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Reactions of Early Lanthanide Metal Atoms (Nd, Sm, Eu) with Water Molecules. A Matrix
Isolation Infrared Spectroscopic and Theoretical Study
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The reactions of early lanthanide metal atoms Nd, Sm, and Eu with water molecules have been investigated
using matrix isolation infrared spectroscopy and density functional calculations. The reaction intermediates
and products were identified on the basis of isotopic labeled experiments and density functional frequency
calculations. The ground state metal atoms react with water to form the®j(ahd M(HO), complexes
spontaneously on annealing (M Nd, Sm, Eu). The M(KO) complexes isomerize to the inserted HMOH
molecules under red light irradiation, which further decompose to give the metal monoxides upon UV light
irradiation. The Nd(HO), complex decomposes to form the trivalent HNd(@Ir)olecule, while the Sm-

(H20), and Eu(HO), complexes rearrange to the divalent Sm(@atd Eu(OH) molecules under red light
irradiation.

Introduction atoms with water. In this paper, we first report the results on
early lanthanide metal atoms, Nd, Sm, and Eu. Various reaction
intermediates and products are identified, and the reaction
mechanisms are discussed.

The interactions of metal centers with water molecules are
of interest in a wide variety of areas, such as catalytic synthesis,
surface chemistry, and biochemical systems. The reactions of
metal atoms, ions, andl clusters with water serve as the SimpleExperimental and Theoretical Methods
models for understanding the reactivity pattern of more com-
plicated systems. Previous experimental and theoretical studies The experiment for pulsed laser evaporation and matrix isola-
have provided a wealth of insight concerning the reactivity and tion infrared spectroscopic investigation is similar to those used
mechanism of transition metal atoms and ions with water Previouslyz° Briefly, a Nd:YAG laser fundamental (1064 nm,
moleculest—13 It was found that early transition metal atoms 10 Hz repetition rate with 10 ns pulse width) was focused onto
and ions reacted with water to form the metal monoxide neutrals the rotating metal targets. The laser-evaporated metal atoms were
and cations in the gas phalsé Matrix isolation infrared spectro- ~ Co-deposited with water in excess argon onto a Csl window
scopic studies showed that early transition metal atoms reactedcooled normally ¢ 6 K by means of a closed-cycle helium
with water molecules to form initially the HMOH insertion ~ refrigerator (ARS, 202N). The matrix gas deposition rate was
intermediates spontaneously on annealirig. The insertion  typically 4 mmol per hour. The ¥0/Ar mixtures were prepared
molecules could either photochemically isomerize to the high in & stainless steel vacuum line using standard manometric
valent HMO molecules or decompose to the metal monoxide technique. Distilled water was cooled to 77 K using liquig N
and H.7919The later transition metal atoms reacted with water and evacuated to remove volatile impurities. Isotopic labeled
to give the M(HO) complexes, which rearranged to the insertion D20 and H!*0 (Cambridge Isotopic Laboratories) were used
products under U\visible light excitatiorf1t without further purification. Isotopic exchange with water

The reactions of f element metals with water have also gained @dsorbed on the walls of the vacuum line occurred readily; in
some attention, but largely on the actinide met4td® The  the experiments with ED sample, the HDO and @ absorp-
reaction of uranium cation with water were investigated in the tions were also presented. After sample deposition, IR spectra
gas phase. Two reaction channels leading to"@d UOH* were rgcordeq on a Bru_ker !FS66V spectrometer at 0.5'cm
were observedt16 Matrix isolation infrared spectroscopic ~'ésolution using a liquid nitrogen cooled HgCdTe (MCT)
studies indicate that the neutral thorium and uranium atoms detector for the spectral range of 46800 cn*. Samples were
directly insert into the ©@H bond of water to form the JThO _anne_algd at o!lfferent temperatures and sybjected to broad band
and HUO specied”.18In recent years, lanthanide coordination irradiation using a tungsten lamp or a high-pressure mercury
complexes in aqueous solution have gained considerable interes®(C lamp with glass filters. _
in molecular recognition and chirality sensing of biological  Quantum chemical calculations were performed to determine
substrate. A large number of lanthanideater complexes have the molecular structures and to help the assignments of vibra-
been structurally characterizéliTo have a fundamental under-  tional frequencies of the observed reaction products. The
standing of the reactivities of lanthanide metal with water, we calculations were performed at the level of density functional
performed a comprehensive matrix isolation infrared spectro- theory (DFT) with the B3LYP method, where the Becke three-

scopic and theoretical study of the reactions of lanthanide metal Parameter hybrid functional and the L-e€ang—Parr correlation
functional were useét The 6-31H1-+G** basis sets were used

