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Introduction

T he appearance of bicarbonyl (CO)Na(CO)
species with opposite CO- or OC- attachment
was recently proposed through the interpretations
of the vibrational frequencies of CO adsorbed in dif-
ferent cationic forms of the FER and ETS-10 zeolite
frameworks [1, 2]. Similarly, for 15N, /CO mixtures
adsorbed in NaY, the band at 2167 cm™! was as-
signed to an analogous (**N,)Na(CO) carbonyl com-
plex [3].

Alkali metal carbonyl (AMCs) cations are impor-
tant models for the understanding of such compli-
cated processes. They indeed can provide instruc-
tive explanations for the adsorption of simple gases,
for which the main energetic aspects of adsorption
can be explained at the level of isolated Me™'-XY
pairs, where Me is a transition or an alkali metal
atom, and XY = CO or NO [4-6]. Despite the fact
that bicarbonyls as well as mixed AMCs are of rela-
tively small size and thus could be easily considered
with high-level computations [4-6], no systematic
study of the opposite CO and OC attachment has, to
our knowledge, been performed so far. Still, theoret-
ical analyses of the variation of the lower frequency
modes can indeed help in the assignment of the ob-
served satellites in their spectra.

Another advantage of the AMCs is that they
present analogous models to the transition metal
carbonyls (TMCs) but wherein the Me—CO bond-
ing is not supplied by = backdonation [7]. As we
have recently shown, the decrease of the interaction
energy (IE) between Me(CO),,_1L and CO (v > 6),
with Me = V, Ti, or Cr, and L = CN or Cl, in
the excited vibrational v states of CO is compara-
ble to the experimental CO dissociation energy from
the excited electronic states of Me(CO),L*7 while
g=0and 1, and n > 1 [8]. This correlation allowed
us to suggest the “electrostatic” nature for the CO
dissociation from Me(CO),,L*1 complexes in excited
electronic states. Such interpretation is related to the
charge distribution analysis [9, 10] of the atoms of
the carbonyl complex. Provided that the coupling
between the electronic excitation of the TMCs and
the vibrational excitation of CO (in axial position in
multicarbonyls) is strong enough, the occupation of
the high vibrational states of CO should lead to a
strong variation of the electron density distribution
as compared to the ground state and to the elimi-
nation of CO owing to repulsive (CO),—1LMe-CO
interactions [8]. In relation, the case of the AMCs al-
lows an easy illustration for such types of carbonyl

reactions owing to a larger charge on the metal atom
as compared to within the TMCs.

In this work, we particularly tackle the CO elim-
ination phenomenon in AMCs. The geometries of
the AMC complexes were studied with respect to
the number of CO molecules and cation type. In the
next part, we explain the model adopted to evaluate
the stability of the carbonyls in their excited states
with respect to CO dissociation. In the results part,
we discuss their stability and then compared the be-
havior of CO in the monocarbonyl K(CO)* cation to
the one of NO in K(NO)*, wherein NO changes its
dipole sign at larger internuclear distances (p). The
last part of the results is devoted to the stability of
sodium bicarbonyls found to adsorb in several zeo-
lites.

Computational Details

The geometries of the Me(XO),,* complexes, with
Me = Li, Na, K, or Rb and X = C or N, were fully
optimized at the density functional theory (DFT)
and the second-order Mpgller-Plesset (MP2) lev-
els of theory using the GAUSSIANO9S [11] and
GAMESS [12] codes, respectively. The cc-pVTZ ba-
sis set was used on all C, N, O, and Cl atoms, and the
6-311G** basis on the Me atoms. The consideration
of electron correlation as well as a high-quality basis
set was necessary to provide an accurate description
of the behavior of the CO dipole moment with its
internuclear distance p (Table I). Doing so, a small
advantage of most DFT functionals as compared to
MP2 was noted while applying the cc-pVTZ basis
set. The slope of the CO dipole versus its internu-
clear distance is indeed relatively underestimated
with MP2 while it is only slightly overestimated
with the B3P86 functional as compared to the ex-
perimental slope [8]. Hence, DFT and MP2 methods
lead to values that could be considered as upper
and lower bounds for the CO dipole moment, re-
spectively. The optimized carbonyl geometries were
then used for single-point computations at fixed
Me-CO distance in the various vibrational excited
states. For NO, one can observe a close coincidence
between the experimental and calculated dipoles,
frequencies, and geometries.

