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ABSTRACT 
The equilibrium structure of the ammonia dimer has been investigated with 
density functional and MP2 calculations. We used Slater- and Becke-exchange 
functionals combined with correlation functionals as recommended by 
Vosko- Wilk-Nusair, by Perdew, and by Lee-Yang-Parr, respectively. The 
potential energy surfaces was investigated. The asymmetric cyclic “microwave” 
structure could be identified as a minimum. Optimization of the intermolecular 
parameters showed that this structure has nearly the same energy as the 
centrosymmetric cyclic structure. Full optimization transformed the asymmetric 
cyclic structure into the linear structure. The interaction energies in the dimer 
were corrected for the basis set superposition error using the Boys-Bernardi 
counterpoise method and the a priori chemical Hamiltonian approach, 
respectively. 0 1996 by John Wiley & Sons, Inc. 

have been tested to describe the properties of small 
organic compounds.’,2 Part of the research was 
dedicated to the investigation of hydrogen-bonded 
c ~ m p l e x e s ~ - ~  due to their importance in biological 
systems. Recent studies using density functional 
theory (DFT) cover the region from strong to weak 
hydrogen bonds!-6 Among these complexes the 
ammonia dimer can be regarded as an especially 
sensitive test for the quality of ab initio calcula- 
tions. 

Introduction 

ensity functional methods have, in the past, D been applied mainly to extended systems 
like metal surfaces, clusters, and semiconductor 
compounds. In the last few years, however, they 
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PROPERTIES OF AMMONIA DIMER 

For a long time the ammonia dimer was be- 
lieved to belong to complexes forming a classical 
linear hydrogen bond. This was substantiated by 
early theoretical calculations.8-” Most of the calcu- 
lations assuming a linear hydrogen bond em- 
ployed relatively small basis sets. It was later 
shown by Latajka and Scheiner” and Del Bene13 
that the equilibrium geometry of the ammonia 
dimer is extremely sensitive to the size of the basis 
set used. 

Due to the experimental work of Klemperer and 
c o ~ o r k e r s , ~ ~ - ~ ~  the cyclic structures of the ammo- 
nia dimer also drew the attention of theoretical 
investigators. Inspired by their work, Latajka and 
S~heiner‘~ calculated the potential energy surface 
of the ammonia dimer, which was only a function 
of the two intermolecular rotational angles at the 
SCF level using a 4-31G* basis set. The linear and 
the cyclic minima on that surface were then opti- 
mized at the MP2 level using a 6-31G** basis set. 
Latajka and Scheiner claimed that the centrosym- 
metric structure, which has a dipole moment near 
zero, should be more stable than the linear one 
with a dipole moment of about 2-3 D. This was 
confirmed by Hassett et al.” who employed a 
smaller basis set. Using an extended basis set, 
Hassett et al., however, found the cyclic structure 
to be a transition state which is only about 0.04 
kcal/mol less stable than the eclipsed linear one. 

The dipole moment found by Klemperer and 
coworkers in their work from 1985,l4-I6 about 0.75 
D, contradicts, however, both the centrosymmetric 
cyclic (about 0 D) and the linear (2-3 D) struc- 
tures. In addition, Klemperer et al. performed rota- 
tional spectroscopic experiments on a series of 
ammonia van der Waals comple~es.’~ These inves- 
tigations show that ammonia does not denote a 
hydrogen to form a hydrogen bond in these com- 
plexes. Supported by gas-phase high resolution 
spectra, Klemperer and coworkers suggested an 
asymmetric “microwave” cyclic s t r u c t ~ r e . ’ ~ - ~ ~  
This suggestion was supported by the work of 
Sagarik and coworkers who performed a series of 
calculations on a set of 75 ammonia dimer configu- 
rations at both the SCF and the CPF (coupled pair 
functional) levels, predicting this ”microwave” 
asymmetric cyclic structure as the equilibrium 
one?’ 

However, recent far-infrared and microwave 
spectra by Loeser et a1.21 and calculations based on 
them by van Blade1 et a1.z2 indicate that the “mi- 
crowave” structure is unlikely to be the equilib- 
rium one. Frisch et al. determined that the stag- 
gered quasilinear structure is only 0.2 kcal/mol 

more stable than the centrosymmetric cyclic struc- 
t ~ r e . ’ ~  This prediction was confirmed by a full 
geometry optimization at the MP2 level using the 
6-311 + G(d, p )  basis set.24 

Finally, Tao and Klemperer2’ stressed in their 
work the fact that an exact equilibrium structure is 
difficult to determine due to the extreme flatness 
of the lowest potential energy path connecting the 
linear and the cyclic structures. Taking corrections 
to the basis set superposition error (BSSE) into 
account and using midpoint bond functions, their 
results suggest that a cyclic structure is the equi- 
librium one. Tao and Klemperer also emphasize 
the importance of the dispersion energy in the 
ammonia dimer. This is in agreement with several 
other investigationsz6-” and shows that, besides 
the basis set, correlation energy plays a key role in 
determining the equilibrium configuration and the 
interaction energy of the ammonia dimer. There- 
fore, it can be expected that the DFT will be 
especially useful for the study of this complex. 

