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The theory of molecules in molecules introduced in previous articles is applied to study the 
hydrogen bonding interaction between an ammonia molecule as proton acceptor and a water molecule 
as proton donor. The localized orbitals which are assumed to be least affected by the formation of 
the hydrogen bond are transferred unaltered from calculations on the fragments NH 3 and H20, the 
remaining orbitals are recalculated. A projection operator is used to obtain orthogonality to the 
transferred orbitals. Additional approximations have been introduced in order to be able to save 
computational time. These approximations can be justified and are seen to lead to binding energies 
and bond lengths Which are in satisfactory agreement with the SCF values. The point charge ap- 
proximation for the calculation of the interaction energy between the two sets of transferred localized 
orbitals is, however, not applicable in this case. An energy analysis of the effect of the hydrogen bond 
on the localized orbitals of the two fragments is given. 

Key words: Transferability of localized MO's - Wave functions from fragment wave functions - 
NH 3 - H 20 hydrogen bonding interaction - Energy analysis. 

1. Introduction 

In a series of previous  art icles  a theory  has been deve loped  and  app l ied  which 
aims at cons t ruc t ing  the wave funct ion of a molecule  f rom the wave funct ions 
of f ragment  molecules ,  which are s t ruc tura l ly  re la ted  to the molecule  to be fo rmed  
[1-3] .  (These papers  will be referred to as I, II, and  III.) It has therefore been 
called a theory  of molecules  in molecules  (MIM).  The theory  is based  on the 
p rope r ty  of  a p p r o x i m a t e  t ransferabi l i ty  of local ized molecu la r  orb i ta l s  (LMO's )  
which descr ibe  chemical ly  ident i f iable  regions in a molecule  such as inner  shells 
and  lone pai rs  of e lect rons  and  b o n d s  l inking the a toms  in a molecule.  This  
t ransferabi l i ty  p r o p e r t y  of  L M O ' s  is the subject  of a number  of invest igat ions  
searching for cr i ter ia  which can be used as a measure  for this t ransferabi l i ty  
[4 -16] :  In  the present  inves t iga t ion  the measure  of t ransferabi l i ty  is the to ta l  
energy expec ta t ion  value ca lcu la ted  with the wave funct ion in the theory  of 
molecules  in molecules.  This value is c o m p a r e d  to the energy c o m p u t e d  by  an  
ab initio S C F  method .  

The molecu la r  f ragments  are chosen  on the basis of chemical  and  physical  
intui t ion.  Some of the L M O ' s  in each f ragment  are t ransferred una l te red  - they 
form the fixed core. In  the C o u l o m b  and  exchange field of this fixed core the 
orbi ta ls  descr ib ing the new bonds  to be fo rmed  and  their  immed ia t e  ne ighbour -  
h o o d  - this is cal led the region  of  in te rac t ion  - are  de termined.  These molecu la r  
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orbitals (MO's) are occupied by electrons which in this approximation could be 
called valence electrons in the same way as outer shell electrons moving in the 
field of the inner shell (core) electrons of an atom are described as valence electrons, 
or z-electrons moving in the core of a-electrons are regarded as valence electrons. 
There is thus a strong connection to pseudopotential theory [-17-203. The varia- 
tion principle is used to obtain the optimum MO's in the region of interaction, 
whose orthogonality to the core orbitals can be incorporated into the defining 
equations by the method of outer projections [21]. A similar approach has been 
suggested by Huzinaga and Cantu [223. 

In order to give the possibility to save computational time further approxima- 
tions have been introduced: 

l) The expansion of the MO's in the region of interaction is truncated to 
include only those basis functions which are regarded as essential for their ex- 
pansion (this subset is denoted by F). Basis functions whose centers are distant 
from the region of interaction will contribute only insignificantly and will be 
excluded from the entire set of basis functions. 

2) The LMO's in the projection operator for orthogonality to which ortho- 
gonality can be expected because of their spatial separation from the region of 
interaction are taken out of the projection operator and the expansion of the 
remaining LMO's is restricted to the same subset F of basis functions mentioned 
above. 

3) The nonorthogonality of the MO's is neglected. 
4) The Coulomb integrals Jij between a LMO transferred for one of the 

fragments and a LMO transferred for the other one are calculated by a point 
charge approximation for every orbital. The corresponding exchange integrals 
Kij are neglected. These approximations lead to a reduction of the dimension 
of the matrices to be diagonalized and to the neglect of a part of the basic 
integrals. 

