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Non-empirical calculations with Gaussian functions have been performed for several ccnfigurations

of protonated carbon monoxide.

The stablest configuration of protonated CO appears to be a linear [HCO)]* structure. The CO dis-
tance in this structure is- 0.02 A smaller than in CO itself and the energy of the system is 152 kecal/mole

below the CO-energy.

1. INTRODUCTION

Protonation of aldehydes, keivnes, and car-
boxylic acids has been studied, both experimen-
tally [1-4] and theoretically [5]. However, little
is known sbout protonated species of carbon mo-
noxide.

-COH* may be formed in ion-molecule reac-
tions as is, ior instance, describ2d by Heng-
lein [€] for the reaction

CO" + Hg— COH™ + ix .

The occurrence of HCO* in hydrocarbon flames
is discussed by Calcote and Jense:: [7] and by
Pritchard and Harrison [8].

In this work we describe a theoretical study
of the protonation of CO. We investigated the
following two problems:

1) the geometry of protonated CO

2) the stability of protonated CO.

Since there are no experimental data on the ge-
ometry and stability of protonated CQ, theoreti-
cal calculations are at this moment the only
means to obtain information concerning these
topics.

2. METHOD OF CALCULATION

The method used in this work is the single
configurational LCAO Hartree Fock MO-SCF
approach, which is extensively described in the
literature [9]. The one-electron molecular or-
bitals are defined by
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Yi= %7 cijgj

where the basis functions aj are the Gaussian
functions centered on the various atoms of the
system. The molecular orbital coefficients ¢j;
were determined by minimalization of the total
energy of the molecule or ion. These molecular
calculations were performed with a slightly
modified version of the IBMOL program [10].
All calculations were performed on a CDC 3200.
Because of the limitations of this computer, we
were forced to limit the size of the basis set
considerably. We have experimented with var-
ious sorts of Gaussian basis sets, among others
a basis set that was obtained from atomic Har-
tree Fock calculations [11], a basis set accord-
ing to Huzinaga's method {12], and a basis set
consisting of Gaussian orbitals that give maxi-
mum overlap with the corresponding atomic
Hartree Fock Slater functions.

Our final choice of the basis set (given in ta-
ble 1) is a combination of 'Huzinaga' functions
and 'overlap' functions. The 1s-orbitals are
represented by 'Huzinaga' functions, since they
give a lower energy than 'overlap' functions.
Both types of functions give about the same en-
ergy for 2s- and 2p-orbitals, but our calcula-
tions showed the 'overlap’ functions to be pref-
erable because they give a better description of
bonding effects (see also ref. [13]).
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Table 1
Atomic basis functions (G(®) =N exp(-ar2)).
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Orbital Function

C(1s) 0.50907 G(3.9683) + 0.47449 G(14.602) +
+ 0.134 24 G(64.787) + 0.019 06 G(426.967T)

C(2s) G(0.1272)
C(2s") G(0.3345)
C(2p) G(0.2628)
C(2p") G(1.0622)

O(ls) 0.509 07 G(7.2317) + 0.47449 G(26.610) +
+ 0.134 24 G(118.067)+ 0,019 06 G(783.564)

o(2s) G(0.2480)
O(2s") G(0.6521)
C(2p) G(0.5300)
o(2p") G(2.1422)
H(ls) G(0.2015)
H(ls'") G(1.3325)

3. RESULTS OF THE CALCULATION

For the calculations on protonated CO we
considered the following possibilities:

1) The proton is situated on the carbon side of
the molecular axis of CO (linear HCO*)

2) The proton is situated on the oxygen side of
the molecular axis of CO (linear COHY)

3) A number of non-linear configurations.

It turned out that the non-linear configurations

were higher in energy than the linear ones. We

therefore will first discuss the results for the

linear systems and shall revert to the non-linear

case later in this section.

In table 2 we have collected the internuclear
distances, stretching force constants, Mulliken
overlap populatiens and gross atomic charges
for the linear systems. The total energy was
computed as a function of the internuclear (lis-

Table 2
Interatomic distances, stretching force constants,
overlap populations and gross atomic charges.

SYs= A_B Ras  faB pap 9c 90 9H
- ., baB 4c 40
tem () (mdyne/A)

coO c-0 1.15 23.8 0.38 0.03 -0.03 -
c-0 1.13 26.2 0.48

+ 0.33 0.22 0.45
HCO" g o 111 58  0.32
c-0 1.i8  20.0  0.38 .06 0.52
COH' Gy 1.00 7.8 0,24 0-5% ~0.06 0.
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tance. Around the equilibrium distance R (the
distance with minimal total energy), the en.rgy
can be approximated by

E = Eg + 3K(R - Re)?

where K is equal to the stretching force constant

for this bond [14].

For the CO molecule the computed internu-
clear distance of 1.15 A is a litfle longer than
the experimental C-O distance (1.13 A {15}]).
Furthermore, the computed stre:ching fcrce
constant (23.8 mdyne/A) is somewhat high (ex-
perimental value is 18.5 mdyne/A [16]).

In HCO* with the proton attached to the car-
bon, we found the C-O distance to be 0.02 A
smaller than in CO; in COH* with the proton on_
oxygen, the C-O distance was found to be 0.03 A
larger than in CO. This indicates a strengthen-
ing of the C-O bond in HCO* and a weakening of
that bond in COH+. The same conclusions can be
drawn from the values of the stretching force
constants of the C-O bond (23.8 mdyne/A in CO,
26.2 in HCO* and 26.0 in COH* respectively).