We hypothesize that, owing to a strong electron-
ic-vibrational (vibronic) coupling, the geometry of
all Me(XO),,* complexes in their excited electronic
states relaxes quickly to one of the ground states
with the exception of one XO ligand. That is why
the stability of the “relaxed” complexes should be
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TABLE |

STABILITY OF ALKALI METAL COMPLEXES

Properties of the XO molecule, X = C or N, optimized with different basis sets: X-O equilibrium distance pe (A),
dipole moment x (1 a.u. = 1 eag), Mulliken atomic charge q(X) = —q(O) (1 a.u. = 1 e), and harmonic vibrational

frequency we (cm—1).

Basis set Method De n —q(X) we?
co
cc-pVTZ BHandHLYP 1.1134 0.0098 0.003 2258
B3PW91 1.1260 0.0582 0.019 2156
B3P86 1.1253 0.0540 0.019 2160
MP2 1.1380 0.1154 0.076 2125
[6s4p4d2f]P BHandHLYP 1.1183 —0.0113 0.163 2259
B3PW91 1.1312 0.0379 0.254 2154
B3P86 1.1306 0.0346 0.257 2159
MP2 1.1387 0.1108 1.193 2124
Experiment 1.13¢ 0.04814 — 2170°
NO
cc-pVTZ B3PWO1 1.1435 0.0495 0.0014 1945
B3P86 1.1429 0.0488 0.0005 1948
Experiment 1.149° 0.0622¢ — 1904°¢

@Harmonic DFT frequencies are scaled by 0.9716 as in Ref. [13]; no scaling for MP2.

b Basis set from Ref. [14].
CRef. [15].
dRef. [16].
©Ref. [17].

determined with respect to the energy of the ground
state. As a measure of the stability, the energy varia-
tion of the interaction energy between Me(XO),_1*
and XO in the vibrational excited states of the XO
molecule was calculated as:

AU = u(pv) - U(IOO)I (1)

where U(pp) is the total energy of the Me(XO), ™
carbonyl complex with all XO molecules in the
ground state and U(p,) is the total energy of
Me(XO),_1(XO*)™ with one XO molecule in the ex-
cited vibrational v state, p, corresponding to the
average XO internuclear distance at the v state. In
this work, we admitted that py = pe, pe being the
equilibrium XO distance, because the small correc-
tion U(pp) — U(p.) would require a huge effort of
evaluation for the anharmonicities of each complex.

To evaluate the energy variation (1) in the case of
the XO complexes, one should thus be precise about
the excited vibrational v state. This correct estima-
tion requires the calculation of p, for each particular
carbonyl complex considering the perturbed poten-
tial curve of isolated CO vibration in the complex.
For simplicity, a unique conventional value of p, =
1.27 A (2.40 a.u.) was accepted as the average dis-
tance for the XO excited state for all complexes.

This p, value corresponds nearly to the v = 17
state for the independent one-dimensional CO vi-
bration and only to the v = 13 state for NO in the
gas state on the basis of anharmonicity parameters
taken from Ref. [18]. With the energy estimations us-
ing the LEVELS code [19] (Table II), one can evaluate
that the respective excitation energies are located
in the ultraviolet (UV) and visible regions for CO
(32883.2 cm 1) and NO (21811.6 cm™!), respectively.
The distance p, = 1.27 A could correspond to a
lower v state than 17 and 13, respectively, if a “blue”
band shift is observed for the XO vibration as it is
usually observed in the AMCs (Table III). The fi-
nal vibrational state of the XO molecule owing to
the coupling in any excited electronic state of the
complex will depend on the energy of the electronic
excite state with respect to the energies of the vibra-
tional states of the XO molecule. The p, = 1.27 A
approximation allows to evaluate qualitatively the
stability of the complex including the highly ex-
cited XO molecule. A comparison between the AU
values calculated upon such p, and py choice and
the experimental dissociation data [7, 21] for the
CO molecules from the AMCs is made in the fol-
lowing part.
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TABLE Il
Energies of vibrational states v (in cm~" relative to
the potential minimum) of CO and NO molecules in
the gas state.?