DFT calculations using local and nonlocal ex- 
change correlation potentials were performed for 
the first time by Zhu and Yang6 for selected struc- 
tures of the ammonia dimer. They found the linear 
structure to be by about 0.8 kcal/mol more stable 
than the cyclic one. They also reported intermolec- 
ular distances which are too small when using the 
simple local potential and which were comparable 
to MP2 results when calculated with the gradient- 
corrected one. These observations are in agreement 
with the results of Sim et a1.: who found a similar 
behavior for the water dimer and for other hydro- 
gen-bonded complexes. 

Numerous recent calculations dedicated to hy- 
drogen-bonded complexes point out that the 
Slater-exchange-Vosko-Wilk-Nusair (VWN) cor- 
relation potential yields intermolecular distances, 
which are too short?- Perdew, Becke-Perdew 
(BP), and Becke-Perdew-Yang-Parr (BPYP)- 
gradient-corrected potentials give, on the other 
hand, distances which agree with experimental 
results and MP2 calculations. To investigate which 
contribution to the total energy is responsible for 
this behavior we performed a series of calculations 
by varying the intermolecular distance in the cyclic 
and in the linear structure of the ammonia dimer. 

BSSE on the hydrogen-bonding energies were 
corrected with the Boys-Bernardi counterpoise 
m e t h ~ d ’ ~ , ~ ~  as well as with the ”chemical Hamil- 
tonian approach” (CHA).31-33 The implementation 
of this method within DFT has recently been re- 
p0rted.3~ To investigate the potential energy sur- 
face of the intermolecular rotational movements of 
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the ammonia dimer we performed a second series 
of calculations. 

Similar to the investigations of Latajka and 
S~heiner,'~ we varied the two intermolecular an- 
gles from 0" to 180" with a fixed intermolecular 
distance as shown in Figure 1. We obtained a 
potential energy surface which also allows insight 
into the description of the dispersion energy with 
the chosen density functionals. 

Finally, we investigated the asymmetric cyclic 
structures of the ammonia dimer which appear on 
the potential energy surface with all three func- 
tionals used. For this purpose, we performed opti- 
mizations of the intermolecular geometry parame- 
ters starting from the asymmetric as well as from 
the centrosymmetric cyclic structures. The DFT 
results were confirmed by MP2 calculations using 
the same basis sets. 

Methods 

The density functional calculations are per- 
formed using procedures based on the Kohn-Sham 
formalism?' In the same way as in Hartree-Fock 
(HF) procedures, a matrix equation of the form 

FC = ESC (1) 

is solved. The expression for the Fock matrix 

F = T + V + V, + V,, (2) 

contains the kinetic ( T ) ,  the electron-nuclear at- 
traction (V ), and the electron repulsion (V,,) oper- 
ators as usual. Different expressions have been 
used for the computation of the exchange-correla- 
tion potential, V,,[ p ( 7 ) ,  In the linear combi- 
nation of Gaussian-type orbitals-local spin density 
(LCGTO-LSD) method, they have been repre- 

FIGURE 1. The global minimum, the linear structure of 
the ammonia dimer. 

where x, are the GTOs, 3 F n )  is the weighting 
factor at the sample point Fn on a grid and ~ ( 7 ' )  is 
the electronic density of which the exchange-corre- 
lation potential is a functional. The calculations 
have been performed using the program package 
deMon developed by Salahub and coworkers38, 39 

and the DFT implementation in the Gaussian 92 
program package:' Different exchange correlation 
functionals were employed in the calculations, the 
Slater-41 and the Becke-exchange the 
VWN,43 the P e r d e ~ : ~ , ~ ~  and the LYP46 correlation 
functional. The correlation functionals were mainly 
combined with the Becke-exchange potential. The 
hydrogen bond energies were corrected in this 
article with the Boys-Bernardi counterpoise 
m e t h ~ d ~ ~ - ~ '  and with the CHA method3' -34 which 
was recently included in the deMon program 
package. Throughout these calculations performed 
with deMon we used the (631/31/1) and (31/1) 
basis sets for oxygen and hydrogen, respectively. 
The auxiliary bases were (5,2; 5,2) and (5,l; 5,l) 
for oxygen and hydrogen, respectively. 

Several different definitions have been sug- 
gested by different researchers (7-point CP, use of 
only virtual orbitals of the second monomer, 
e t~.) . '~ ,~ '  We used in our investigations two CP 
methods, the 3-point and the 7-point method. 
Whereas the 3-point method corrects only for the 
basis set (the monomer energies are calculated in 
the dimer basis assuming the dimer geometry), the 
7-point method also takes into account the geomet- 
rical differences between the monomer in the diiner 
structure and the free monomer. 

