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Abstract. The bonding and structures of lithium ion carbonyl complexes, Li*-(CO);_3, were studied at the
CCSD and MP2 levels of theories. A linear configuration is formed for the global minimum of the Li*-CO
and LiT-(CO); complexes with bond dissociation energies of 13.7 and 12.4kcal mol~', respectively. For the
Li*-(CO); complex, a trigonal planar geometry is formed for the global minimum with a bond dissociation
energy of 9.7 kcal mol~L. The computed sequential bond dissociation energies of Li™-(CO),, (n = 1-3) complexes
agreed with the experimental findings, in which the electrostatic energy plays an important role in the obtained

trend.
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1. Introduction

The chemistry of alkali metal interactions with lig-
ands has been the subject of considerable attention
in the last twenty years. It has decisive implications
in biology, chemistry and physics.'™ The continuous
development in the production of new synthetic adsor-
bents attract great attention especially for air separation
and purification.’ These kinds of technologies are
mainly dependent on variations in the strength of inter-
actions among the components of a gas mixture.’
These studies are very important in atmospheric pol-
lution control, gas sensing and storage.”® Despite the
weak non-covalent bonding interaction, it is important
for aggregation of molecules in certain specific con-
figurations and hence governs the behavior of these
molecular systems. Alkali metal-ligand complex repre-
sents an example of a well known non-covalent bonding
interaction. '

The interaction of lithium ion with molecular CO
has been studied by a number of research groups. In
1974, Toennies et al., had measured the differential
cross section for an inelastic scattering of Li* ions by
N, and CO molecules using time-of-flight techniques.
The vibration and rotational excitations at low energy
collisions for Li* ---CO/N, complexes were investi-
gated.!! Afterwards, a number of theoretical studies
were applied to investigate the potential energy sur-
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face of Li* - - - CO complex using SCF,'? HF and MP2
calculations. ' Briefly, these calculations showed the
existence of two minima and one transition state. In
addition, the Li* ion is preferred to bind with C-atomic
site rather than O-atomic site in a linear configuration.

In the nineties, the alkali ion carbonyl complexes have
been revisited experimentally in detail. The sequential
bond dissociation energies of the Li*-(CO), (n=1-3)
complexes were determined by means of guided ion
beam mass spectrometry and these complexes followed
a specific trend.'®* The adsorption of CO molecules
on a series of Li-EMT zeolite at 85 K has been invoked
using FTIR spectroscopy. ' These results showed that
the linear structures of Li* — CO complex exhibit
two CO vibration frequencies,vc—p, at 2183 cm™! and
2140 cm™'. In addition, a peak at ve—y of 2166 cm™!
was attributed to Li*-(CO), complex. Recently, the
adsorption of CO on Li-exchanged zeolites (Li-ZSM-
5) were examined using variable temperature infrared
spectroscopy (VTIR) accompanied by DFT calcula-
tions.® This study was applied to calculate the ther-
modynamic quantities, AH and AS, of the adsorption
process and show the consistency of the VTIR mea-
surements with the reported calorimetric results of the
Li* ... CO complexation. The interaction energy of Li*
ion with CO molecule was calculated on the basis of
B3LYP/VDZP method. In these calculations, different
embedding cluster models of cationic zeolite sites were
used.
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It is worth mentioning that none of these theoreti-
cal calculations deal with the potential energy surface
(PES) and the binding energy of more than a single CO
molecule bonded to Li* ion. Therefore, the aim of the
present study is to construct and determine the PES,
structures of Li*-(CO),_; complexes and explain the
variation in the sequential bond energies of these com-
plexes.

2. Computational details

The geometries of all the complexes included in this study
are fully optimized at the CCSD and MP2 levels of theories
using the Gaussian 03 program.'® These calculations were
performed using different types of polarization and diffused
basis sets such as 6-31+G(d) and 6-311+G(d). These kinds
of basis sets are appropriate to construct the potential energy
surface and to optimize the geometries of the Lit-(CO);_3
complexes.

