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Reactions of laser-ablated La atoms with Q@olecules in solid argon and neon have been investigated
using matrix-isolation infrared spectroscopy. On the basis of isotopic shifts, mixed isotopic splitting patterns,
and CCl-doping experiments, absorptions at 1839.9 and 753:6 amargon and 1855.9 and 771.3 chin

neon are assigned to the—© and La-O stretching vibrations of the OLaCO molecule, respectively.
Ultraviolet—visible photoinduced isomerization of OLaCO to L#E-C)O and OLa#?*CQO) have been
observed under different wavelength photolyses in the solid matrix. The neon matrix experiments give the
C—0 and La-0 stretching vibrations of the OLaCGanion at 1769.5 and 779.3 cf respectively. Density
functional theory calculations have been performed on these products, which support the experimental
assignments of the infrared spectra. The present study reveals that etttching vibrational frequencies

of OMCO decrease from Sc to La, which indicates an increase in metal d orbi@D 7* back-donation in

this series.

Introduction transfer from CQ, whereas unit efficiency is observed for
S-atom transfer from GS6 Here we report a study of reactions

of laser-ablated lanthanum atoms with carbon dioxide in solid
argon and neon. We will show that the insertion OLaCO
molecule is formed during sample deposition and slightly
increased on annealing. Ultraviotetisible photoinduced rear-
rangements of OLaCO to La@-OC)O and OLa4?-CO) are
observed under different wavelength photolyses. IR spectroscopy
also provides evidence for the formation of the OLaCO
molecule.

The interaction of metal atoms with small molecules (i.e.,
CO, O, CO,, Hy, etc.) is of considerable interest because of its
importance in a great number of catalytic procedsamong
these small molecules, metal-catalyzed activation of carbon
dioxide has become an important subject of research in
organometallic and catalytic surface chemistry for many y&érs.
Extensive efforts have been made to recycle €am industrial
emission and to remove some of this greenhouse?das.
Reactions of various metal atoms with carbon dioxide have been
investigated and_ a series of metal_carbon dioxide ComplexesExperimental and Theoretical Methods
have been experimentally characteriZetf.Quantum chemical ] ) o o
calculations have been performed to understand the electronic 1 "€ experiment for laser ablation and matrix isolation infrared
structures and bonding characteristics of these compfegés. ~ SPectroscopy is similar to those previously repoftediin short,
Insertion to produce OMCO has been observed for all the first- the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
row transition metal atoms except Cu and Zn in the rare-gas with 10 ns pulse width) was focused on the rqtatlng_La target.
matricesi3-2 The reactions of Cr through Cu atoms with €O The laser-ablated La atoms were co-deposited with, €O
give the OMCO anions and Co, Ni, and Cu atoms also produce ©€XCess argon (or neon) onto a Csl _vvmdow_ cooled norm_ally to
the addition MCG~ anionst3-21 4 K by means of a closed-cycle helium refrigerator. Typlpally,

Recent studies have shown that, with an aid of isotopic 1~12 mJ/pulse laser power was used. €9.99%, Takachiho
substitution technique, matrix isolation infrared spectroscopy Chemical Industrial Co., Ltd)1)C1%0, (99%, '*0 < 1%,
combined with quantum chemical calculation is very powerful Cambridge Isotopic Lalboiatorlesj)ziclioz (95%, lcalmbrldge
in investigating the spectrum, structure, and bonding of novel 'lso';Op'C Laboratories);“Ct%0, + 1°C'%0,, and 'C*%0, +
species$334|n contrast with extensive experimental and theo- ?C'®%0, were used in different experiments. In general, matrix
retical studies of the interactions of G@nolecules with the ~ Samples were deposited for-360 min with a typical rate of
transition-metal and main-group-element atdh?8, however, 2—4 mmol/h. After sample deposition, IR spectra were reporded
much less work has been done on the +aCO, reactions. ona BIO_-RAD I_:TS-GOOOe spectrometer at 0.5 émesolution
Recently, argon matrix investigations of the reactions of laser- USing a liquid nitrogen cooled HgCdTe (MCT) detector for the
ablated group 3 metal atoms with the valence isoelectronic CS spectral range of 5068400 CnTl._ Samples were annealed at
and OCS molecules have characterized the SMCX and different temperatures and subjected to different wavelength
S—M(5%CX) (X = S or O) moleculed? Gas-phase reactions photolyses_ for 1615 min using a_high-pre_ssure mercury arc
of atomic lanthanide cations with GOand CS reveal a  lamp (Ushio, 100 W > 250 nm) with and without a UV cutoff

periodicity in reaction efficiency for the kinetics of O-atom filter (4 > 480 nm). ,
Density functional theory (DFT) calculations were performed

