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Abstract—The structure and stability of heteromolecular van der Waals clusters (N;),CO,, (n = 1-7; m = 1-3)
was studied using ab initio MP2(full)/6-311+G* and CCSD(full)/6-311+G* methods. For clusters with (n + m) >
3 the polyhedron structures are the most preferable, whose stability increases with the number of interacting
molecules. Incorporation of CO molecules results in weakening of binding in the cluster and lowering the
stereochemical rigidity relative to homomolecular systems. Increase of percentage of CO is followed by a

decrease of stability of the clusters.
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In recent years, the van der Waals complexes
formed by weak long-range intermolecular forces that
were on the verge of stable assemblies attracted an
enhanced attention of both experimentalists and
theoreticians [1-3]. Revealing of the principles of
organization of such systems, which are intermediate
between the molecular and condensed state of the
substance, opens prospects for deeper understanding
the structure of condensed state of substance and
creation of general theory of nonvalent interactions
[1-3]. The formation of homo- and heteromolecular
clusters was detected for various inert molecules like
N,, CO, noble gases [1, 4-12]: nowadays they are
intensively studied using both experimental and
theoretical methods [13—22]. Detailed analysis of such
systems is important for understanding of atmospheric
processes and the control of environmental pollutions,
investigation of characteristics of the gas plasma,
dynamic gas streams and molecular lasers [23-25].

As was shown in our previous quantum chemical
studies of polymolecular clusters of nitrogen [26], the
most stable clusters are those in which the centers of
mass of the molecules form regular polyhedron
structures. The increase of the number of molecules is
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followed by enhancement of intermolecular interac-
tions in the complexes and appearing of structural and
energetic cooperative effects related to nonadditive
enhancement of these interactions.

In the present work, the results of quantum
chemical ab initio study of the electronic and spatial
structure of heteromolecular complexes of nitrogen
and carbon monooxide (N,),CO,, (n = 1-7; m = 1-3)
are reported modeling the mixtures of gases of
different composition. The goal of the study was to
investigate the effect of replacement on the structure,
stability and cooperative effect in mixed complexes as
compared with the homogeneous systems, as well as
analysis of the trends of variation of the main
characteristics of clusters with the size of the cluster
and the degree of replacement.

Calculation procedures. The calculations were
performed by the nonempirical Hartree—Fock method
(RHF) taking into account the correlation of valence
and core electrons wusing the second order
Moller—Plesset perturbation theory MP2(full) and the
method of coupled clusters CCSD(full) in the valence-
split basis set [27] 6-311+G* employing the Gaussian-
03 program package [28]. The results obtained for low
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molecular systems show that the results of the two
methods are well consistent; therefore the calculations
of complex systems were performed only at the MP2
level. All stationary points were identified by
calculation of the force constant matrix. The
superposition error BSSE was neglected in calculations
of the formation energy of intermolecular complexes
because of its debatable character and since we used
rather extended basis set when the superposition error
was negligibly small [29]. Graphical images of
molecular structures shown in Figures were obtained
using the Molden program [30] where as the input
parameters the atomic Cartesian coordinates obtained
after geometry optimization were used.

Dimeric systems. According to calculations, the
mixed complex N,-CO exists in the form of several
close in energy conformers la—If, corresponding to the
energy minima (A = 0, hereinafter A stands for the
number of negative eigenvalues of the Hessian matrix)
on the potential energy surface (PES). The structural
and energy characteristics of systems Ia—If are shown
in Fig. 1 and Table 1.

In the previously published theoretical [31] and
experimental [10, 21, 32-34] works the two principal
(T-shape) forms of complex N, ~CO were considered,
in one of which the molecule of CO was oriented to
the N=N bond by the oxygen atom, and in the other, by
the carbon atom. One more version of the T-shape
structure is the orientation of the N, molecule to the
CO bond [35]. Our calculations revealed six types of
stable conformations of complex N,--CO: three forms
Ia—Ic are characterized by the T-shape geometry,
forms Id and Ie correspond to a skewed parallel
configuration, and form If is characterized by linear
structure.