On the potential energy surface, all stationary points,
minima or transition states, have been confirmed using
intrinsic reaction coordinate (IRC) method by calculating
harmonic vibrational frequencies of the titled Li*T-(CO);_3
complexes. '”-'® Furthermore, the electronic and zero point
energy (ZPE) for each stationary point were calculated at
T =298 K. The binding energy was calculated from the differ-
ence between the total electronic energy, corrected for finite
temperature, of the complex minus the electronic energies of
the un-complexed Li* ion and CO molecule. The calculated
binding energy was then corrected for basis set superposition
error (BSSE) using the full counterpoise method. 20

The successive sequential bond dissociation energies of
the LiT-(CO), complexes were calculated at different orien-
tations for the global minima states according to the following
equation:

Lit.(CO), — Lit-(CO),_;+CO

(n: 1,2 and 3)

To explain and understand the experimental trend of the
sequential bond dissociation energies, the Li™ - - - CO bond
order (BO), natural electronic configurations and the atomic
charge distributions of the Li*-(CO), complex for different
structures were calculated, according to the NBO analysis.
The calculated charge distribution spread over an atom was
treated as a point charge located at that atom in the complex as
applied elsewhere.?!~2* Using these point charges, the elec-
trostatic contribution, E,j..., to the bond dissociation energy
of the Li*-(CO), complex was calculated as a pair-wise sum
of point charges placed at each atomic site of CO and Li™ ion
using the following formula,

3
qLi qc q0
- + (D
dmeon ; (VLic VLio),,

where, n is the number of CO molecules in the complex, gy,
gc and go are their point charges located on Li™, C and O

Eelec. =
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sites, respectively. rz;—c/o is the distance between the Lit
ion and atomic C/O in the complex. g, is the permittivity of
the vacuum.

3. Results and Discussion
3.1 Li*-CO complex

The intrinsic reaction coordinate of the Li*-CO complex
(!x*), performed at the MP2 level of theory, showed
the existence of one transition (T-shaped) and two min-
ima (linear structure, in which the Li* ion interacts
with each end of the CO molecule) states, as shown
in Figure 1. The optimized geometrical parameters of
the Li*-CO complexes are given in Table 1. For the
CCSD and MP2 methods, the results of the calcu-
lated parameters are consistent and in good agreement.
The global minimum is formed when the Li* ion is
directly bonded to the C-atomic site at a distance of
riice) = 2.236A and rc_o = 1.132A [calculated
on the basis of the CCSD/6-31+G(d)], which agreed
well with many reported results of theoretical calcula-
tions that yielded similar geometrical parameters (see
Table 1).'>13 Our best value, the closest to experimen-
tal findings, of the CO bond length agreed well with
the bond length of free CO molecule.?* The other local
minimum is formed when the Li* ion is directly bonded
with O-atomic site at a distance of rqi_o) = 1.978 A
and rc_o = 1.143 A [calculated on the basis of the
CCSD/6-311+G(d)], which is slightly longer than that
of the free CO bond length. The frequency calcula-
tions of the Li*-CO complex, for its minima structures,
show that the best values exist at 2313 cm™! (Li*—
CO) and 2130 cm™" (Li*—OC) and in good agreement
with 2532 cm™' that was measured experimentally for
Li*—CO complex in gas phase.'* Furthermore, these
results, calculated using the CCSD/6-311+G(d) method,
agree well with the experimental values of 2183 cm™!
and 2140 cm™! for Li"-CO complex.!® The T-shaped
structure of the complex is found to be a transi-
tion state and its structural parameters are shown in
Table 1.

The binding energy values were calculated, includ-
ing zero-point energy (ZPE) and BSSE correction, for
the local and global minima structures at the levels
of CCSD and MP2 using 6-311+G(d) basis set func-
tion. These results are listed in Table 2. Interestingly,
the CCSD and MP2 calculations of the binding energy
are close to each other, indicating that these results are
consistent for Li"-CO complex. Our best value for the
binding energy of the linear structure, Li* — CO, was
calculated and found to be 13.7 kcal mol~', which is
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The IRC schematic diagram represents the potential energy surface of

Li*-CO adducts calculated on the basis of MP2/6-311+G(d) method.