In Section 2 the method is applied to investigate the hydrogen bonding 
interaction between an ammonia molecule as proton acceptor and a water 
molecule as proton donor. Several approximate forms of the wave function 
will be examined and compared to more exact SCF results. An energy analysis 
of the effect of the hydrogen bond formation on the LMO's in the two fragments 
is given in this section as well. 

2. Appl icat ion to N H  3 • H 2 0  

The application of the theory of molecules in molecules to study the hydrogen 
bonding interaction in the ammonia-water system serves two purposes. The 
approximations which have been introduced in I and II and which have been 
shortly stated in the preceding section have to be justified and examined for 
their range of validity. The second purpose is an energy analysis of the effect 
of the formation of the hydrogen bond on the LMO's in the two fragments. The 
theory of molecules in molecules can give information on the energy contributions 
of the individual inner shell, lone pair, and bond orbitals to the total energy 
change of a process in a relatively nonarbitrary way. 
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Fig. t. Potential energy curve for H 3 N - H O H  M I M  a p p r o x i m a t i o n  4, 2 , 4 / ' 3 8  (for notation and 
def ini t ion of a, b, c and d see text) 

Table 1. Total SCF energies for H3 N .  N O H  wi th  N H  3 as p ro ton  acceptor.  N H  3 and  H z O  are both 
kept in their experimental geometry. (All values in atomic units) 

RNo E scF 

5.0 
5.25 
5.5 
5.75 
6.0 
6.5 
8.5 

15.0 
(DO 

- 132.176448 
- 132.179017 
- 1 3 2 . 1 7 9 8 6 4  
- 132.179649 
- 132.178945 
- 132.177066 
- 132.171272 
- 132.167750 
- 132.167272 

No experimental data exist to the knowledge of the author on the equili- 
brium geometry and hydrogen bonding energy of the mixed dimer NH 3 . H z O .  

Theoretical calculations, however, have been carried out for a number of structures 
and for the most stable structures over a wide range of internuclear distances 
by Kollman and Allen [23], by Piela [24] and by Diercksen and coworkers [-25]. 
The most stable structure involves the NH3 molecule as proton acceptor and 
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the H20 molecule as proton donor in agreement with the chemical experience 
that NH3 is the stronger base (proton acceptor) than HzO. In the present in- 
vestigation only the structure with NH 3 as proton acceptor and H20 as proton 
donor will be considered. 

The basis set used in the calculations consists of 9 s-type [26] and 5 p-type [27] 
Gaussian lobe functions on the N and O atoms contracted to 5 s-type [26] and 
3 p-type [27] functions and of 4 s-type functions on the H atoms contracted to 
2 s-type functions [26]. With this basis set a total SCF energy of E s c F =  

-56.166564 a.u. was calculated for the NHa molecule and a total SCF energy 
o f  E s c F - -  - 7 6 . 0 0 0 7 0 8  a.u. was calculated for the H20 molecule both in their 
equilibrium geometries (RNn = 1.91054 a.u., ~ (HNH)= 106.7 °, Ron = 1.80888 a.u., 

(HOH) = 104.52°). The best values given in the literature are ESCF(NH3)= 
-56.22191 a.u. [28] and ESCF(HzO)=-76.06587 a.u. [29] both of which are 
believed to be close to the Hartree-Fock limit. 

The two molecules NH3 and H20 are kept in their equilibrium geometry. 
The atoms n"N...H-O--.n lie in a plane which constitutes a symmetry plane of 
the molecule. The terminal H atoms indicated are in trans-position with respect 
to each other. In all calculations which will be reported only the distance between 
the N and O atoms is varied in the range from RNo = 5.0 to 15.0 a.u. The total 
SCF energies are given in Table 1 and the corresponding potential curve is 
plotted in Fig. 1 curve a. The SCF calculations result in a binding energy of 
B = 7.9 kcal/mole and a bond length of RNo = 5.5 a.u. The more extensive calcu- 
lations of Diercksen et al. give a binding energy of B = 6.28 kcal/mole and a 
bond distance of RNo = 5.8 a.u. [25]. These data are in satisfactory agreement 
with each other. 