Therefore, transition from the homomolecular
system Ny-*N,, where we have earlier found only three
types of conformations Ila-Ilc [26], to the iso-
electronic heteromolecular system N,--CO is followed
by the increase in the number of possible structures.
Unlike the dimer of nitrogen, for which the most stable
conformation corresponds to the cross form Ila, for the
mixed complex such a structure does not exist on the
PES: its optimization results in relaxation of the
system to form Ia.

N
N N N=N
1 I. N \l / \ [I
N=N N=N N=N
IIa 1Ib IIc
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The most stable forms of the mixed dimer N,---CO
correspond to structures Ia and Id stabilized by the
N--O interactions between the most electronegative
centers. Systems Ib and Ie characterized by the N---C
interaction, as well as system Ic¢ characterized by the
three-centered interaction N---CO, are slightly (within
0.15 kcal mol™", Table 1) destabilized with respect to
Ia and Id.

Unlike the dimer of nitrogen, which does not show
any stabilizing interaction in the case of linear
orientation of the molecules, we observed the linear
form If for the mixed complex stabilized by the
interaction of the nitrogen atom with the oxygen atom
of the CO molecule. However, this form corresponds
to the least stable isomer and is destabilized relative to
Ia by 0.41 (MP2) or 0.35 (CCSD) kcal mol™ (here-
inafter all values of energy are given taking into
account the ZPE correction).

N=N---C=0
Ig, C..,

Another linear form, Ig, characterized by the
interaction of the nitrogen atom with the carbon atom
of the CO molecule does not correspond a minimum
on the PES.

According to the results of calculations, the
stabilizing intermolecular contacts N--O(C) in all
complexes I are substantially elongated with respect to
the corresponding sums of the van der Waals radii.
Complexes Ia and Ib formed due to the three-centered
interactions are somewhat more stable than complexes
Id and Ie, respectively, which are stabilized by the
two-centered interactions. At the same time, in
complexes Id and Ie the monomers are closer to each
other than in the more stable systems Ia and Ib.

The energy of formation of the most stable complex Ia
calculated as the difference between the total energy of
the complex and the sum of the energies of the isolated
monomers is 0.49 (MP2) or 0.37 (CCSD) kcal mol ';
for other complexes the energy of formation is slightly
lower (Table 1). The conclusion made on the maximal
stability of the T—shape structure Ia is proved by the
experimental data obtained from the microwave
measurements [21]. According to our calculations, the
distance between the centers of mass in the
energetically most preferable isomer Ia is 3.847 A at
the MP2 level and 3.938 A at the CCSD level, which is
in good agreement with the IR spectroscopy data
(4.025 A).

No. 5 2011
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Fig. 1. MP2(full)/6-311+G* and CCSD(full)/6-311+G* (in paremtheses) geometrical characteristics of systems I and IV.
Hereinafter the bond distances are given in A, angles in deg.

The energies of stabilization of the mixed com-

C
i O

plexes I are comparable with those of the previously (%\ // ! 0o==C ? 7
studied dimers of nitrogen IT (0.44-0.51 kcal mol 0, ) NS ,,C ,,C
[26]). Therefore, as dimer (N,),, complex N,--CO N — N = N = N =V
exists in the form of a series of the structurally IH\II }I\II }HI }HI [l
different but energetically almost equivalent isomers. Id Ih I .

e [ Ij If
The transition from the homomolecular system Ny "N,
to the heteromolecular N,--CO somewhat decreases (TS-1) (TS-2)

the energy of binding in the complexes and

The results of calculations are indicative of a high
substantially increases the number of possible isomers.