The C-H distance in HCO* (1.11 A) and the
O-Y distance in COH* (1.00 A) seem rather
normal. They are somewhat longer than the C-H
and O-H distances in methanol (1.09 and 0.96 A
respectively {13]).

The total energies and the energies of proto-
nation are shown in table 3. The difference in
the computed total energy between HCO* or
COH' and CO arises from iwo effects:

a) The addition of the proton with a nuclear
charge of +1 will lower the energy;

b) The addition of two basis functions of the hy-
drogen gives an extension of the basis set of
CO and this oo may lower the total energy.

Only the first effect has a physical meaning and

represents the energy of protonation. We there-

fore have to eliminate the second effect.

The effect b) can be computed by adding the
two hydrogen basis functions to the CO hasis
without adding the proton. The extension of the
CO basis obtained in this way gave, witk our
choice of basis set, only a slightly lower total
energy, i.e., 0.002 a.u. lower when the functions

Table 3
Total energy of the systems, energy correction and
energy of protonation, in atomic units.

Svst Total Energy Protonation
ystem energy correction energy
CcoO -111.858 - -
HCO* -112.103 0.002 0.243
COH* -112.059 0.01L 0.190
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Table 4
Atomic orbital occupation numbers.

System C(s) O(s) H(s) C(po) O{po) C(pm) Ofpm)

CC 3.89 3.94 - 0,86 1,31 0.61 1.39
HCO'Y 3.24 3.98 0.55 1.02 1,22 0.71 1.29
COH' 3,90 3.60 0.48 0.71 1.30 0.42 1.58

were added at the carbon side of CO and 0.011
a.u. lower when they were added at the oxygen
side. After correction for the effect b} we find for
HCO' AE, = 0.243 a.u. = 152 kcal/mole and for
COH* AEp = 0.190 a.u. = 119 kcal/mole. This
means that linear HCO? is more stable than lin-
ear COH* by 33 kcal/mole.

The change in the charge distribution on pro-
tonation is remarkable. Gross atomic charges,
calculated from the orbital populations on the
atoms, are given in table 2. In table 4 atomic
orbital populations are represented for each or-
bital separately. Table 4 shows that in HCO*
both the o-electrons and the w-electrons shift
towards the incoming proton, thus making the
oxygen more posilive. In CJHWY this effect is
even stronger. The shift of the o-electrons to-
wards the hydrogen and the shift of the n-elec-
trons from carbon towards oxygen now make the
carbon atom positive and the oxygen atom even
more negative than before protonation.

Calculations on non-linear systems show the
following:

1) The energy of the non-iinear situations with
the proton on the carbon or oxygen side of the
CO molecule is given in fig. 1 as a function
of the angle of the CH or OH bond with the CO
axis. This figure shows that in HCO* the lin-
ear configuration is lowest in energy and that
non-linear forms are rather high. In COH*
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the energy difference between linear and non-
linear forms is much smaller, but the linear
configuration still remains lowest.

2) When the proton approaches along a line per-
pendicular to the CO n-bond, an energy-mini-
mum is found at a distance of 1.0 A from the
center of the w-bond. In that case the proto-
nation energy is approximately 70 kecal/mole.
However, this is not a real energy-minimum
since the energy of the system decreases
when the proton moves along a line parallel to
the CC axis.

4. DISCUSSION

The results described in the previous section
indicate that HCO* is the stablest protonated
species of CO. Especially the interaction of the
proton with the 7-electrons of CO seems to be
responsible for the stability of HCO+. Calcula-
tions on CO show that the 7-bond in this mole-
cule is polarized, i.e., the w-orbital occupation
number on oxygen (1.39) is higher than on car-
bon (0.61) (see table 4).

In HCO* the w-electrons shift Inwards the
carbon, making the 7-orbital occupation number
on oxygen lower (1.29) and on carbon higher
(0.71). This results in a stronger bond between
carbon and oxygen, which is also confirmed by a
smaller C-O distance and a higher value of the
stretching force constant,

In COH* the w-electrons shift in the other di-
rection, resulting in m-orbital occupation num-
bers of 1.58 for oxygen and 0.42 for carbon.
Therefore, the CO bond in COH' ;s weaker, the
C -0 distance larger and the value of the stretch-
ing force constant smaller.

Although the computed C-O distance in carbon
monoxide is longer than the experimental value
and the computed stretching force constant dif-
fers frora the experimental stretching force con-
stant, we expect that the computed changes in
distances and stretching force constants on pro-
tonation of CO give reliable information on the
nature of the protonated system.

The total energy of CO obtained in this calcu-~
lation is not very good (-111.858 a.u. to be com-
pared with Ransil [17]: -112.344 a.u.). We feel,
however, that bonding properties can be proper-
1y described using the basis of table 1 [13].

Using well known thermochemical data for CO
and H+* and the heat of formation for HCO* given
by Pritchard and Harrison [8], the energy of
protonation of CO is calculated to be approxi-
mately 133 kcal/mole. The energy of protonation
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obtained from this non-empirical calculation
(152 kcal/mol °) agrees reasonably well with the
thermochemical value. Furthermore, the energy
is much lower than the energy of protonation of
aldehydes (~ 190-200 kcal/mole) [5]. This may
explain why until now the protonation of CO by
strong acids has not been observed [2].
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