A CHA/DFT theory was recently reported 
which has introduced modifications to the usual 
DFT-Fock matrix.34 The basic idea of these correc- 
tions is to avoid the delocalization of the electrons 
of one monomer to the orbitals of the other 
monomer within the dimer. Based on density, 
which is the part of the electronic density assigned 
solely to monomer A, a Kohn-Sham-Fock matrix 
'FAAA can be built up in the mA-dimensional 
monomer basis of A. The eigenvalue equation is 
then 

(4) 

Superscripts AA and A indicate that all the orbital 
indices considered belong to A. Consequently, the 
Fock matrix obtained with DFT can be thought of 

A A  A - A A A  A FA cj - ~j S C, 
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as consisting of the four submatrices shown below. 
A completely similar set of equations can be writ- 
ten for B. Now, using the density for A ,  the Fock 
matrix, pFA, can be constructed for the whole dimer 
basis 

( 5 )  

where subscript A indicates that this is a "ghost- 
orbital''-type Fock matrix built by only using pA. 
Although only orbitals centered in A have been 
used for building 'FA, the eigenvectors of the equa- 
tion 

' F A c j  = G ~ S C ~  (6) 

will not, in general, be localized on A.  An excep- 
tion to this is the case where PFABA is related to 
'FAAA in the following way: 

(7) P F B A  = s H A  ( s A A )  - 1 p  F; A 

A possible way of correcting BSSE at the level of 
finite-basis Kohn-Sham equations is to substitute 
the conventional Fock matrix with a corrected one: 

A 

The geometries investigated in this work are shown 
in Figure 1. To examine the two cyclic structures, 
the asymmetric "microwave" and the centrosym- 
metric one, we performed optimizations of the 
intermolecular parameters with the DFT method 
using the Becke-exchange,42 the LYP-correlation 

and the MP2 method. Starting with the 
geometry obtained from these optimizations we 
performed full optimizations, and also relaxing the 
intramolecular parameters. Throughout our calcu- 
lations we used the 6-31 + G(d, p>, the 6-31 + 
G(2d, 2 p), and the 6-311 + + G(2df, 2 p d )  basis sets. 

two structures were determined to be the minima 
on the potential energy surface, calculated by La- 
tajka and S~heiner.'~ The geometries of the opti- 
mized cyclic and linear dimer, as well as the ge- 
ometry of the optimized monomer, are shown in 
Table I. The most striking differences among all 
geometric parameters listed for the dimer concern 
the intermolecular N-N distance. This is in agree- 
ment with the general finding that intermolecular 
parameters are much more dependent on the po- 
tential used than are the intramolecular ones, The 
range of N-N distances spans from 2.91 k for 
Slater-exchange VWN (SVWN) to 3.503 A for 
Becke-exchange VWN (BVWN), whereas the range 
for theoN-H bon$ distances is much smaller 
(1.016 A to 1.023 A). With respect to the inter- 
molecular distances, the results can be divided in 
two groups, the first one being that of local poten- 
tials and the second being that of gradient-cor- 
rected ones. Whereas nearly all gradient-corrected 
potentials give N-N distances comparable to MP2 
 result^,^,^,^ the local p9tential predict N-N dis- 
tances to be about 0.2 A too short. The best result 
is provided by the BLYP potential (3.335 A, assum- 
ing linear structure) which gives closest agreement 

S ~ ~ ( S ~ ~ ) - l ~  B B  - P  A B  
FB FB 

- P F B A  A 0 

with both the MP2 result (3.332 A, asosuming linear 
structure) and the experiment (3.337 The close 
agreement between the experimental N-N dis- 
tance and the calculated BLYP and MP2 values 
supports the theoretical investigations which as- 
sumed that the ammonia complex forms a linear 
hydrogen bond.8-13,17,18 This result is further sub- 
stantiated by the hydrogen-bonding energies for 
the linear and the cyclic structure which are shown 
in Table I1 and which clearly indicate a preference 
for the linear structure. 

The hydrogen-bond and total energies of the 
monomers and dimers are summarized in Table 11. 

- ~ 

Results and Discussion 

As previously mentioned, our investigations aim 
to compare DFT calculations, using various ex- 
change and correlation potentials, with ab initio 
results at the MP2 level in the very sensitive case 
of ammonia dimers. We performed geometry opti- 
mizations of the ammonia monomer and the 
dimers assuming linear (Fig. 1) and centrosymmet- 
ric cyclic (Fig. 2) structures for the complex. These FIGURE 2. The cyclic structure of the ammonia dimer. 
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TABLE 1. 
The Geometrical Parameters of the Centrosymmetric Cyclic and Linear Ammonia Dimers and of the Monomer, 
Respectively, Obtained Using the Atomic Basis Set 6-31 1 + G(2d, 2p) Within the MP2 Method and DFT. 
The Stater- and Becke-Exchange Functionals Are Combined with the Vosko-Wilk-Nusair, the Perdew, and 
the Lee - Yang - Parr Correlation Functionals, Respectively. 

