are considered, CNDO and 
E H T  results do not correspond. However, the geometry of CNDO and E H T  
clusters become equivalent when a larger number of solvent molecules are 
included in the calculation to describe the first shell of solvation. Moreover,  in this 
case the positions of the solvent molecules are compatible with the results of ab 
initio calculations, as they correspond roughly to the relative minimum of the ab 
initio map. When a large number of solvent units are included, it seems that the 
positions of the molecules are more influenced by steric hindrance than by 
electronic interactions. We therefore feel that semiempirical methods may be 
safely used to describe the positions preferred by the solvent molecules of the first 
shell of solvation with respect to the solute considered, even though we are well 
aware that a cluster with eight solvents molecules represents the lowest threshold 
for the reliable simulation of the solvation. 
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