State v cO NO
0 1081.82 946.59
1 3225.15 2822.67
2 5341.98 4668.57
3 7432.38 6483.59
4 9496.42 8266.88
5 11534.17 10017.68
6 13545.72 11735.19
7 15531.13 13418.63
8 17490.48 15067.21
13 26899.11 22758.21
14 28703.76 24180.03
15 30482.92 25560.94
16 32236.66 26900.01
17 33965.06 28196.22
18 35668.22 29448.62
19 37346.22 30656.05
20 38999.14 31817.48
21 40627.08 32931.97
22 42230.11 33997.45
23 43808.32 35013.54
24 45361.78 35978.58

a8From Mattera potential [20] for CO curve and improved
Morse potential [18] for NO curve with LEVELS code [19].

Results

First, we emphasize some computational aspects
of the results presented in Table III. A slight influ-
ence of the LANL2 [11] or SBK [12] effective core
potentials used for the Me atom (also for C and O
with SBK) on the calculated values was observed for
the K(CO),* and Li(CO),* carbonyls, respectively.
The lower energy variation values [Eq. (1)] evalu-
ated with MP2 are in agreement with our previous
calculations for the TMCs [8] as well as with the
behavior of the CO dipole at the MP2 level of com-
putation.

The main results are that the energy variation AU
values [Eq. (1)] are relatively large as compared to
the experimental Me(CO),_17—CO dissociation en-
ergies [7], i.e., between 7.9 kcal /mol for K*—CO and
13.6 for LiT—CO, and between 6.0 kcal/mol for the
Na(CO)*—CO case and 8.4 for Li(CO),"-CO. So, if
any energy of the carbonyl complex in an excited

electronic state could be transferred to the vibra-
tional degree of freedom of the CO molecule, then
CO could dissociate.

To understand if the proposed mechanism of dis-
sociation from the excited electronic states of the
carbonyl complexes could also be valid for other
ligands than CO, we next calculated the respec-
tive variations for NO under the same conditions.
For the cation complexes studied herein, the vari-
ation of the Me and CO charges upon vibrational
excitation is very minor as already shown for the
TMC cations [8], so that the electrostatic repulsion is
mainly determined by the charge-dipole term. The
charge—quadrupole is of minor importance owing to
opposite variations of the Me charge (decrease) and
CO quadrupole moment (increase) upon excitation.
Hence, we evaluated the XO dipole moment p in
all Me(X0O),t complexes from the X and O atomic
Mulliken charges, where X = C or N. In Figure 1,
one can compare the NO dipole dependence ver-
sus the internuclear distance p calculated from the
Mulliken charges with the precise DFT dependence,
which is in agreement with the experimental value
at pe. Even if the dipole calculated on the basis of the
Mulliken atomic charges deviates from the correct
dependence, it reproduces its qualitative behavior,

40000

CO, Mattera
Inversion of the dipole
30000 - sign of CO

Inversion of the dipole

10000 experimental |

™./ calculated

. =S
2.86 3.1

FIGURE 1. Potential energy V, and dipole moment n
(scaled as i« x 60,000 + 20,000 to have a common scale
with V) with respect to the internuclear X-O distance p
in the gas state. CO: Mattera curve [20] (solid line) and
Rydberg-Klein—Rees points (open circles) [19] together
with the dipole dependences calculated at the
SDQ-MP4/[6s4p4d2f] level (short dashed line) [14]
compared to the experimental dipole dependences (o)
(long dashed line) [22] relative to the zero dipole value
(corresponding to the solid line at 20,000 cm~"). NO:
improved Morse curve (dotted-dashed line) [18] and
dipole moment calculated at the BPW91/cc-pVTZ level
(filled triangles) and from respective Mulliken charges
(open triangles).
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TABLE Il

STABILITY OF ALKALI METAL COMPLEXES

Properties of the Me(XO),* cation complexes, where X = C or N, optimized with the

6-311G**(Me)/cc-pVTZ(N,C,0) basis set.?