S W N  B W N  BP BLYP MP2 

Monomer 
‘(N- H) 

L (H-N-H) 
Dimer 

cb2 ‘(N-N) 

ch2 ‘(N--HI) 

C s  ~ ( N - N )  

C s  ‘(N-HO 

c h Z  ;(N-H’2) 

cs ‘(N-H2) 

‘h2 ” 

I .021 
107.3 

2.91 3 
2.996 
1.027 
1.035 
1.021 
1.021 

41.1 
6.4 

41.1 
121.8 

0.006 
0.01 4 

1.016 
106.7 

3.503 
3.507 
1.01 7 
1.023 
1.01 6 
1.016 

43.7 
7.9 

43.7 
128.0 

0.001 
0.007 

1.023 
106.3 

3.182 
3.267 
1.025 
1.031 
1.023 
1.023 

42.7 
8.3 

42.7 
128.2 

0.002 
0.008 

1.022 
106.7 

3.266 
3.335 
1.026 
1.031 
1.023 
1.023 

43.3 
8.0 

43.2 
128.1 

0.003 
0.008 

1.0091 
107.1 

3.183 
3.322 
1.010 
1.014 
1.012 
1.010 

42.4 
5.8 

42.7 

0.002 
0.004 

The hydrogen-bond energies have been corrected 
with the 3-point (BB3) and the 7-point (BB7) 
Boys-Bernardi counterpoise method. The uncor- 
rected interaction energies are also shown in 
Table 11. Several observations can be made. The 
first method concerns the interaction energies 
calculated with different exchange-correlation 
functionals. The gradient-corrected exchange- 
correlation potentials are provided counterpoise- 
corrected (BB7) interaction energies of 2.4 (BP) and 
2.3 kcal/mol (BLYP) for the linear structure, which 

are in reasonable agreement with the experimental 
result of less than 2.8 k~al/mol.’~ On the other 
hand, the local SVWN correlation potential pre- 
dicts a hydrogen-bond energy of about -5.3 
kcal/mol, double the value of the gradient-cor- 
rected BLYP and BP potentials. The behavior of 
the SVWN potential is not surprising at all. The 
overbinding properties of the local SVWN poten- 
tial have been described for a large variety of 
molecules, e.g., for metal comple~es ,4~ ,~~  and is 
also reflected on the N-N distance, which is far 

TABLE II. 
The Total Energies of the Ammonia Monomer, the Linear, and the Centrosymmetric Cyclic Dimers, 
Respectively, (in a d  As Obtained from MP2 and DFT Calculations Using a 6-31 1G + (2p, 2d) Basis Set.’ 

S W N  B W N  BP BLYP MP2 

f (monomer) -56,293002 - 57.059390 - 56.584441 9 - 56.559400 - 56.433385 
E (dimer) Ch2 -112.596103 -114.120675 -113.172319 - 11 3.122153 - 112.871856 

CS -112.596143 -114.121086 -113.172931 - 1 13.1 22654 - 1 12.871 721 
A €  (uncorrected) Ch, - 6.24 -1.17 -2.15 -2.10 -3.19 

- 6.27 - 1.43 - 2.52 - 2.43 -3.11 
- CS 

CS 
A E (BB3) ‘h2 - 5.53 -1.10 - 2.04 - 2.01 

A E  (887) ‘h2 - 5.30 -1.10 - 2.04 - 2.02 
- - 5.51 - 1.39 - 2.42 - 2.35 
- 
- c s  - 5.30 - 1.38 - 2.41 - 2.34 

‘The hydrogen-bond energies (in kcal / mol) of the DFT calculations are corrected for the BSSE with the 3-point and the 7-point 
Boys -Bernardi counterpoise method. 
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too small (2.91 A>. The exceedingly large interac- 
tion energy is due to the Slater-exchange potential, 
since a value of -1.4 kcal/mol was calculated if 
the Becke-exchange potential is used with the VWN 
correlation functional. 

The second observation concerns the energy dif- 
ferences between the centrosymmetric and the lin- 
ear structure of the ammonia dimer. All methods 
agree in the prediction of the linear structure to be 
the minimum, although the energy difference be- 
tween both structures is rather small. The energy 
differences between both structures range from 
0.37 kcal/mol to 0.03 kcal/mol, calculated with BP 
and SVWN, respectively. 