stereochemical nonrigidity of the heteromolecular com-
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Table 1. Energy characteristics® of compounds I, IV, VI calculated by the MP2(full)/6-311+G* and CCSD(full)/6-311+G*
methods
Structure Method Eiot E+ZPE AE AEzpg E¢ E¢zpr N oY
Ia, G, MP2 222.455084 222.444917 0 0 0.71 0.49 0 28.9
CCSD 222459521 222.448620 0 0 0.58 0.37 0 26.6
Ib, G, MP2 222.454771 222.444693 0.20 0.14 0.51 0.35 0 8.0
CCSD 222.459283 222.448466 0.15 0.10 0.43 0.27 0 8.9
Ic, C; MP2 222454916 222.444679 0.11 0.15 0.60 0.34 0 33.2
CCSD 222.459410 222.448435 0.07 0.12 0.51 0.25 0 33.2
Id, C; MP2 222.454923 222.444793 0.10 0.08 0.61 0.41 0 23.4
CCSD 222.459378 222.448565 0.09 0.03 0.49 0.33 0 10.5
Ie, C; MP2 222454761 222.444671 0.20 0.15 0.50 0.33 0 10.7
CCSD 222.459275 222.448440 0.15 0.11 0.42 0.25 0 14.0
If, C,, MP2 222.454526 222.444259 0.35 0.41 0.36 0.07 0 29.0
CCSD 222.459054 222.448056 0.29 0.35 0.28 0.01 0 249
Ih, C MP2 222.454802 222.444754 0.18 0.10 0.53 0.38 1 i24.5
CCSD 222.459320 222.448510 0.13 0.07 0.45 0.30 1 i18.9
Ij, Cs MP2 222454734 222.444645 0.22 0.17 0.49 0.32 1 i19.3
CCSD 222.459233 222.448416 0.18 0.13 0.40 0.24 1 il6.5
IVa, C MP2 331.795808 331.780211 0 0 1.86 1.35 0 24.9
IVb, C; MP2 331.795652 331.779927 0.10 0.18 1.76 1.17 0 20.1
IVe, C; MP2 331.795472 331.779882 0.21 0.21 1.65 1.14 0 9.6
Vla, C MP2 441.136226 441.115006 1.12 1.13 2.82 1.90 0 3.0
Vib, C; MP2 441.136550 441.115289 0.91 0.95 3.02 2.08 0 34
Vle, C, MP2 441.138004 441.116801 0 0 3.93 3.03 0 19.5
VId, C, MP2 441.137691 441.116512 0.20 0.18 3.74 2.84 0 13.0

* (E, au) is total energy (lau = 627.5095 kcal mol™); (Ei+ ZPE, au) is total energy corrected for the energy of zero harmonic vibrations;
(AE, kcal mol™) is relative energy; (AEzps, kcal mol™) is relative energy corrected to the energy of zero harmonic vibrations;
(Ey, keal/mol™) is energy of complex formation; (Er zpg, kcal mol™) is energy of complex formation corrected for the energy of zero
harmonic vibrations; (L) is the number of negative eigenvalues of Hessian; (o;, cm™') is minimal harmonic vibrational frequency. The

same in Tables 2, 3.

plex N,-CO. Thus, interconversion of the conformers
Id < Ic < le, according to calculations, proceeds
with the barriers not exceeding 0.07 kcal mol ™.
Therefore, the internal movement of the molecules in
the system N,--CO is practically free, which is also
proved by the experimental data [10, 21, 32-34].

Trimer systems. Replacement of one of the N,
molecules in the earlier found [26] stable trimers of
nitrogen III by the isoelectronic molecule CO does not
violate the stability of the systems. The so formed
mixed heteromolecular clusters IVa-IVc correspond
to energy minima (A = 0) on the PES. The structural
and energy characteristics of systems IV are given in
Fig. 1 and Table 1.
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On the basis of cluster IIla planar systems I'Va and
IVb are formed, in which the centers of mass of
molecules N, and CO form equilateral triangle. The
N--O(C) bond distances in these complexes are
slightly elongated relative to dimers I. System IVa
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with the endocyclic oxygen atom forming more
stabilizing contacts is by 0.18 kcal mol' lower in
energy than system IVb with the exocyclic oxygen
atom. Nonplanar system IVe formed on the basis of
the nitrogen cluster IIIb is somewhat less stable than
planar structures IVa and IVb. The calculated energies
of formation for complexes IVa-IVe are 1.14-
1.35 kcal mol™' (Table 1), which is slightly higher than
for the dimer complexes I although lower as compared
to the isostructural homomolecular nitrogen clusters
III (1.40-1.41 kcal mol ™' [26]).