The theory of molecules in molecules has been applied to this system in a 
number of approximate forms which will be described in the sequence of decreasing 
accuracy. For the transfer of LMO's from the wave functions of the separate NH3 
and H20 molecules to the mixed dimer the canonical MO's of the SCF calcu- 

Table 2. Binding energies B and bond distances RNo for H3N.  HOH with NH 3 as proton acceptor. 
In all cases the energy value at RNo = 15.0 a.u. has been taken as reference value for infinite separation 

of the two molecules (for notation see text) 

Method B [kcal/mole] Ryo [a.u.] 

SCF 7.60 5.5 
4, 2, 4 F 38 (b) 6.90 5.75 
4, 2, 4 F 38 (c) 6.95 5.75 
4, 2, 4 F 38 (d) 0.0 oe 

4, 4, 2 F 38 (b) 6.45 5.75 
4, 4, 2 F 38 (c) 6.57 5.75 

4, 4, 2 F 34 (b) 6.23 5.75 
4, 4, 2 F 34 (c) 6.44 5.75 

4, 4, 2 F 32 ib) 5.55 6.0 
4, 4, 2 F 32 (c) 5.55 6.0 

5, 5, 0 F 38 (b) 5.07 6.0 
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Fig. 2. Potential energy curve for H3N HOH MIM approximation 4 , 4 , 2 F 3 8  (for notation and 
definition of a, b, and c see text) 

lations on these two molecules have been localized using the method of Boys [30]. 
For the proton acceptor molecule NH 3 all LMO's are transferred except the lone 
pair LMO, for the H20 molecule only the inner shell LMO and the OH bond 
orbital not involved in the hydrogen bond are transferred, the other MO's are 
recalculated. This approximation is denoted as 4, 2, 4 F 38. In this notation is 
given the number of LMO's transferred for NH3 (4), for H20 (2), and the number 
of MO's to be calculated in the region of interaction (4). The number behind the 
symbol F gives the number of basis functions which have been included in the 
set F, in this case all basis functions have been included (38). In the approximation 
4, 4, 2 F 38 all LMO's are transferred except the N lone pair orbital and the 
OH bond orbital involved in the hydrogen bond. If the contracted Gaussian 
functions on all H atoms outside the hydrogen bonding region are excluded 
from the entire set of basis functions, the approximation 4, 4, 2 F 34 is obtained. 
The approximation 4, 4, 2 F 32 results if in addition the contracted s-type function 
on the N and O atom is taken out. In the crudest approximation all LMO's are 
transferred: 5, 5, 0 F 38. This corresponds to a first order perturbation treatment 
in which no electronic rearrangement is allowed for. 

The results for the approximation 4, 2 ,4F  38 are plotted in Fig. 1, curves 
b, c, d together with the exactly calculated SCF potential curve a. The letters in 
Fig 1 have the following definitions: b: energy value calculated exactly, non- 
orthogonality of the MO's taken into account [31], c: energy value calculated 
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Fig. 3. Potential energy curve for H3N-HOH MIM approximation 4, 4,2 F 34 (for notation and 

definition of a, b, and c see text; a, b refer to the left scale, c refers to the right scale) 

exactly, nonorthogonality of the MO's neglected, d corresponds to b but involves 
the point charge approximation for the calculation of the interaction energy 
between the two sets of transferred LMO's. It is seen that curves b and c are very 
good approximations to the SCF potential curve a. The difference between 
b and c which arises from the neglect of the nonorthogonality of the MO~s is c 
is negligible. The computed binding energies and bond distances are B = 6.90 kcal/ 
mole (b), B = 6.95 kcal/mole (c), and RNO = 5.75 a.u. for both b and c. The SCF 
results are B = 7.60 kcal/mole and RNO = 5.5 a.u. These data are summarized in 
Table 2 together with the results of the other approximations. In all cases the 
binding energy has been calculated as the difference of the energy value at 
RNO= 15.0 a.u. and at the energy minimum. This has been done because for 
some of the other approximations, which involve a truncation of the basis set, 
the energy value at RNO = 15.0 a.u. has to be taken as the reference value for the 
following reason. It has been remarked in II that the truncation of the basis 
set results in a nonorthogonality of the MO's calculated for one of the fragments 
to the transferred LMO's  in the same fragment even at infinite separation of the 
two fragments. This constant part of the orthogonality error has the consequence 
that the energy value in the theory of molecules in molecules, E M~M, does not 
approach the value /~SCF for R--* oo and further on the energy values E MIM (b) 
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Fig. 4. PotentiaI energy curve for H3N HOH MIM approximation 4 , 4 , 2 F 3 2  (for notation and 
definition of a, b, and c see text; a is the SCF result shifted by 0.145 a.u. with respect to the left scale, 