* Author to whom correspondence should be addressed. E-mail: t0 predict the structures and vibrational frequencies of the
g.Xxu@aist.go.jp. observed reaction products using the Gaussian 03 protfram.
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TABLE 1: IR Absorptions (in cm ~1) Observed from
Co-Deposition of Laser-Ablated La Atoms with CG, in
Excess Argon and Neon at 4 K

12C160, 13C'%0, 12C'%0, R(12/13) R(16/18) assignment
Ar 1843.2 1802.0 1800.5 1.0229 1.0237 OLaCoO site
1839.9 1798.8 1797.4 1.0228 1.0236 OLaCO
1644.8 1602.0 1600.0 1.0267 1.0280 Owa-Cco)
1626.9 1591.3 1593.4 1.0224 1.0210 A-OC)O
827.0 827.0 784.6 1.0000 1.0540 OLA-CO)
796.8 796.8 756.2 1.0000 1.0537 LaO
762.1 762.1 723.0 1.0000 1.0541 ,jCaO
753.6 7536 7149 1.0000 1.0541 OLaCO
Ne 1855.9 1814.5 1812.7 1.0228 1.0238 OLaCO
1769.5 1726.0 1734.9 1.0252 1.0199 OLaCO
808.7 808.7 767.5 1.0000 1.0537 LaO
779.3 779.3 739.4 1.0000 1.0540 OLaCO
7713 7713 732.0 1.0000 1.0537 OLaCO

The BPW91 and B3LYP density functional methods were
used!®® The 6-31H-G(d) basis set was used for the C and O
atoms?' and the Stevens/Basch/Krauss ECP split valance
(CEP-31G) for the La atort? Geometries were fully optimized

and vibrational frequencies were calculated with analytical
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on these bands (not shown here), suggesting that the product is
neutral*® The 1839.9 and 753.6 crh bands are therefore
assigned to the €0 and La-O stretching vibrations of the
neutral OLaCO. The corresponding-O and La-O stretching
frequencies of OLaCO in solid neon appear at 1855.9 and 771.3
cm! (Table 1 and Figures 3 and 4), respectively, which are
16.0 and 17.7 cmt blue-shifted from the argon matrix
counterpart. The absorptions of the analogous OScCO and
OYCO molecules have been observed at 1873.4, 894.1, 1861.5,
and 796.5 cm! in the previous argon matrix experiments,
respectivelyt?

Both BPW91 and B3LYP calculations predict that the OLaCO
molecule has &€ symmetry with arfA"" ground state (Table 3
and Figure 5), which lies ca. 63 kcal/mol lower in energy than
a A’ one. For the €O stretching mode, the vibrational
frequency is calculated to be 1907.7 Thwith the 12C160,/
13C160, and12C160,/12C180; isotopic frequency ratios of 1.0231
and 1.0243 at the BPW91/6-3t65(d)-CEP-31G level (Tables
2 and 3), respectively, which are consistent with the experi-
mental observations. The £&@ stretching vibration is predicted
to be 720.2 cm?!, and the calculatetfC%0,/12C180, isotopic

second derivatives. The previous investigations have shown thatfrequency ratio of 1.0540 is in accord with the experimental

DFT calculations can provide reliable information for metal

value of 1.0541 (Table 2). The agreements between the

complexes, such as infrared frequencies, relative absorptionexperimental and calculated results have also been obtained at

intensities, and isotopic shiffs38

Results and Discussion

Experiments have been done with carbon dioxide concentra-
tions ranging from 0.02% to 2.0% in excess argon and neon.