The last observation concerns the counterpoise 
corrections, as suggested first by Boys and 
Bernardi?’ and later modified by Mayer et al.31 As 
seen in Table 11, the BB3 correction (performed for 
the monomers assuming dimer geometry) predicts 
nearly the same basis set superposition error (BSSE) 
than the more costly BB7 correction (which takes 
into account the geometrical difference between 
monomer and dimer). The largest BSSE is found in 
the case of the SVWN potential. The counterpoise 
correction improves this result drastically, but even 
taking BSSE into account the result remains far 
from the experimental or MP2 value. 

To analyze the exchange and the correlation 
energy contributions of the BLYP and the BVWN 
potentials to the total energy of the linear ammo- 
nia complex, we calculated the energy curve of the 
dimer as a function of the intermolecular distanoce 
(varying the N-N distance from 3.0 to 3.9 A). 
With the exception of the N-N distance, all the 
other geometry parameters in the dimer were kept 
fixed. Since the geometrical parameters change 
only marginally when changing the basis set from 
6-311C + (2d, 2 p )  to 6-311G(2d, 2 p ) ,  the energy 
curves of Figures 3 and 4 were done using the 
smaller set. In Figure 3, the total energy curves 
around the minimum of the ammonia dimer are 
presented. The exchange energy obtained with the 
Becke-exchange potential is added to the Hartree 
energy to give the Hartree-Fock (HF) result within 
the framework of the density functional theory. 
Finally, the addition of the correlation energy 
calculated with the LYP-correlation potential to 
the HF results in the correlated total energy 
(DFT/BLYP). Two energy curves are displayed to 
compare the results obtained within DFT when 
using the Becke-exchange potential with the re- 
sults obtained when HF (HFB) calculations are 
performed. It seems that the HFB curve in Figure 3 
shows no minimum. In fact the minimum lies at 

I 
I 

FIGURE 3. The Hartree-Fock (HF), the Hartree- 
Fock-Becke-exchange (HFB) and the Hartree- 
Becke-exchange/ Lee-Yang-Parr correlation (BLYP) 
potential energy curve of the linear ammonia dimer 
calculated using a 6-31 1G(2d, 2p) basis set. 

FIGURE 4. The correlation energies of the linear 
ammonia dimer obtained with MP2, the Vosko-Wilk- 
Nusair and the Lee-Yang-Parr correlation functionals, 
respectively. The energies were calculated with a 
6-31 1 G(2d, 2p) basis set. 
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3.8 A, quite far from the HF value of 3.6 A. The 
elongation of intermolecular bond lengths with the 
Becke-exchange potential has already been noticed 
for other complexes, for instance, in the water 
dimer.48 similar to the N-N distance of the am- 
monia dimer, the Becke-exchange potential elon- 
gates to 9-0 distance of the water dimer by 
about 0.2 A with respect to HF result. The too-re- 
pulsive behavior of the Becke-exchange potential 
is corrected by inclusion of correlation as shown in 
Figure 4. 

The correlation energies calculated with the LYP 
and the VWN correlation potentials are presented 
together with the MP2 results in Figure 4. The LYP 
correlation has been chosen as an example of the 
gradient-corrected correlation potentials, whereas 
the VWN potential does not include gradient cor- 
rections. As it can be seen in Figure 4, the curve 
obtained with the VWN-correlation potential is 
considerably flatter than the curves obtained when 
using the LYP-correlation potential or MP2. As 
mentioned previously, result provided by the BLYP 
potential is in close agreement with the MP2 result 
and experiment. Whereas BLYP is able to poredict 
the intermolecular distance correctly (3.335 A) the 
BVWNDpotential elongates this bond considerably 
(3.503 A). 

To investigate DFT with respect to its ability of 
describing rotational movements in the ammonia 
dimer, the potential energy surface of the dimer 
was calculated. This was done using the Becke- 
Perdew potential as implemented in the deMon 
program34 with the [6311/311] basis set for nitro- 
gen and the [311/1] basis set for hydrogen. Similar 
to the work of Latajka and Scheiner,17 the energy 
surface was defined to be only a function of two 
rotational angles, a1 and a2, as shown in Figure 5. 
Ranging from 0" to 180" , the search space contains 
all chemically noteworthy conformations of the 
complex, such as the linear configuration, which 
occurs at values around 112" for a1 and 0" for a 2  
(this corresponds to a value of about 4" for 191) as 
well as the asymmetric cyclic structures with rota- 
tional angles which show values ranging from 50" 
to 80" (this corresponds to values of about 60" to 
30" to 81 and 2) and at last the trifurcated struc- 
ture of the dimer as explained in Figure 5. The 
intramolecular distances in the ammonia mono- 
mers yere held fixed at the N-H bond lengths of 
1.025 A. The H-N-H bond angles in the mono- 
mers amount to 107.5". These values were opti- 
mized within the LDA procedure using the local 
potential. The surface was invoestigated at a fixed 
intermolecular distance of 3.2 A. 