System IVa is formed by means of three
intermolecular interactions NN-N,, CO--N, and
NN---CO, which in the “isolated” manner are realized
in the T-shape dimers Ia, Ic and IIb. In this
connection, it is interesting to analyze the possibility of
manifestation of the cooperative effect related with
nonadditive increase in the energy of intermolecular
interactions. According to calculations, the cooperative
effect of the formation of complex IVa estimated as
the difference between the energy of formation of IVa
and the sum of the energies of formation of Ia, Ic, and
IIb is 0.07 kcal mol™" (5.2%) which is somewhat
higher than for the starting homomolecular cluster I11a
(3.6% [26]) For a less stable system IVb the value of
the cooperative effect is lowered and amounts to
0.03 kcal mol ™ (2.6%).

Tetramer systems. Replacement of one of the N,
molecules by the CO molecule in stable tetramer
homomolecular complexes V leads to the formation of
heteromolecular complexes VIa-VId, corresponding
to energy minima on the PES. Structural and energy
characteristics of systems VIa-VId are given in Fig. 2
and Table 1.
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Clusters VIa and VIb are characterized by planar
structure, in which the centers of mass of the
interacting molecules form a slightly distorted square.
Complex VIb with the endocyclic oxygen participating
in several stabilizing interactions is by 0.18 kcal mol™

more stable than complex VIa with the exocyclic
oxygen forming only one stabilizing contact.

The calculated stabilization energies of complexes
VIa and VIb are somewhat lower than that of the
parent homomolecular complex Va (2.15 kcal mol™
[26]) and amount to 1.90 and 2.08 kcal mol™,
respectively. Therefore, the tendency of lowering the
energy of stabilization caused by incorporation of the
CO molecule found for trimers IV is retained for
planar tetramers. The cooperative effect for system
Vla calculated as the difference between the energy of
formation of the cluster and the sum of the energies of
formation of complexes Ib, Ic and two dimers IIb is
0.31 kcal mol™ (16.3%). The cooperative effect for
system VIb calculated as the difference between the
energy of formation of the cluster and the sum of the
energies of formation of complexes Ia, Ic and two
dimers IIb is 0.35 kcal mol ™" (16.8%).

Unlike trimers 1V, for which the most stable forms
correspond to planar systems, in the case of tetramers
3N,-CO spatial clusters are more stable, e.g., systems
VIc and VId (Fig. 2). The most stable cluster Vlc is
energetically preferable relative to the planar systems
VIa and VIb by about 1 kcal mol™ (Table 1), and its
energy of formation (3.03 kcal mol ™) is almost the
same as that of the parent homomolecular complex Vb
(3.10 kcal mol ' [26]).

Replacement of the two nitrogen molecules by the
CO molecules in complex Va leads to the formation of
heteromolecular complexes VIIa-VIId (Fig. 3),
among which the most stable is complex VIla charac-
terized by the diagonal arrangement of the CO
molecules and endocyclic oxygen atom. The least
stable is complex VIIb with the diagonal arrangement
of the CO molecules and exocyclic oxygen atoms. The
calculated stabilization energies for complexes VIla—
VIId (1.66-2.01 kcal mol™) are reduced as compared
both with the parent homomolecular complex Va
(2.15 kecal mol™' [26]) and with the monosubstituted
systems VIa, VIb. The cooperative effect for system
Vlla calculated as the difference between the energy
of formation of the cluster and the sum of the energies
of formation of two complexes Ia and two complexes
Ic is 0.35 kcal mol™' (16.8%). The cooperative effect
for system VIIb calculated as the difference between
the energy of formation of the cluster and the sum of
the energies of formation of two complexes Ib and two
complexes Ie is 0.28 kcal mol™' (16.9%). Therefore,
cooperative effects in the tetramer systems VII are

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 81 No. 5 2011
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Fig. 2. MP2(full)/6-311+G* geometrical characteristics of systems VI.

more manifested as compared with those for the trimer
complexes VI.