b refers to the left scale, c refers to the right scale) 

a n d  E MIM (c) do not approach the same limiting value.The differences E M~M- E sCF 

and E MIM (b)- E MIra (c), however, become constant for R ~  oo and a parallel 
shift of the potential curves is obtained. The approximation 4, 2, 4F  38 d is 
completely useless. Result d has been plotted in Fig. 1. A repulsive potential 
curve is obtained which demonstrates that the point charge approximation is 
unjustified in the case of the interaction between an ammonia and a water molecule. 
For the hydrogen bonding interaction in the dimer of FH considered in III 
this point charge approximation was partially sucessfull. The bond lengths were 
in satisfactory agreement with the SCF value and the hydrogen bond formation 
was reproduced, the binding energies, however, were too large by a factor of 
about three. The FH dimer was investigated only in its linear configuration in 
which a point charge approximation tends to give better results. In the three- 
dimensional structure of NH 3 • H20 it fails completely. Since this is the case 
already in the best approximation considered (4, 2, 4 F 38) the results of the 
point charge approximation will be omitted in all the subsequent cases. The 
investigations thus serve to justify only the other approximations introduced in 
Section 1. More refined calculations of the interaction terms Ju and K~j will 
be examined in later publications. 

The potential curves obtained in the approximation 4, 4, 2 F 38 are plotted 
in Fig. 2 together with the SCF potential curve. (The letters a, b, c have the same 
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Fig. 5. Potent ia l  energy curve for H 3 N - H O H  M I M  approx imat ion  5, 5 , 0 F  38 (for no ta t ion  and  
definit ion of a and  b see text) 

meaning as described above.) The agreement between the results of the SCF 
and of the MIM approximation is again very satisfactory. The binding energies 
are B =  6.45 kcal/mole (b) and B =  6.57 kcal/mole (c) at a bond distance of 
RNo = 5.75 a.u. (b and c) (Table 2). The deterioration of these data compared to 
the case 4, 2, 4 F 38 is only slight. 

For the approximation 4, 4, 2 F 34 the potential curves are plotted in Fig. 3 
(a, b, c as defined above). The curves show a wider spread due to the effect of 
the basis set truncation on the limiting value of the total energy for R ~ oo, but 
they do not differ strongly from a parallel shift of the SCF curve. The binding 
energies B = 6.23 kcal/mole (b) and B = 6.44 kcal/mole (c) and the bond length 
RNo = 5.75 a.u. (b and c) agree well with the results of the previous case 4, 4, 2 F 38. 
This means that the truncation of the basis set is a justified approximation which 
introduces no significant additional error (Table 2). 

Similar comments can be made for the approximation 4, 4, 2 F 32. (Fig. 4, 
a, b, c as defined above). The binding energy B = 5.55 kcal/mole (b and c) at a 
bond distance of RNo = 6.0 a.u. (b and c) is in somewhat poorer agreement with 
the previous results (Table 2) indicating a greater distortion of the potential 
curves from a parallel shift of the SCF curve, but the deviation cannot be regarded 
as unacceptable. 
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The last approximation to be considered is the case 5, 5, 0 F 38, in which all 
LMO's have been transferred. The potential curves have been plotted in Fig. 5 
(the letters a and b have the same meaning as defined above.). Result b is satis- 
factory giving a binding energy of B--5.07 kcal/mole at a bond distance of 
RNo = 6.0 a.u. (Table 2), which is about 67,% of the binding energy due to the 
formation of the hydrogen bond. This first order perturbation treatment has 
given reasonable results also in the case of the hydrogen fluoride dimer. The 
remaining 33 % of the binding energy can be recovered by modifying all MO's. 

In the application of the theory of molecules in molecules to the study of the 
hydrogen bonding interaction in the dimer of FH it was found that the major 
improvement beyond a first order perturbation treatment could not be achieved 
by modifying the FH bond orbital of the proton donor molecule and the lone 
pair orbitals of the proton acceptor molecule; only 0.69 kcal/mole out of a total 
of 1.8 kcal/mole were obtained in this way. Instead the largest energy contribution 
resulted by modifying the bond orbital of the proton acceptor molecule. In the 
present case the major energy contribution is recovered by modifying the N lone 
pair and the OH bond orbital, which yields 2.51 kcal/mole out of a total of 
3.84 kcal/mole. 