Total -113.116 
Energy 
[a.u.] 

-I t I 
-1 13.120 

-112.480 1 4 4 
-1 12.482 

-1 12.436 

-1 12.440 
3.0 3.2 3.4 3.6 3.8 4.0 

N-N distance [8] 

FIGURE 5. Various structures of the ammonia dimer. 
Superscripts 1 and 2 are defined as the angles between 
the intermolecular axis and the C, symmetry axes of the 
ammonia monomers, respectively. 

The contours of Figure 6 are separated from 
each other by 0.5 kcal/mol with an interaction 
energy for the linear minimum structure of about 
-4.37 kcal/mol. The interaction energies of the 
potential surface are not corrected for the BSSE. As 
described by Latajka and Scheiner, the contour 
map shows a very shallow valley connecting the 
linear C, structure with the cyclic C,, str~cture. '~ 
The topology of the potential contour map found 
here is in good agreement with the potential en- 
ergy surface calculated by Latajka and Scheiner at 
the Hartree-Fock level using a 4-31G* basis set.I7 
The other minimum structure of the potential sur- 
face belongs to a trifurcated structure similar to 
the cyclic C,, one. In one of the ammonia units 
two hydrogens (instead of one) are pointing to- 
ward the neighboring ammonia monomer in the 
cyclic structure. 

Since the potential energy surface suggests that 
the centrosymmetric structure is a transition state 
between the two asymmetric structures, we inves- 
tigated whether one of the bifurcated cyclic struc- 
tures (centrosymmetric and asymmetric) belongs 
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Correlation 
Energy 

Correlation 
Energy 
[a.u.] -1.634 

-1.636 1 -1.636 t 
t 1 

-1.638 h 
-0.636 f /p-..I--i i 

t p/ 1 

-0.640 

-0.432 

-0.434 

3.0 3.2 3.4 3.6 3.8 4.0 

N-N distance fl] 
FIGURE 6. Potential energy surface for the ammonia 
dimer calculated with Becke-Perdew using a [6311/ 
31 / 1 I basis set for oxygen and a 131 1 / 11 basis set for 
hydrogen. The variable of the vertical axis is 2 and the 
variable of the horizontal axis is 1, as shown in Figure 2. 
The contour lines designate the hydrogen-bonding 
energies of the dimer. They are separated by 0.5 kcal/ 
mol, the largest value of the hydrogen-bonding energy 
is -4.37 kcal/ mot. 

to a real minimum (as suggested by the experi- 
mental work of Klemperer et al.14-16) or to a tran- 
sition state. For that purpose we optimized only 
the intermolecular parameters of the cyclic struc- 
tures (the intramolecular monomeric parameters 

were kept fixed). This was done since the mi- 
crowave spectrum was interpreted assuming rigid 
monomers. Optimizing only intermolecular bond 
lengths and angles we had the same prerequisites 
in our calculations as in the experiment. We started 
with a centrosymmetric and an asymmetric cyclic 
structure. Both rotational angles (or1 and a2) and 
the intermolecular distances have been optimized 
using the BLYP correlation potential and a 6-311 + 
G(2d, 2 p )  basis set. The intramolecular distances 
and angles were kept fixed at the values of the 
geometry-optimized ammonia monomer. The total 
energies calculated of both cyclic structures, as 
well as the intermolecular geometrical parameters, 
are shown in Table 111. As can be seen in Table 111, 
the energy difference between both structures is, 
with a value of 0.00002 a.u., negligible. 

We determined the second derivatives of the 
energy for both cyclic structures (with optimized 
intermolecular parameters) for verifying the hy- 
pothesis that the centrosymmetric structure be- 
longs to a transition state between the asymmetric 
cyclic minima. We did not find any negative eigen- 
values of the force constant matrix in the asym- 
metric cyclic structure. On the other hand, only 
positive eigenvalues could be detected again in 
the case of the centrosymmetric cyclic structure. 
Therefore, these results (no negative eigenvalues) 
contradict the hypothesis of a centrosymmetric 
transition state or saddle point on the potential 
energy surface. Thus, our DFT calculations, assum- 
ing rigid monomers, are in agreement with the 
MP2 results of Latajka and S~heiner,'~ who stated 
that the centrosymmetric cyclic structure belongs 
to a minimum. Moreover, they explain the large 
dipole moment found in the ammonia dimer to be 
cause by large vibrational averaging and not due 
to the existence of stable asymmetric cyclic min- 
ima. To verify that the asymmetric cyclic struc- 
tures do not belong to minimum structures, we 

TABLE 111. 
The Optimized Intermolecular Parameters in Both Cyclic Ammonia Dirner Structures, the Asymmetric 
"Microwave" and the Centrosymmetric Structure, Respectively.a 