Typical infrared spectra for the reactions of laser-ablated La
atoms with CQ molecules in excess argon and neon in the
selected regions are illustrated in Figures4]l and the absorp-

tion bands in different isotopic experiments are listed in Table

1. The stepwise annealing and photolysis behavior of the produc
absorptions is also shown in the figures and will be discussed
below. Experiments were also done with different concentrations

of CCl, serving as an electron scavenger.

Quantum chemical calculations have been carried out for the
possible isomers and electronic states of the potential productS
molecules. Figure 5 shows the optimized structures of the

the B3LYP/6-31#G(d)-CEP-31G level (Table 2). Recent
studies indicate that in most cases, the BPW91 functional gives
calculatedvc—o and vm-o frequencies much closer to the
experimental values than the B3LYP functioA&t>Hereafter,
mainly BPW91 results are presented for discussions.
La-(%-OC)0. The absorption at 1626.9 crhwith La and
CGO;, in solid argon appears upaoh > 480 nm irradiation,
disappears after broad-band irradiation, and does not recover
after further annealing (Table 1 and Figure 1). This band shifts

{0 1591.3 cm! with 13C160, and to 1593.4 cmt with 12C180,,

giving 12C160,/13C160, and12C160,/12C180, isotopic frequency
ratios of 1.0224 and 1.0210, which exhibits a larger carbon-13
shift than oxygen-18 shift. The mixedC'O, + 13C'0, and
12C160, + 12C180, isotopic spectra (Figure 2) only provide the
um of pure isotopic bands. Note that the 1626.9 tivand
appears aftet > 480 nm irradiation while the absorptions of

possible reaction products. The comparison of the observed andn® OLaCO molecule sharply decrease, indicating that this new

calculated isotopic frequency ratios for the-O and La-O

stretching modes of the products are summarized in Table 2

The ground electronic states, point groups, vibrational frequen-

cies, and intensities are listed in Table 3.
OLaCO. In the reaction of La atoms with GOn the argon
matrix, two sharp absorptions at 1839.9 and 753.6 'care

product is the isomer of the OLaCO molecule. By analogy with

‘the M-(7>-OC)O (M= Sc, Y) spectra? the 1626.9 cm' band

is assigned to the antisymmetric-@—O stretching mode of
La-(#2-OC)0. The corresponding IR absorptions of the
La-(;7>-OC)O molecule in solid neon are absent from the present
matrix spectra.

present together during sample deposition, slightly increased DFT calculations have been performed for the y&QC)O

after sample annealing to 25 K, markedly decreased upsn
480 nm irradiation, and little changed after further annealing
to higher temperature (Table 1 and Figure 1). The 1839.9'cm
band shifts to 1798.8 cm with 13C160, and to 1797.4 cmt
with 12C180,, exhibiting isotopic frequency ratiost2C160,/
13C160,, 1.0228;12C160,/12C180,, 1.0236) characteristic of- G0
stretching vibrations. The mixed?C'%0, + 13C'0, and
12C160, + 12C180, isotopic spectra (Figure 2) only provide the
sum of pure isotopic bands, which indicates only one CO unit
is involved in this carbonyl stretching mod&The 753.6 cm?
band shows no carbon isotopic shift, but shifts to 714.9%m
with 12C180,. The 12C160,/12C180, isotopic frequency ratio of
1.0541 is very close to the diatomic ¥¥@/La®0O frequency
ratio of 1.0537 suggesting a LaO stretching mode. Only
doublets have been observed in tf&1%0, + 12C'80, isotopic
spectra (Figure 2). Furthermore, doping with €ids no effect