Formation of the 2:2 complexes on the basis of the
nonplanar form of the nitrogen tetramer Vb is also
possible: examples are isomers VIII (Fig. 4, Table 2)
corresponding to energy minima on the PES. As
follows from Table 2, nonplanar conformers VIII are
notably more stable as compared to planar systems
VII. The most stable conformer corresponds to
complex VIIle: its energy of formation is 3.01 kcal mol
and only slightly exceeds the energy of formation of
the parent nitrogen tetramer.

Pentamer systems. Earlier, we have found for the
nitrogen pentamer (N;)s two main structural types of
complexes: complex IXa, in which the centers of mass
of the nitrogen molecules are located in the vertices of
a trigonal bipyramid, and complex IXb, where they
form a square pyramid [26].

IXb, C;

Replacement of either of the molecules of nitrogen
in systems IX by the CO molecule does not violate the
stability of the system and gives rise to formation of
several types of clusters: as an example, in Fig. 5 are
shown structures Xa and Xb, the latter being the most
stable. The calculated energy of formation for Xb is
somewhat smaller than for IXa (4.90 kcal mol™' [26])

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 81 No. 5 2011



Table 2. Energy characteristics of compounds VII, VIII, IX, XI calculated by the MP2(full)/6-311+G* method

STRUCTURE AND STABILITY OF THE MIXED POLYMOLECULAR COMPLEXES

Structure —Eot —(E\« + ZPE) AE AEzpg E; Erzpe A o
Vlla, Cy, 444.912490 444.891492 1.02 1.00 2.87 2.01 0 4.1
VIIb, Cy;, 444911847 444.890934 1.46 1.35 2.43 1.66 0 22
Vlle, C, 444912250 444.891235 1.17 1.16 2.72 1.85 0 2.4
VIId, C, 444911928 444.890998 1.37 1.31 2.52 1.70 0 1.5
VIllIa, C, 444913978 444.892875 0.09 0.13 3.80 2.88 0 15.9
VIIIb, C; 444913447 444.892420 0.42 0.42 3.47 2.59 0 20.8
VllIe, C; 444913066 444.892070 0.66 0.64 3.23 2.37 0 8.3
VIIId, C, 444913573 444.892486 0.34 0.38 3.55 2.63 0 20.1
Vllle, C, 444914117 444.893088 0 0 3.89 3.01 0 20.8
Xa, C; 550.479926 550.453117 0.01 0.06 5.83 4.53 0 16.9
Xb, C, 550.479941 550.453218 0 0 5.84 4.59 0 10.8
XIa, C, 554.256186 554.229553 0 0 5.89 4.61 0 16.5
XIb, C, 554.255090 554.228475 0.69 0.68 5.20 3.93 0 3.8
Xle, C, 554.254998 554.228387 0.74 0.73 5.14 3.88 0 11.5

and amounts to 4.59 kcal mol'. All clusters 4N,-CO Introduction of the second CO molecule also results
formed by the trigonal bipyramid type are more stable  in the formation of numerous isomeric complexes, but
than those formed on the basis of the square pyramid. it is followed by reduction of the energy of
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Fig. 3. MP2(full)/6-311+G* geometrical characteristics of systems VII.
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Fig. 4. MP2(full)/6-311+G* geometrical characteristics of systems VIII.

stabilization. In Fig. 5 the most stable complex XIa is
shown, in which the CO molecules are located in the
axial positions of the trigonal bipyramid with the
endocyclic oxygen atoms. The least stable is structure
XlIc with the CO molecules located in the basal ring.
The calculated energies of stabilization of clusters XIa
and XlIc are 4.61 and 3.88 kcal mol', respectively.
Other possible forms (for example, XIb are
characterized by the energies of complex formation
intermediate between IXa and IXc).