Complex Method R Pe g(Me) weP AU
Li(CO) B3PW91 2.183 1.115 0.878 2253.7 26.8
Li(CO)» B3PW91 2.203 1.116 0.802 2247.3,2247.4 26.5
Li(CO)o B3P86 2.197 1.115 0.807 2251.1, 2251.2 26.8
Li(CO),° MP2 2.195 1.131 0.646 2178.2,2180.0 19.6
Li(CO)3 B3LYP 2.210 1.117 0.705 2232.6, 2233.5 25.8
Na(CO) B3PW91 2.605 1.117 0.926 2230.6 25.5
Na(CO)» B3PW91 2.621 1.118 0.851 2219.5, 2220.0 254
Na(CO)» B3P86 2.603 1.117 0.850 2232.2,2232.7 25.7
Na(CO), B3LYP 2.593 1.118 0.822 2219.5, 2220.0 25.1¢,24.9
Na(C0),° MP2 2.617 1.132 0.772 2163.9, 2164.7 18.99,19.2
Na(CO)(0OC) B3PWO1 2.640 1.117 0.866 2092.0, 2227.4 —
Na(CO)(Ny) B3PW91 2.612 1.118 0.864 2227.4, 2403.6 —
Na(NO), B3PW91 2.540 1.137 0.907 1787.0, 1974.4 —
K(CO) B3PW91 3.101 1.119 0.971 2212.2 245
K(NO) B3PW91 2.925 1.136 0.966 1995.4 17.6
K(CO)2 B3PW91 3.115 1.120 0.940 2208.5, 2209.4 24.4
K(CO).® B3PW91 3.123 1.120 0.944 2216.7,2217.1 24.4
K(CO),° MP2 3.142 1.134 0.935 2151.7,2152.0 18.3
Rb(CO)® B3PW91 3.417 1.120 0.982 2203.5 241
Rb(CO).® B3PW91 3.429 1.121 0.964 2202.1, 2202.4 24.0
@8R = |Me-X| distance, X-O equilibrium distance ,oe(A), Mulliken atomic charge q(Me) (a.u.), harmonic vibrational frequency

we (cm™1), and energy variation AU (kcal/mol) upon one XO excitation.
b Harmonic DFT frequencies are scaled by 0.9716 [13], no scaling for MP2, lower and higher frequencies correspond to symmetric

and asymmetric vibrations, respectively.
¢ Pseudopotential SBK(Me,C,0) basis set [12].

dThe estimation corresponds to half of the AU value upon the excitation of both CO molecules at the Cy, configuration when the
distance between the CO molecules is large enough to allow us to justify the estimation of the dipole—dipole interaction via multipole

series and to disregard its increase (less than 103 kcal/mol).
€ Pseudopotential LANL2 (Me) basis set [11].

and we can consider the “Mulliken” dipole as a con-
ventional value for comparison between the KCO™*
and KNO™ complexes (Fig. 2).

The dependences of the Mulliken dipole mo-
ment pu versus the internuclear XO distance in the
K*-XO complexes (circles in Fig. 2) are compared
to the known gas state dependence (diamonds) of
CO [14, 22] and NO calculated herein. The dipole
moment of CO in the carbonyls reveals a similar
behavior with the gas state dipole, but has a more
pronounced slope variation and changes its sign at
a larger internuclear CO distance (o around 1.20 A,
2.27 a.u.) as compared to the gas state (around
1.175 A, 2.22 a.u.) and at a shorter p value as com-
pared to the NO ligand (around 1.23 A, 2.32 a.u.).
These different internuclear distances for the change
of sign of the CO and NO dipoles suggest different
degrees of vibrational excitation of the XO molecule

in the excited electronic states of their respective
complexes Me(XO),*. Both the larger experimen-
tal vibrational frequency of CO, i.e., 2170 instead
of 1904 cm™!, as well as the smaller p value where
the dipole inversion takes place, mean that this exci-
tation should occur at essentially lower vibrational
states than for NO.