3. Energy Analysis 

In this energy analysis of the effect of the hydrogen bond formation on the 
LMO's in the two fragments it will be attempted to answer the question which 
contribution to the hydrogen bonding energy is made by each LMO beyond a 
first order perturbation calculation. The answer to this question depends to a 
certain degree on the order in which the LMO's are recalculated in the region 
of interaction, but because LMO's describe each separate regions in a mole- 
cule this answer cannot be completely arbitrary. In fact it was found in III that 
these energy contributions are additive to within 10-5 a.u. and the modifications 
of the LMO's are independent of each other. 

Additional calculations have been performed at the theoretical equilibrium 
distance RNo = 5.5 a.u. to supply the necessary information for the energy analysis. 
The calculations are not complete to answer any question, but the main informa- 
tion of interest can be derived. In these calculations all basis functions have 
been included in the set F. In the first of these additional calculations denoted 
by (5, 4, 1) only the OH bond orbital involved in the hydrogen bond is redeter- 
mined, all other LMO's are transferred. The calculation where the N lone pair 
LMO is the only orbital which is modified is denoted by (4, 5, 1). Transferring 
for the NH 3 molecule all LMO's except the N lone pair LMO and for the H20  
molecule only the inner shell LMO one obtains the case (4, 1, 5). In approximation 
(l,4, 5) the OH bond orbital involved in the hydrogen bond is redetermined 
and for the ammonia molecule all MO's except .the inner shell LMO. In approxi- 
mation (1, 1, 8) only the two inner shell LMO's are transferred. The last two 
calculations (0, 1, 9) and (1,0, 9) serve to estimate the effect of the hydrogen 
bond formation on the inner shell LMO's of the O atom in H 2 0  (0, 1, 9) (the O 
inner shell is transferred) and the N atom in NH~ (1, 0, 9). The energy expectation 
values have been collected in Table 3 and the results of the approximation 
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Table 3. Total energies for H 3 N  • H O H  with NH 3 as proton acceptor in the SCF and in several forms 
of the MIM approximation RNo is kept fixed at the theoretical minimum energy distance ofRNo = 5.5 a.u. 

(For notation see text; all values in atomic units) 

Method E ulu (b) E M1M (c) 

(5,5,0) - 132.173850 - 132.215962 
(5,4,1) -132.175232 -132.173340 
(4, 5, 1) -132.176472 -132.175136 
(4, 4, 2) -132.177646 -132.178045 
(4,2,4) -132.178647 -132.178814 
(4,1,5) - 132.179054 - 132.179049 
(1,4,5) - 132.178295 - 132.178266 
(1,1,8) - 132.179762 - 132.179762 
(0, 1, 9) -132.179838 -132.179838 
(1, 0,9) - 132.179788 -132,179788 
SCF =(0 ,0 ,10 )  - 132.179864 

Table 4. Contributions to the total hydrogen bonding energy of H 3 N -  H O H  (at the distance RNo = 5.5 
a.u.) obtained by modifying the LMO's in the proton acceptor molecule NHa and in the proton donor 

molecule H z O  (all values in kcal/mole) 

Modified L M O  A E 

None 4.13 
O H  bond orbital involved in hydrogen bond 0.87 
O lone pair L M O ' s  0.62 
O H  bond orbital not involved in hydrogen bond 0.25 
N lone pair L M O  1.64 
N H  bond orbitals 0.40 
O inner shell L M O  0.048 
N inner shell L M O  0.016 

7.97 

4 , 2 , 4 F 3 8 = ( 4 , 2 , 4 ) ,  4 , 4 , 2 F 3 8 = ( 4 , 4 , 2 ) ,  and 5 , 5 , 0 F 3 8 = ( 5 , 5 , 0 )  have been 
added. The letters b and c have the same meaning as defined above. From the 
data in Table 3 the following information can be extracted. The analysis will 
be done only for the exact calculation of the energy with the nonorthogonality 
of the MO's taken into account, because for case c the approximation (5, 5, 0) 
does not supply a reasonable reference. The results are listed in Table 4. In all 
cases the reference value for the binding energy calculation is the value at infinite 
separation of the two molecules, because for all approximations considered 
here the same limit for the total energy holds. 