molecule, and these support the above assignments. The
La-(72-OC)0 molecule is predicted to havé&Casymmetry with
an?A" ground state (Table 3 and Figure 5), which lies 11 kcal/
mol higher in energy than the OLaCO isomer. The antisym-
metric O—C—O stretching vibrational frequency is calculated
at 1701.2 cm? (700 km/mol) with the'?C'80,/13C1¢0, and
12C160,/12C180, isotopic frequency ratios of 1.0241 and 1.0226
(Tables 2 and 3), respectively, which are consistent with the
experimental observations. The symmetrie ©-0O stretching
and La-O stretching vibrations are predicted to be 866.5 and
696.5 cnt?, respectively, which have relatively small intensities
(106 and 68 km/mol) and are not readily to be observed,
consistent with the absence from the present experiments.
OLa-(92-CO). In the reaction of La atoms with GOn the
argon matrix, two sharp absorptions at 1644.8 and 827:Ctcm
are produced together after broad-band irradiation, and slightly
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Figure 1. Infrared spectra in the 195550 and 856700 cnt? regions from co-deposition of laser-ablated La atoms with 0.8% iB@vr. (a)
1 h of sample deposition at 4 K, (b) after annealing to 25 K, (c) after 12 min=%480 nm irradiation, (d) after 10 min of broad-band irradiation,
and (e) after annealing to 30 K.

TABLE 2: Comparison of Observed and Calculated IR Frequency Ratios for the Products

experimental calculated
species vibrational mode R(12/13) R(16/18) method R(12/13) R(16/18)
OLaCoO (in Ar) Vc-o 1.0228 1.0236 BPW91 1.0231 1.0243
B3LYP 1.0230 1.0244
Via-0 1.0000 1.0541 BPW91 1.0000 1.0540
B3LYP 1.0000 1.0540
La-(#?-OC)O (in Ar) Vc-o 1.0224 1.0210 BPW91 1.0241 1.0226
B3LYP 1.0241 1.0226
OLa-@*CO) (in Ar) Vc-o 1.0267 1.0280 BPW91 1.0228 1.0248
B3LYP 1.0228 1.0247
Via-0 1.0000 1.0540 BPW91 1.0000 1.0540
B3LYP 1.0000 1.0541
OLaCO (in Ne) Vc-o 1.0252 1.0199 BPW91 1.0232 1.0242
B3LYP 1.0232 1.0242
VLa—0 1.0000 1.0540 BPW91 1.0000 1.0541
B3LYP 1.0000 1.0540

TABLE 3: Ground Electronic States, Point Groups, Vibrational Frequencies (cn?) and Intensities (km/mol) of the Reaction
Products Calculated at the BPW91/6-31+G(d)-CEP-31G Level

species elec state point group frequency (intensity, mode)
OLaCO 27" Cs 1907.7 (1008, A), 720.2 (150, A), 278.9 (3, A), 237.7 (1, A), 217.9 (17, A), 53.5 (17, A)
La-(#*-OC)O 2A" Cs 1701.2 (700, A), 866.5 (106, A), 696.5 (68, A), 367.7 (7, A), 332.7 (0.1, A), 253.0 (11, A)
OLa-(2-CO) 27 C 1704.5 (663, A), 727.8 (156, A), 259.2 (6, A), 222.9 (4, A), 147.6 (4, A), 91.7 (19, A)
OLaCO SA Cs 1826.3 (837, A), 678.3 (199, A), 260.8 (10, A), 220.5 (1, A), 208.1 (2, A), 93.8 (4, A)

decrease after further annealing to 30 K (Table 1 and Figure have been observed in the mixed isotopic spectra, indicating
1). The 1644.8 cm' band shifts to 1602.0 cn with $3C*60, that only one O atom is involved in this motfeThe 1644.8
and to 1600.0 cm with 12C80,, exhibiting isotopic frequency  and 827.0 cm! bands appear together after broad-band irradia-
ratios (2C1°0,/*3C*%0,, 1.0267;12C1%0,/12C!80,, 1.0280) char-  tjon at the expense of the Lg&OC)O molecule, indicating
acteristic of C-O stretching vibrations. The mixeédC'°O, + that this new product also has the Lag&iochiometry. The
13C1%0; and!*C*%0, + 1C80; isotopic spectra (Figure 2) only  1644.8 and 827.0 cm bands are therefore assigned to the@
provide the sum of pure isotopic bands, indicating that only 5,4 a-0 stretching vibrations of the OLa-CO) molecule.

one CO unitis involvgd in .this parbonyl stretching mdé&he The corresponding IR absorptions of OL#-CO) in solid neon
very low C—O stretching vibrational frequency of 1644.8 tn are absent from the present matrix experiments.