Table 1. Geometrical parameters of the Li*-CO complex?® for different configurations.
Geometry Method Basis set rc-0) ILi—C) I(Li—0) 0 9)°
Linear LiT-CO CCSD  6-31+G(d) 1.132 2236 - 180.0 —
6-311+G(d) 1.121 2206 - 180.0 -
Free CO 6-311+G(d) 1.131 - - - -
MP2 6-31+G(d) 1.143 2229 - 180.0 -
6-311+G(d) 1.132 2200 - 180.0 -
Free CO 6-311+G(d) 1.140 - - - -
SCF¢ Huzinaga basis set 1.128 2.272 - 180.0 -
HF¢ 6-21G 1.129 2213 - 180.0 —
Linear LiT-OC CCSD  6-31+G(d) 1.154 - 1982 - 180.0
6-311+G(d) 1.143 - 1978 - 180.0
MP2 6-31+G(d) 1.159 - 2013 - 180.0
6-311+G(d) 1.149 - 2.008 - 180.0
Linear Lit-OC SCF®  Huzinaga basis set 1.128 — 1.903 - 180.0
Linear LiT-OC HF® 6-21G 1.129 - 1.836 - 180.0
T-shaped TS CCSD  6-31+G(d) 1.143 2566 - 82.1 -
6-311+G(d) 1.132 2511 - 809 -
MP2 6-31+G(d) 1.154 2591 - 710 -
6-311+G(d) 1.143 2543 - 757 -
T-shaped TS SCF!  Huzinaga basis set 1.128 2.801 — 75.0 -

aAll the bond lengths are in A, and the bond angles are in degrees. °/ Li-C1-O2 bond
angle. ©/ Li-O2-C1 bond angle.9Taken from ref. . ®Taken from ref. '3,

in an excellent agreement with the experimental value,
13.2 + 3.1 kcal mol™!, that was measured using ion
beam mass spectrometer technique. !4

Table 2 reports that our calculations agreed well with
previous SCF and HF results calculated by Steammler, 12
and Del Bene et al.'® The binding energy of the local
minimum structure, Li* — OC, is less than that of the
global minimum by ~ 3.0 kcal mol™'(on the basis of
CCSD results) and 5.0 kcal mol™' (on the basis of MP2
results). These results agree well with a binding energy

of 11.7 kcal mol™" that was calculated for the local min-
imum using HF/6-31G* method (see Table 2).!*

The natural bond orbital (NBO) analysis of the atomic
charge distribution of the Li*-CO complexes show that
Li" ion still retains most of its positive charge in linear
and T-shaped structures (see Figure 2). These results
confirm the electrostatic nature of the bonding inter-
actions in these complexes. For CO molecule, the C
atom will gain electrons from o¢_g bond and at the same
time it will lose the electron lone pair on C atom to the
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Table 2. Binding energy (BE) and BSSE values for the Li*-(CO);_3 complexes, at the

levels of CCSD and MP2 methods.

Structure Symmetry Method Basis set BE BSSE
Linear LiT-CO Coov CCSD  6-311+G(d) 13.7 0.57
MP2 6-311+G(d) 15.1 0.53
Expt? - 132+3.1 -
SCF® Huzinaga basis set  14.3 -
HF¢ 6-31G* 17.4 -
Linear Li™-OC Coov CCSD  6-311+G(d) 10.7 0.96
MP2 6-311+G(d) 9.8 0.87
HF¢ 6-31G* 11.5 -
LiT—(CO); (A) Doopy CCSD  6-311+G(d) 26.4 1.50
MP2 6-311+G(d) 28.3 1.42
LiT—(CO)OC) B)  Coop CCSD  6-311+G(d) 23.5 2.00
MP2 6-311+G(d) 22.8 1.85
LiT—(0C); (C) Doon CCSD  6-311+G(d) 20.4 2.50
MP2 6-311+G(d) 17.3 2.60
LiT—(CO)3 (D) D3y, CCSD  6-311+G(d) 353 2.27
MP2 6-311+G(d) 37.8 2.15
LiT—(CO),(0C) (E) Cy, CCSD  6-311+G(d) 33.8 2.68
MP2 6-311+G(d) 34.9 2.49
LiT—(CO)(OC), (F) Cy, CCSD  6-311+G(d) 31.6 3.15
MP2 6-311+G(d) 29.1 297
LiT—(0C)3 (G) D3y, CCSD  6-311+G(d) 28.5 3.64
MP2 6-311+G(d) 25.3 3.36

The units are in kcal mol~!
aTaken from ref. 1°

bTaken from ref. 2

¢ Taken from ref. 13.