Hexamer systems. Earlier, we have found for the
nitrogen hexamer (N;)s several structural types of
complexes [26], the most stable being complex XII

having the Cs;—symmetry of the type of trigonal
antiprism, whose formation can be the result of parallel
rapprochement of two trimers.

Replacement of either of the molecules of nitrogen
in systems XII by the CO molecule does not violate
the stability of the system and gives rise to formation
of numerous isomeric clusters (as an example, in Fig. 6
is shown cluster XIIIa). The energy of formation of
cluster XIIIa is 6.54 kcal mol™', which is somewhat
lower than that of XII (7.04 kcal mol"' [26]).
Formation of heteromolecular clusters of the 5:1
composition is also possible: an example is system
XIIIb.

Replacement of one more nitrogen molecule in the
hexamolecular complex XII by the CO molecule
substantially increases the number of isomers: as an
example, in Fig. 6 are shown complexes XIVa-XIVe.
In general, the energies of formation of the disub-
stituted clusters are somewhat lower than of mono-
substituted. Replacement of the third nitrogen mole-
cule (in Fig. 6 are shown clusters XV) is followed by
further lowering of the energy of complex formation.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 81 No. 5 2011
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Fig. 5. MP2(full)/6-311+G* geometrical characteristics of systems X and XI.

The calculations show that the effect of the de-
crease of stability and increase in stereochemical
nonrigidity of clusters with increase in the fraction of
carbon monooxide in the mixture is observed also for
more complex systems. In Fig. 7 and Table 3 are given
the structural and energy characteristics of ten-
molecular clusters XVI-XVIII of the composition 1:9,
2:8 and 3:7, respectively. The energy of stabilization of
these clusters decreases with the degree of substitution,
simultaneously increases the number of possible
isomers and stereochemical nonrigidity of the
complexes.

Therefore, the performed calculations show that on
going from homomolecular nitrogen complexes to

heteromolecular mixtures of nitrogen with carbon
monooxide the polyhedron structure of the clusters is
retained: globular forms, which are more spatially
favorable for realization of nonvalent interactions, are
characterized by a larger stability as compared to
planar forms. The increase in percentage of carbon
monooxide in the mixture is followed by lowering of
the complex formation energy and increase in
stereochemical nonrigidity of complexes. As in the
case of homomolecular systems, the increase in the
number of interacting molecules in heteromolecular
systems results in strengthening of intermolecular
contacts, increase in “compactness” of the cluster and
appearing of cooperative effects.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 81 No. 5 2011
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Fig. 6. MP2(full)/6-311+G* geometrical characteristics of systems XIII-XV.
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Table 3. Energy characteristics of compounds XIII-XVIII calculated by the MP2(full)/6-311+G* method

STRUCTURE AND STABILITY OF THE MIXED POLYMOLECULAR COMPLEXES

Fig. 7. MP2(full)/6-311+G* geometrical characteristics of systems XVI-XVIII.

XVIIL, C,

817

Structure —Eo —(Ewt + ZPE) AE AEzpg E¢ Eszpe A o)

XIIa, C; 659.822774 659.790232 0 0 8.32 6.54 0 18.6
XIIIb, C, 659.822489 659.790103 0.18 0.08 8.14 6.46 0 12.4
XIVa, C; 663.598765 663.566519 0 0 8.20 6.52 0 17.3
XIVb, C; 663.598683 663.566235 0.05 0.18 8.15 6.35 0 22.8
XIVe, C; 663.598124 663.565638 0.40 0.55 7.80 5.97 0 19.0
XVa, G; 667.374863 667.342733 0 0 8.15 6.46 0 24.7
XVb, C; 667.373394 667.341157 0.92 0.99 7.23 5.48 0 25.7
XVL C, 1097.194241 1097.139049 - - 18.31 14.78 0 13.1
XVII, C; 1100.969986 1100.915095 - - 18.04 14.62 0 9.9
XVIII, C; 1104.743742 1104.689056 - - 16.51 13.15 0 10.5
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