If one displays the energy variation AU with re-
spect to the XO dipole in the vibrational excited
states (Fig. 3), a sharper energy decrease is em-
phasized for NO, from the left of p = 0 to the
negative values. But the same value for the NO di-
pole moment in the vibrational excited states can
be achieved at much higher vibrational states than
for CO. Owing to the closeness of these upper
vibrational states, the life time of the respective vi-
brational states will probably be very small and the
possibility to populate these vibrational states from
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FIGURE 2. XO dipole moment versus the internuclear
XO distance p in the K-XO* complex, where X = C
(open circles) or N (filled circles). Gas state dipole: CO in
vibrational states v = 0-6 (open diamonds, calculation of
energies and p, with the LEVELS code [19]); NO (filled
diamonds, calculated at the BSPW91/cc-pVTZ level).

the electronic excited ones of same energy could also
be lower.

We already showed that the CO elimination from
the electronically excited TMCs due to a coupling
between the vibrationally excited CO and the elec-
tronically excited states of the complex is possi-
ble [8]. This additional study confirms that the
coupling can also be effective for the electronically
excited states of the AMCs, even if there is, to our

0.09 -

0.07

0.05 -

AU, hr

0.08 -

0.01

~0.01 I 1 . I L 1 I L
-0.28 -0.22 -0.16 -0.10 -0.04 0.02 0.08 0.14 020 0.26

u, au.

FIGURE 3. Variation of the total energy of the K-XOT
complex versus the XO Mulliken dipole value in the
vibrational excited states of XO, where X = C or N.
NO: filled circles, CO: open circles.

knowledge, no data for the latter about such phe-
nomenon, as is well known for the TMCs.

In the future, it is planned to repeat the same
analysis with a more precise determination of the
dipole value via the distributed multipole analysis
scheme of Stone [23] as supplied in the GAMESS
code. This scheme requires, however, an additional
recalculation to evaluate the multipole moments of
any subsystem including the XO ligand. The ab-
sence of DFT potentials in GAMESS imposed on
us the application of the MP2 electron correlation
level only, which is indeed not the best solution. As
a consequence of the underestimated slope of the
CO dipole in the gas state with MP2, the AU de-
pendence with the dipole is also distorted in the
carbonyl complexes. The explanation of the vibronic
coupling could be sought.

If as mentioned above we succeeded in com-
paring the CO and NO monocomplexes, the same
comparison cannot, however, be realized for the
biligand complexes. Binitrosyls indeed lead easily
to (NO), dimers, in which both N-O vibrations are
strongly coupled, and, therefore, the simple esti-
mation of AU with Eq. (1) becomes hindered. This
dimerization is effective enough so that we never
could obtain any stable linear ON-Na*t-NO geome-
try without imaginary frequencies. The global mini-
mum is obtained for an ON-Na"-NO configuration
which is very close to the “pure” (NO), dimer, i.e.,
N-N = 1.957 A, N-O = 1.146 A, and N-N-O =
101°1 for the cation complex shifted to 2.023 A,
1.136 A, and 100°0 in the dimer, the experimental
values being 2.263 A, 1.152 A, and 97°17, respec-
tively [24, 25].

An opposite behavior was observed for the bi-
carbonyls; a stable linear OC-Nat-CO geometry
was indeed obtained irrespective of the starting
configuration (even a small C-Na-C angle of 60°
starting with the Na—C distance of 2.8 A was tested).
Na(CO), " complexes, n > 1, were often subjects of
discussion for the assignment of the C-O vibrational
peaks measured within various zeolites [1, 2]. The
internal structure of most zeolite framewokes does
not allow the formation of linear dimers; so angu-
lar dimers could be reasonable candidates. Recently,
the (’N»)Na(CO)* monocarbonyl was proposed in
order to explain the band at 2167 cm™! in the area
of the C-O vibrational band recorded for CO/">N,
mixtures adsorbed in NaY zeolite [3]. The geome-
try of the isolated (N»)Na(CO)* complex is almost
linear, i.e., N-Na-C angle of 173°2. The overesti-
mated electric field due to the cation increases the
“field-induced” absorption. This leads to a calcu-
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lated intensity ratio for the C-O/N-N vibrational
bands of only 2.5 while usually this experimental
ratio is higher. The intensity of the symmetric band,
which is forbidden in linear bicarbonyls, is not that
negligible for an angular geometry and should be
visible in the recorded spectra.