MP2 asymmetric MP2 symmetric BLYP asymmetric BLYP symmetric 
~~~ 

~ ( N - N )  3.1 88 3.185 3.199 3.198 
0 1  37.0 42.3 47.6 43.2 
0 2  48.3 42.7 49.0 43.1 
Total energy - 1 12.871 846 - 1 12.871 837 - 113.122144 - 1 13.1 22084 

a MP2 and DFT with the BLYP potential have been used. The N - N distance is given in angstroms and the angles in degrees. The 
total energies are given in atomic units. 
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performed, in a third calculation, a full optimiza- 
tion (including intramolecular parameters) starting 
from the two partially optimized cyclic structures 
(the centrosymmetric and the asymmetric ones as- 
suming rigid monomers). The centrosymmetric 
structure kept its configuration, whereas the asym- 
metric cyclic structure passed to the linear one. 

Previous publications on DFT applications pre- 
sume that the quality of the DFT results using 
gradient-corrected exchange-correlation potentials 
are comparable to MP2  result^.^,^ Therefore, we 
checked whether our results on the cyclic struc- 
tures obtained within the DFT could be verified at 
the MP2 level using the same basis set as in DFT. 
Parallel to the DFT investigations described in the 
previous section we performed the intermolecular 
geometry optimization of both cyclic structures, 
centrosymmetric and the asymmetric, again under 
the constraint of rigid monomers. The results are 
depicted in Table 111. We also calculated the sec- 
ond derivatives at the cyclic structures optimized 
for the intermolecular parameters. No qualitative 
differences could be found between the two meth- 
ods, DFT and MP2. As in the case of the DFT 
calculations, the MP2 method indicated that the 
centrosymmetric, as well as the asymmetric, struc- 
ture are real local minima with respect to the 
intermolecular parameters. In close agreement with 
the DFT calculations, the MP2 differences of the 
total energies between both cyclic structures 
(asymmetric and centrosymmetric) are negligible 
and the eigenvalues of the force constant matrix 
are all positive. Moreover, full optimization start- 
ing at the partially optimized structures gave the 
same qualitative results as the DFT calculations. 
As in the DFT calculations, the centrosymmetric 
structure remained during the optimization within 
MP2, whereas the asymmetric cyclic structure 
turned into a linear configuration. 

Since Tao and KlempererZ5 stressed that, espe- 
cially in the case of the ammonia dimer, the correc- 
tion of the BSSE can be of great importance for 
determining that the cyclic structure is the energet- 
ically preferred configuration, we paid special at- 
tention to hydrogen bond energies and the correc- 
tions for the BSSE (Table 11, Figs. 7-9). The fact 
that it is not possible to perform a geometry opti- 
mization, including counterpoise corrections for 
the BSSE (since these corrections are performed " u  
posteriori"), forced Tao and Klempere? to per- 
form an optimization a t  the MP2 level by deter- 
mining the potential curves of the intermolecular 
N-N distance stepwise "by hand" (in the same 

Interaction 3.00 > 
Enerqy _. 

[kcal/mol] 

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 

N-N distance [I] 
FIGURE 7. The hydrogen-bond energies of the linear 
ammonia dimer, corrected with the BB7-point and the 
CHA/ DFT method. The Becke-Perdew potential with a 
DZVP basis set was used. To compare these results with 
the uncorrected ones, the latter ones are also depicted. 

way they determined the potential curve for the 
N-H bond length and the intermolecular rota- 
tional angles). Using this method they obtained a 
centrosymmetric cyclic structure, which is energet- 
ically preferred to the linear structure by about 
0.02 kcal/mol. 

Inspired by the Tao and K l e m ~ e r e r ~ ~  procedure 
we determined the potential energy curves of the 
ammonia dimer by varying stepwise the inter- 
molecular N-N distance of the linear and the 
centrosymmetric cyclic structure. The geometrical 
parameters of the dimer and the monomer were 
optimized using the Becke-Perdew (BP) potential 
with a 6-31 + G(d, p) basis set. We calculated the 
potential curves using a step size of 0.1 A for the 

Total 
energy 

[kcallmol] 

-2.00 

-2.40 

-2.80 

-3.20 

-3.60 

f Eecke-Perdew 

1 - cyclic j 4 
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

N-N distance [XI 

FIGURE 8. The uncorrected hydrogen-bond energies 
of the linear and the centrosymmetric cyclic ammonia 
dimer structures. The Becke-Perdew potential with a 
DZVP basis set was used. 

1516 VOL. 17, NO. 13 



PROPERTIES OF AMMONIA DlMER 
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Energy 
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- Becke-Perdew - 
- 

- 
- 
- 