7Tc_o bond, C atom will loose more than it gains. This
creates a net positive charge on C and a net negative
charge on O at equilibrium as predicted elsewhere.?
On the other hand, the electrostatic potential (EP) map
shows that both C and O ends have negative electro-
static potential with O site exhibiting more negative EP
(see Figure 2b). In the proximity of C/O nuclei, a posi-
tive EP is observed and C atomic site has larger positive
EP. This behavior is attributed to the short CO bond
length which pushes the electron population of triple
bond outside the C and O nuclei. This intriguing EP
of CO molecule was recently studied in detail and our
results agreed well with previous MP2 calculations find-
ings.?¢

Compared to atomic charges of naked molecular CO,
it was found that the non-bonding and bonding electrons
of CO moiety, in global minimum, are highly polar-
ized. The positive charge of the carbon atom nearest
to Li* ion is decreased by 0.122, whereas the nega-
tive charge of the oxygen atom, the farthest from Li*
ion, is also reduced by 0.166. This confirms a migra-
tion of electronic charge from oxygen to carbon in
CO moiety as a result of attraction forces with Li*
ion. For the local minimum structure, Li* — OC, the

situation is completely reversed where a migration of
electrons from carbon atom, the farthest from Li% ion,
to oxygen atom, the closest to Li* ion, occurred as a
result of attractive forces between them. It is worthy
to mention here that CO bond in Li*—OC is length-
ened by ~0.015A as a result of migration of the
electrons from non-bonding orbitals to anti-bonding
orbitals, 77, and o5, and hence increases the bond
length. This kind of behavior is consistent with the
results of HF/6-31G* calculation of Li*-CO complex
and recent theoretical results of the Cu*.CO com-
plex.?

3.2 The Lit-(CO), and Li*-(CO); complexes

The geometries of Li*-(CO), and Li"-(CO); complexes,
in ground state of PES, were optimized and the results
are shown in Figures 3 and 4, respectively. The IRC test
accompanied with frequency calculations show that the
Li*-(CO), complex has three minima of linear configu-
rations and two transition states of T-shaped structures,
as presented in Figure 5. The global minimum, struc-
ture A, is formed when the Li* ion is bonded with each
carbon atomic site located on the two CO molecules,
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(a) NBO analysis of the atomic charge distributions of free CO molecule and

LiT- CO complex for different configurations obtained on the basis of the CCSD/ 6-311+
G(d) method. (b) The electrostatic potential map of CO molecule calculated on the basis of

CCSD/6-311+G(d) method.

whereas the other two local minima exhibit the same
configuration. The first one, structure B, is formed when
the Li* ion is bonded with C and O sites located on two
different CO molecules. The second one, structure C, is
obtained when the Li* ion is bonded directly with two
O atomic sites on two CO molecules. These structures
are listed in Figure 3.

Figure 6 presents the IRC results of the potential
energy surface of the Li*-(CO); complex. The results
of CCSD and MP2 calculations show the existence of
four minima and three transition state structures. The
global minimum, structure D, is formed when the Li*
ion is directly bonded with each C-atomic site of three

CO molecules in a trigonal planar structure (see Fig-
ure 4). For the other three local minima, the Li* ion
was bonded with C and O atomic sites of different
CO molecules in a trigonal planar geometry (E and
G structures, see Figure 4). For structure F, the Li*
ion is bonded with two oxygens and single carbon
atomic sites placed on three different CO molecules
which yielded a trigonal planar of C,, symmetry. In
addition, Figure 4 shows that the Li*-(CO); complex
exhibits a Y-shaped structure for the three transition
states.

The binding energy of the carbonyl lithium ion com-
plexes, in which the Li* ion bonded with two to three
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Figure 3. The optimized structures for the minima and transition states of the
Li™-(CO), complex that were obtained on the basis of the CCSD/6-311+G(d) method.
The MP2/6-311+G(d) results are listed in brackets.

CO ligands, has been calculated and listed in Table 2.
These calculations indicate a strong tendency for C-
atomic site of CO molecule to bind with Li* ion.
Obviously, the binding energy of these complexes at dif-
ferent configurations increases linearly with the number
of carbon atomic sites bonded to Li* ion. As shown in
Table 2, the binding energy values calculated on the
basis of the MP2 and CCSD methods are consistent
with slight variation in the binding energy values of
~ 2.6 kcal mol™! for structures D and G. However, the
results still agreed well with each other and yielded the
same trend.

3.3 Sequential bond energies of Li*-(CO), (n: 1-3)

The sequential bond dissociation energies (BDEs) of
Lit-(CO), Li*-(CO), and Li"-(CO); at their global

minimum configurations were calculated at the CCSD
and MP2 levels of theories. These results are listed in
Table 3. These calculations show that the BDEs fol-
low the ordering, Li"-CO > Li*-(CO), > Li*-(CO);.
This is consistent with the LiT — C bond order (BO)
values where the mono ligated complex exhibits the
largest BO value and hence it has the strongest Li*—
CO interaction (see Figure 7). These results agree
very well with the experimental findings.'*'* Table 3
shows that the CCSD values of BDEs are better than
those obtained by MP2 methods and closer to the
experimental findings. However, the best value of the
calculated BDE for the Li"-(CO), structure is still
larger than the upper limit of the experimental value
by 2.8 kcal mol .