is reminiscent of the side-on-bonded structure of the ) )
0Sc-%-C0) and OY-?-CO) molecules, in which the corre- Our BPW91 calculations predict the OLa*CO) molecule
sponding frequencies have been observed at 1613.9 and 1614.% have aCi symmetry with a?A ground state (Table 3 and
cm1in the previous argon matrix experiments, respectively. Figure 5), which lies 8 kcal/mol higher in energy than the
On the other hand, the associated 827.0 kband shows no ~ OLaCO isomer. The €0 and La-O stretching vibrational
carbon isotopic shift, but shifts to 784.6 ciwith 12C180,, frequencies are calculated at 1704.5 and 727.8'cithe C-O
suggesting a terminal O stretching vibration. Only doublets  bond length in the OLa#?2-CO) molecule is predicted to be
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Figure 2. Infrared spectra in the 195550 and 856700 cnt! regions for laser-ablated La atoms co-deposited with O!820, + 0.6%
12C180; in Ar. (a) 1 h ofsample deposition at 4 K, (b) after annealing to 25 K, (c) after 12 mih af 480 nm irradiation, (d) after 10 min of

broad-band irradiation, and (e) after annealing to 30 K.
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Figure 3. Infrared spectra in the 195550 and 856700 cnT? regions from co-deposition of laser-ablated La atoms with 0.3% i6®le. (a)

30 min of sample deposition at 4 K, (b) after annealing to 8 K, (c) after
CO; + 0.04% CCJ, after annealing to 8 K.

1.197 A, which is 0.029 A longer than that in the OLaCO
molecule but 0.171 A shorter than that in the L&-QC)O
molecule.

OLaCO. In the reaction of La atoms with GOn the neon
matrix, the absorptions at 1769.5 and 779.3 Eappear together
during sample deposition, change little after annealing to 8 K,

10 min of broad-band irradiation, (d) after annealing to 10 K, and (e) 0.3%

739.4 cnt! with 12C180,. The 12C160,/12C180, isotopic fre-
quency ratio of 1.0540 is very close to the diatomic
Lal0/Lal®0 frequency ratio of 1.053%, suggesting a LaO
stretching mode. Only doublets have been observed in the
12C160, + 12C180, isotopic spectra (Figure 4). Furthermore,
doping with CC} markedly decreases these bands (Figure 3,

sharply decrease after photolysis, and do not return after furthery ;-0 e), suggesting that the product is anidhiaccordingly,

annealing to higher temperature (Table 1 and Figure 3). The
upper 1769.5 cmt band shifts to 1726.0 cn with 13C160,

and to 1734.9 cmt with 12C180,, exhibiting isotopic frequency
ratios (2C160,/13C160,, 1.0252;12C160,/12C180,, 1.0199) char-
acteristic of G-O stretching vibrations. The mix€dC¢0, +
13C160, and12C160, + 12C180; isotopic spectra (Figure 4) only
provide the sum of pure isotopic bands, which indicates only
one CO unit is involved in this carbonyl stretching mdéi&he
779.3 cnt! band shows no carbon isotopic shift, but shifts to

the 1769.5 and 779.3 cthbands are assigned to the-O and
La—0 stretching vibrations of the OLaCCanion. The argon
counterpart of OLaCO is absent from the present matrix
experiments.

Our DFT calculations predict the OLaCOnolecule to have
ans®A" ground state witlCs symmetry (Table 3 and Figure 5).
The calculated €0 and La-0 stretching vibrational frequen-
cies are 1826.3 and 678.3 cinrespectively. Th&lLaCO angle
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Figure 4. Infrared spectra in the 196700 and 856700 cnt? regions from co-deposition of laser-ablated La atoms with isotopig iB®le
after annealing to 8 K. (a) 0.3%?C0,, (b) 0.2% '2C'%0, + 0.2% 3C10,, (c) 0.3% 3C'%0,, (b) 0.2% 2C'®0, + 0.2% 2C!%0,, and
(e) 0.3%%2C80,.
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in degree) of the possible reaction products calculated at the BPW91/ OLa~(77-CO)

6-311+G(d)-CEP-31G level.