1) A first order perturbation calculation gives at the distance RNo = 5.5 a.u. 
a binding energy of B = 4.t3 kcal/mole, which amounts to 52% of the total hydro- 
gen bonding energy of B scF = 7.9 kcal/mole. 

2) The modification of only the OH bond orbital involved in the hydrogen 
bond leads to a binding energy of B = 5.0 kcal/mole and an energy decrease 
with respect to a transfer of all LMO's of 0.87 kcal/mole. 
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3) The modification of only the N lone pair LMO leads to a binding energy 
of B = 5.77 kcal/mole, which corresponds to an energy decrease with respect to 
a first order perturbation calculation of 1.64 kcal/mole. It is seen that the effect 
of the hydrogen bond formation on the N lone pair LMO is nearly twice as large 
as on the OH bond orbital (1.64 kcal/mole compared to 0.87 kcal/mole.). This 
is quite significant. One might have expected this result because lone pair LMO's 
tend to be more diffuse than bond orbitals but such anticipations must be con- 
sidered with care as will be seen below (see also III). The N lone pair orbital has 
to form the bond to the H atom of the OH bond, which leads to a larger extension 
of this orbital. It is probably this larger extension and not the diffuseness of the 
orbital which gives rise to this larger energetic effect. 

4) If the N lone pair and the OH bond orbital are modified together the energy 
decrease is 2.39 kcal/mole which is to within 10 - 4  a.u.  the sum of the data in 2) 
and 3). The binding energy in this approximation is B -- 6.52 kcal/mole. Modifying 
these two LMO's accounts for 63 % of the energy difference between the SCF 
result and the first order perturbation calculation of l). 

5) Recalculating in addition to 4) the two lone pair LMO's of the water molecule 
an energy lowering of 3.01 kcal/mole is obtained with respect to 1). This gives a 
binding energy of B = 7.14 kcal/mole. The energy lowering compared to 4) is 
0.62 kcal/mole or 0.31 kcal/mole per lone pair LMO. 

6) If in addition to 4) all LMO's of the water molecule are recalculated except 
the inner shell LMO an energy lowering of 3.26 kcal/mole results with respect 
to 1) or of 0.87 kcal/mole compared to 4). Since 0.31 kcal/mole were gained by 
modifying each of the lone pair LMO's of the water molecule and since additivity 
of the effects can be assumed the energy decrease due to modifying the OH bond 
orbital not involved in the hydrogen bond is 0.25 kcal/mole. This is nearly as 
largeas the value for the lone pair LMO's. The structure of the OH bond and 
lone pair LMO's around the O atom in H 2 0  is approximately tetrahedral. 
Assuming the lone pair LMO's to be more diffuse and easier polarized than the 
OH bond orbital the energetic effect on them should have been greater than on the 
bond orbital. This is not found to be the case. The binding energy in this approxima- 
tion is B -- 7.39 kcal/mole. 

7) if in addition to 4) all LMO's of the NH 3 molecule except the inner shell 
orbital are modified, a binding energy of B = 6.92 kcal/mole is obtained. The 
energy lowering is compared to 1) 2.79 kcal/mole and compared to 4) 0.40 kcal/mole 
(or 0.13 kcal/mole per NH bond orbital). It is thus energetically more effective to 
modify the valence orbitals in the proton donor molecule H20, which are not 
directly involved in the hydrogen bond, than to modify the corresponding valence 
orbitals in the proton acceptor molecule NHa by 0.47 kcal/mole. In the dimer of 
FH the reverse situation was encountered. 

8) Transferring only the two inner shell LMO's one obtains a binding energy 
of B=7.84kcal/mole. The energy decrease compared to 4) is 1.31 kcal/mole, 
which is within 10 -4 a.u. the sum of 6) and 7) [the reference value is the energy 
value of approximation (4, 4, 2)]. 

9) If all MO's are recalculated except the two inner shell LMO's the energy 
difference to the SCF value is 0.064 kcal/mole, which is to within 10 - 6  a .u .  the 
sum of a term due to modifying the N inner shell LMO (0.016kcal/mole) and 
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a larger term due to modifying the O inner shell LMO (0.048 kcal/mole). It is 
difficult to assess why the inner shell LMO on the O atom is stronger affected 
by the hydrogen bond formation than the N inner shell orbital. These data 
1)-9) which are summarized in Table 4 supply some valuable chemical information 
about the effect of the hydrogen bond formation in the system NH 3 • H20. 
Differences to the system (FH)2 will be considered below. 