- - 
- 
- - 
- 

' ' I I ' ' I I ' ' 

N-N distance (all the other intra- and inter- 
monomer geometrical parameters were kept fixed 
at the optimized dimer structure). As an example 
of the different possibilities for correcting the BSSE 
( a  posteriori via the BB7 method and a priori via 
the CHA approach) the corrected and the uncor- 
rected interaction energy curves of the linear dimer 
using the BP potential are depicted in Figure 7. 

It is evident from Figure 7 that the difference 
between the CHA and CP BB 7-point curves is 
smaller than between the CP-corrected DFT curve 
and the uncorrected one. As in the case of the 
CHA implementation into HF and correlated 
methods by Mayer et a1.31-33 the CHA curve lies 
between the uncorrected and the BB 7-point-cor- 
rected curves. Moreover, the CHA and the BB 
7-point-corrected curves are melting together at 
larger distances, as it has been described for 

Further observations concerning the correction 
of the BSSE and its consequences for predicting the 
equilibrium structure can be made comparing Fig- 
ure 8 with Figure 9. Figure 8 shows the uncor- 
rected hydrogen-bond energies of the linear and 
the centrosymmetric cyclic structure, whereas Fig- 

~~ .31 -33  

ure 9 provides the same results obtained with the 
BB 7-point correction. As it can be seen in Figure 9, 
the Boys-Bernardi counterpoise correction pre- 
dicts the cyclic structure to be the energetically 
preferred one, a result in close agreement with Tao 
and Klem~erer?~ who determined a difference of 
about 0.02 kcal/mol, preferring the centrosymmet- 
ric cyclic structure. Employing the BB 7-point cor- 
rection, our DFT hydrogen-bond energy of the 
centrosymmetric structure is about 0.06 kcal/mol 
lower than the one of the linear structure, whereas 
the uncorrected energies predict an energy differ- 
ence of about 0.4 kcal/mol, preferring the linear 
configuration. This difference may be due to over- 
compensation of the energy difference of about 0.6 
kcal/mol between the cyclic and the linear struc- 
ture with the BSSE about 1 kcal/mol (found at the 
potential energy minimum of the linear structure 
in Fig. 7). It can be expected that the BSSE of the 
cyclic structure will be somewhat larger than the 
BSSE of the linear one due to the smaller inter- 
molecular N-N distance of the cyclic configura- 
tion. 

In Table IV we show the basis set dependence 
on the energy difference between the cyclic and 
the linear structure using the BLYP potential. The 
expansion of the basis set from 6-31G + ( d ,  p )  to 
6-311G + + (2d j ,  2 p d )  does not change the result 
than the linear structure is the energetically pre- 
ferred one. In Table IV, we included MP2 and 
MP4SDTQ results using the 6-311G + (2d, 2 p )  ba- 
sis set. Comparison of the MP2 and MP4SDTQ 
results with DFT shows that the linear structure 
remains to be the global minimum structure of the 
ammonia dimer. 

~ ~~~ 

Conclusions 

In general, all DFT potentials investigated re- 
flect the fact that the linear structure of the ammo- 
nia dimer is the energetically preferred confor- 

TABLE IV. 
The Total Energies (a.u.1 of the Centrosymmetric Cyclic and the Linear Structure of the Ammonia Dimer as 
Obtained From MP2 and MP4 Calculations with a 6-31 1 + G(2d, 2 p )  Basis Set and from DFT Calculations 
Using the Becke-Exchange Lee-Yang-Parr-Correlation Potential with Three Different Basis Sets. 

BLYP MP2 MP4SDTQ 

6-31 + G(d, p )  6-31 1 + G(2d, 2p) 6-31 1 ++ G(2df, 2pd) 6-31 1 + G(2d, 2p) 6-31 1 + G(2d, 2p) 

c s  - 1 13.083602 - 11 3.1 22654 -113.124883 - 1 12.871 72 - 1 12.91 0375 
c,, - 1 13.083204 - 11 3.1 221 53 - 11 3.1 24275 - 1 12.871 856 - 1 12.91 0446 
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mation. This is in agreement with the results of 
Latajaka and S~heiner,'~ Frisch et al.,23,24 and also 
with those of Klemperer and Ta0,2~ when employ- 
ing no midbond functions. Although all three of 
the potentials investigated behave qualitatively 
correctly, the best results with respect to the hy- 
drogen-bond energies are found using either the 
Becke-Perdew (2.4 kcal/mol) or the Becke-Lee- 
Yang-Parr (2.3 kcal/mol) potential. The best re- 
sults with respect to the intermolecular distance 
are found with the Becke-Lee-Yang-Parr poten- 
tial. As already found in other dimers involving 
hydrogen bonds, the local potential gives a value 
which is much too high for the hydrogen-bond 
energy?-7 This is true for both structures, the 
cyclic as well as the linear one, due to the ex- 
change part of the potential as discussed above. 
Parallel to this effect, a considerable shortening of 
the N-N distances in both the linear and the 
cyclic structures is found. 
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