. - o appear after broad-band irradiation at the expense of

n thg anionic OLaCO molecule (175.9 is sllghtly smaller La-(7?>-OC)0 (Figure 1), indicating photoisomerization reaction

thaq in the neutral OLaCO molecule (170??'8':'9“8 5)'_ 3. It is noted that the OLay€-CO) molecule can be directly
Itis noted that the calculate o frequencies are consistently  generated after broad-band irradiation at the expense of OLaCO

65+ 8 cnt higher and the calculatee o frequencies are i, the present experiments (not shown here), implying photoi-

consistently 100 cm' lower than the experimental values gomerization reaction 4. The photochemistry is illustrated in

(Tables 1 and 3), respectively. Such systematic difference gcheme 1. Similar ultraviolewvisible photoinduced isomeriza-

between the calculated-® and La-O stretching vibrational  {ions have also been observed for the Sc and Y systéms:

frequencies with the experimental values of the lanthanide

complexes may be due to the inefficiency of the XC functional La+ CO,— OLaCO (AE = —45 kcal/mol, BPW91)

and/or the basis sets used here. (1)
Reaction Mechanism.At the present experimental condi- > a80nm

tions, the IR absorptions of the OLaCO molecule appear during ~ OLaCO——— La-(;*>-OC)O (AE = 11 kcal/mol)

sample deposition and slightly increase upon annealing in the (2)

reactions of laser-ablated lanthanum atoms with carbon dioxide

molecules in the argon and neon matrices (Figure 1), suggestingLa-(7*-OC)O OLa-(;*-CO) (AE = —3 kcal/mol)

that this product may be mainly formed during the co-deposition (3)

of CO, with laser-ablated La atoms (reaction 1). This insertion

is predicted to be exothermic by about 45 kcal/mol (BPW91). OLaco-=250nm OLa-(;*-CO) (AE = 8 kcal/mol) (4)

The La-2-OC)O molecule is produced after UV irradiation

using the 480 nm long-wavelength pass filter while the  Recentinvestigations have shown that laser ablation of metal

absorptions of the OLaCO molecule is sharply destroyed (Figure targets produces not only neutral metal atoms, but also metal

1), which implies photoisomerization reaction 2. The rearrange- cations and electrons, and ionic metal complexes can also be

ment of OLaCO to Las?OC)O0 is calculated to be slightly  formed in the reactions with small molecufédn the present

endothermic by 11 kcal/mol. The absorptions of Olya-CO) experiments, the OLaCQanion appears during sample deposi-

A > 250 nm
= = S
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tion and changes little after sample annealing (Figure 3),

suggesting that this anion may be generated by electron captur

by neutral OLaCO during co-deposition (reaction 5):

OLaCO+ e — OLaCO (AE= —22kcal/mol) (5)

It is interesting to compare the observed-Q stretching
vibrational frequencies of OMCO (M- Sc, Y, and La) in the
argon matrix. The €0 stretching vibrational frequencies of
OMCO decrease from Sc to La (1873%1861.5!° 1839.9
cm 1), which indicates an increase in metal d orbitalCO 7*
back-donation in this series. A similar trend holds true for the
M—O stretching vibrational frequencies of these OMCO
molecules (894.13 796.512 753.6 cnt?). A similar decreasing
trend in metal carbonyl frequencies going down the group 3
metals is also found for the MCQM = Sc, Y, and La) cations
and the early transition metals carbonyls (group$3*¢-48 but

the reverse trend is found for the late transition metals (groups

88— 10) .47,4%52

Conclusions

Reactions of laser-ablated lanthanum atoms with carbon
dioxide molecules in solid argon and neon have been investi-
gated using matrix-isolation infrared spectroscopy. The insertion
product, OLaCO, has been formed during sample deposition

and identified on the basis of isotopic shifts, mixed isotopic
splitting patterns, and CgHoping experiments. Ultraviolet
visible photoinduced rearrangements of OLaCO to#agC)O
and OLa-{2-CO) have been observed under different wave-
length photolyses in the argon matrix. IR spectroscopy also
provides evidence for the formation of the OLaC@olecule
in the neon matrix. Density functional theory calculations have
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