4. Conclusions 

In the present article the theory of molecules in molecules has been applied 
in a number of approximate forms to the study of the hydrogen bonding interaction 
in the mixed dimer NH 3 • H20. The following conclusions can be drawn from 
these applications. The transfer of LMO's from the fragment molecules to the 
molecule to be calculated is a justified procedure which yields good agreement 
with the results of more exact SCF calculations. The hydrogen bonding in the 
system ammonia-water can be described already in a reasonable way by trans- 
ferring all LMO's. This has been found too in the case of (FH)2. 52 % of the binding 
energy are obtained in this way. The modification of the lone pair and the OH 
bond orbital turns out to be most important for a proper description of the 
hydrogen bond. In this approximation 83% of the hydrogen bonding energy 
are recovered. The additional modification of the lone pair LMO's of the H20 
molecule leads certainly to a better approximation, but this improvement will 
not be regarded as essential. Especially it is not justified to modify the lone pair 
orbitals and transfer the OH bond orbital and involved in the hydrogen bond, 
whose energetic importance is as large. 

The modification of the LMO's in the two fragments gives energy contributions 
ranging from 0.13 to 1.64kcal/mole except for the inner shell LMO's whose 
contributions are smaller. The effect of the formation of the hydrogen bond on 
the LMO's decreases in importance in the sequence: N lone pair LMO, OH 
bond orbital involved in the hydrogen bond, O tone pair LMO's, OH bond 
orbital not involved in the hydrogen bond, NH bond orbitals. In the case of 
the FH dimer it was found that the energetic effects were smaller and further on 
the order of decreasing importance of the modification of the LMO's was found 
to be: bond orbital in the proton acceptor molecule, lone pair LMO's in the 
proton acceptor molecule, lone pair LMO's in the proton donor molecule, bond 
orbital in the proton donor molecule. An explanation of why the two systems 
behave differently in this respect will not be attempted. Another remarkable 
feature is that in (FH)2 the proton acceptor molecule experiences a much stronger 
electronic rearrangement, whereas in NH 3 • H20 the effects are about equal. 
The energy analysis has also shown that LMO's describe separate regions in a 
molecule and that energetic effects due to modifying orbitals describing dif- 
ferent regions are additive to within 0.1 kcal/mole in the worst case. 

The truncation of the basis set has been examined for the approximation 
(4, 4, 2). Three versions have been considered F 38, F 34, and F 32. The approxi- 
mation leads to a wider spread of the potential curves because the limiting values 
of the total energy for R ~ oo are different, but the potential curves do not deviate 
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strongly from a parallel shift of the SCF curve. This is the desired result and it 
demonstrates that even in the molecules NH 3 and H20, which have to be con- 
sidered as small for the application of the theory of molecules in molecules, a 
number of basis functions are not required for the expansion of the MO's in the 
region of interaction and to obtain orthogonality to the transferred LMO's. 
The binding energies are always smaller and the bond distances always larger 
than the SCF values, but the agreement is satisfactory. 

The neglect of the nonorthogonality of the MO's is the second approximation 
which is necessary for saving computational time. The same comments which 
have been made in the case of the truncation of the basis set can be made in this 
case. The neglect of the nonorthogonality is valid in the same cases, for the 
same distances between the atomic centers or charge centroids, and to the same 
accuracy as the truncation of the basis set is valid. This was concluded from the 
applications in II and III as well. 

Contrary, however, to the previous applications reported in II and III the 
point charge approximation for the calculation of the interaction energy between 
the two sets of transferred LMO's fails completely in the present case. For the 
interaction between inner shell LMO's considered mainly in II and also for the 
case of the linear molecule (FH)2 the point charge approximation is expected 
to give better results, but it should be noted that in the computation of the rotational 
barrier in ethane this approximation was applied successfully (see II). Hydrogen 
bonded systems require more accurate wave functions for a proper description 
than hydrocarbons do, but on the other hand the distances between the orbital 
charge centroids are larger in N H  3 • H 2 0  than in C 2 H  6. The first point mentioned 
would invalidate, the second one favour the use of the point charge approximation. 
This approximation was selected because it is the simplest one possible. It is, 
however, concluded that it is not universally applicable, as the other approxi- 
mations of the theory of molecules in molecules appear to be, and has to be 
refined. This will be taken up in later articles in this series. 
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