As soon as the CO-CO interaction is very weak
(around 0.44 kcal/mol [26]), the interaction of the
CO molecules with any other available adsorp-
tion sites of an adsorbent should dominate over
the formation of the Me(CO),* complexes. No sta-
ble (CO), dimers in the case of adsorption on a
NaCl surface were theoretically observed with ac-
curate CO-CO potentials [27], while (NO), dimers
coordinated to the Li cation over a LiCl surface
were the object of numerous experimental stud-
ies [28]. From the known behavior of the isosteric
heat versus the CO coverage in various zeolites, as
for A zeolites [29] or CdY [30], one can conclude
that the interaction energy between the favored Na
site and CO or between the less attractive adsorp-
tion sites and CO are both larger than the attrac-
tive CO-CO interaction [26]. Despite the attractive
dipole-dipole CO-CO interaction for the CO-Na*-
CO complex, with CO differently attached via the
O or C terms, no angular form was never obtained.
Indirectly, the idea of the presence of bicarbonyls in
zeolites means the domination of the electrostatic
interaction terms. At the same time, the calculated
difference of 2.97 kcal/mol between the total en-
ergies of the linear CO-Na™CO and OC-Na™-CO
complexes is much larger than the experimental en-
thalpy difference of 0.9 kcal/mol for the Na*t-CO
and Nat-OC adsorptions measured in NaZSM-
5 [31]. This last comparison demonstrates the extent
of compensation of the electrostatic field near the Na
cation by the framework O atoms. As soon as the
field is strongly compensated near the cation, the
competitive interaction with the rest of the frame-
work seems to be preferential as compared to the
already occupied cation.

The stabilization of the above-mentioned angular
geometry owing to the dominant CO-zeolite inter-
action coud be proposed naturally, but the resulting
CO localization would lead to complexes only con-
ventionally named as a bi- or polycarbonyl. Similar
types of stabilization for a Ba(H,0)s*" pyramidal
cluster were observed by us in the hydrated form
of the BaEDI zeolite [32]. Even if this pyramidal
Ba(H0)4?* geometry corresponds to a local mini-
mum in the gas state, the H,O molecules experience
dominant interactions with the zeolite framework.

STABILITY OF ALKALI METAL COMPLEXES

As a result, the final H,O localization agrees only
formally with the gas state geometry.

The isobestic point of the proposed bi- and poly-
complexation reactions of CO near an alkali cation
in zeolites slightly moves with coverage [1, 2].
Hence, we believe that one should argue that the
second CO molecule adsorbs in the proximity of the
first one as well as of the cation, rather than to assign
the second lower vibrational frequency band, i.e.,
2164 cm~! in NaETS-10 and 2159 cm ™! in NaFER, to
a CO molecule coordinated to the same cation. The
slight shift of the isobestic point together with a shift
of the high-frequency band toward lower frequency
at high coverage are in agreement with such propo-
sition. Also, this is in agreement with the conclusion
of a lower electrostatic field for the next arriving
molecule [2].

Conclusions

The stability of alkali metal complexes Me(XO), ,
where Me = Li, Na, K, or Rb, and X = C or N,
with respect to the vibrational excitation of the XO
ligands has been studied at the DFT and MP2 the-
oretical levels with high-quality basis sets. We have
shown that the dipole of the CO and NO ligands
behaves similarly in such complexes, but a larger
increase of the repulsive electrostatic interaction af-
ter the change of the dipole’s sign owing to the
XO vibrational excitation appears for lower vibra-
tional states in the case of CO versus NO. This result
allows to predict CO dissociation from the electron-
ically excited states of the alkali metal complexes
Me(XO),* provided that electronic-vibrational cou-
pling exists. For transition metal carbonyls, which
present a weak 7 back-donation, CO can also be
eliminated via vibrational excitation from the ex-
cited electronic states of the complex.

The possibility of an angular geometry for some
bicarbonyls in the gas phase was not supported. The
absence of stable angular Me(CO),™ complex at the
theoretical level does indeed not support the assign-
ment of several vibrational frequency bands to the
presence of the complex. We therefore believe that
the second CO molecule adsorbed in the same cage
of Me-exchanged zeolite forms is not attached to the
same Me™ cation but is positioned in the vicinity of
both the cation and the first CO molecule.
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