To clarify the trend of the sequential bond dissociation
energies that was observed experimentally, the NBO
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Table 3. Sequential bond dissociation energies (BDE) of the global minimum
structures of the Li™-(CO), complexes (n: 1-3), calculated at the levels of the

CCSD and MP2 methods. The units are in kcal mol .

Structure Method Basis set BDE BSSE

The Li™-CO complex

Linear Lit—CO CCSD 6-311+G(d) 13.7 0.57
MP2 6-311+G(d) 15.1 0.53
Expt.2 - 1324+31 -

The Li*-(CO),complex

Linear (CO)-LiT—CO CCSD 6-311+G(d) 12.4 1.15
MP2 6-311+G(d) 13.5 1.10
Expt.2 — 8.6+1.0

The Li™-(CO);complex

Trigonal planar (CO), - LiT-CO CCSD 6-311+G(d) 9.1 1.07
MP2 6-311+G(d) 10.0 1.03
Expt.2 — 83+1.0 -

aTgaken from ref. 19,

analysis of atomic charge distributions of Li*-(CO),_;
for the global minima configurations were calculated on
the basis of the CCSD/6-311+G(d) method and listed in

Figure 7. The geometrical parameters with their atomic
charges were used to calculate the electrostatic energy
contribution to the bond dissociation energy using equa-
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tion (1). These results are presented in Table 4. The
values of the electrostatic energy were found to follow
the same trend as those obtained for the BDESs, in which

Table 4. The electrostatic contribution, E.jec., tO
the bond dissociation energies of the CO complexes,
LiT-(CO), (n=1-3), in gas phase, calculated on the
basis of the CCSD/6-311+G(d) method.

Structure E tec. (kcal mol™))
Linear Lit-CO —67.15
Linear Lit-(CO), —66.83
Trigonal planar Lit-(CO); ~ —49.95

the electrostatic energy is decreased with the number
of CO molecules, as a result of decreasing the charge
on the Li* and the closest carbon atomic site of the CO
molecule to the ion (Figure 7). This will reduce the inter-
action forces within these complexes, mainly in terms
of electrostatic energy. In addition, the NBO analysis of
electronic configuration of these complexes were deter-
mined and listed in Table 5. These results show that the
electronic population migrates from oxygen to carbon
atom within CO accompanied with electronic charge
transfer from CO molecule toward the Li* ion, partic-
ularly in di- and tri-ligated complexes. This is reflected
in decreasing of the Li cationic charge and the obtained
BDEs trend.

Table 5. Results of NBO analysis of the natural electronic configuration of the global minima
structures of the Li™-(CO), complexes (n: 1-3), calculated at the level of the CCSD/6-311+G(d)

method.
Complex Natural electronic configuration

Li C (0]
CcoO - [core] 25101 2p174  [core] s1-73 2p*34
Linear Lit-CO [core] s9-02 3 po.oz [core] 25151 2pl'96 [core] 25171 2p4'70
Linear Lit-(CO), [core] 25010 3 po.os [core] 25149 2 171'93 [core] 25171 2 174'71
Trigonal planar Lit-(CO)3 [core] 25020 3 po'22 [core] 25140 2p1'90 [core] 25171 2p4'72
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4. Conclusions

In this work, a computational study of lithium ion car-
bonyl complexes within CCSD and MP2 methods was
performed. For the Li*-(CO) and Li*-(CO), complexes,
a linear structure was obtained for the global and local
minima, whereas a T-shaped structure was adopted for
all transition states. For the Li*-(CO)s, trigonal pla-
nar geometry were obtained for the global minimum,
structure D with a D3, symmetry, and C;, and D3;, sym-
metries for all other local minima structures E, F and G.
In addition, all transition states of the tri-ligated com-
plex adopted Y-shaped structure. The agreement of the
calculated BDEs according to eq. (1) and the reported
experimental data as well as other theoretical calcula-
tions is excellent for these Li ion complexes.

The sequential bond dissociation energies (BDE) of
the lithium ion carbonyl complexes show a specific trend
where the mono ligated complex has the strongest BDE.
This trend is highly dependent on the electrostatic inter-
action energy in these complexes.
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