* To whom correspondence should be addressed. E-mail: mfzhou@ for the H and O atoms, and the scalar-relativistic SDD pseudo-
fudan.edu.cn. potential and basis sets were used for the Nd, Sm, and Eu
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0.6 TABLE 1: Infrared Absorptions (cm ~1) from Co-Deposition
of Laser-Evaporated Nd Atoms with H,O in Excess Argon
© Al .
assignment
Nd,(H,0)
@ \ H,O DO H,'%0 molecule mode
g 044 o A 3738.4 HNd(OH)  asym OH str
£ 3496.8 3489.4  Nd(kD) sym HOH str
8 Nd(H °) Nd(H,0), 34827 34756  Nd(40),  HOH str
2 A A L) ﬂ MM 1557.2 11554  1550.7 Nd®) H,O bending
< 1548.8 1149.1 1542.3  Nd¢@), asym HBO bending
HNd(OH) 1562.3 1158.9 15557  NH;0) H.O bending
0.2+ (H,0), d(“ 0) Nd(H,0) 12744 9129 12742 HNA(Ob) Nd—H str
1220.2 879.0 1219.8 HNdO NeH str
1139.0 814.5 1138.6 HNdOH NeH str
777.5 772.6 738.2 HNdO NelO str
@ 586.5 HNd(OH)  sym Nd-OH str
0.0 : — . s - 541.9 518.4 HNd(OH) asym Nd-OH str
3800 3700 3600 3500 1600 1550 518.7 509.6 4955  NdOH N€OH str
495.5 484.3 472.7 HNdOH NelOH str

Wavenumber (cm’)
Figure 1. Infrared spectra in the 386450 and 16361530 cnt?
regions from co-deposition of laser-evaporated Nd atoms with 0.2% on 20 K annealing, but decreased upon higher temperature
H20 in argon: (&1 h of sample deposition at 6 K; (b) after 20 K annealing, and disappeared when the matrix was irradiated by
annealing; (c) after 25 K annealing; (d) after 15 mintof 500 nm  he gutput of a tungsten lamp with4a> 500 nm pass filter.

irradiation; and (e) after 15 min of 256 4 < 580 nm irradiation. The 3482.7 and 1548.8 cthabsorptions appeared when the
0.24.] matrix was annealed to 20 K, markedly increased on subsequent
l higher temperature annealing, and were totally bleachetl on
© > 500 nm irradiation. The 1139.0 and 495.5cnabsorptions
are weak upon sample deposition, increased on sample annealing
) w and ond > 500 nm irradiation, but decreased significantly upon
g 016 continued irradiation with the output of a high-pressure mercury
g HNd(OH), NdOH arc lamp (250< A < 580 nm). Four absorptions at 3738.4,
5 HNd(OH), NdO, / 4 1274.4, 586.5, and 541.9 crthincreased together on sample
é M w annealing and o > 500 nm irradiation, but decreased upon
0.08 - HNGOH 250 < A < 580 nm irradiation. The intensities of the 3496.8,
HNJOH N 1557.2, 3482.7, and 1548.8 chabsorptions decreased whereas
®) HNdO ﬁ M the intensities of the 1139.0, 495.5, 3738.4, 1274.4, 586.5, and
NdO 541.9 cnT! absorptions increased with increasing the sample
@ o a A scan times, which imply that the red irradiation from the IR
0.00 T T 7/ T T T T spectrometer can readily induce isomerization reactions. In
1300 1200 80 700 600 500 addition, weak absorptions at 1220.2 and 777.5 cmvere
Wavenumber (cm”) observed on sample deposition and kept almost unchanged upon
Figure 2. Infrared spectra in the 1350100 and 866460 cnt* annealing and different wavelength range irradiation; a weak

regio_ns from co-deposition of Iaser-evgporated Nd atoms with 0.2% absorption at 518.7 cm appeared on sample annealing and
gé‘r?eg‘” %Q‘(’é‘; a(f?e% 2'150}2 Z‘i]”r:gﬁir?;pgf)'t;%';raig nfi?n}(gé %fgeor ﬁr?] K" disappeared under red light irradiation. Absorptions of NdO
’ ’ 1 1
irradiation; and (e) after 15 min of 256 4 < 580 nm irradiation. (814.5 C_m ) a_lnd Nd_Q (717.0 cnT’) were obser_veéﬁ._The NdO
absorption slightly increased upar> 500 nm irradiation, and
increased more upon 2501 < 580 nm irradiation. The Nd©

atoms?23 Geometries were fully optimized, and vibrational 2PSOrptions are mainly from trace of dioxygen impurity.

frequencies were calculated with analytical second derivatives. Similar experiments were also performed using the Sm and

These DFT calculations were performed using the Gaussian 03EU Metal targets. Infrared spectra from co-deposition of laser-
program?* evaporated Sm with 0.2%J@ in argon gave four groups of

product absorptions as shown in Figures 3 and 4. The band
positions are listed in Table 2. The 3505.1 and 1560.3cm
group appeared on sample deposition, increased on annealing,
Infrared Spectra. A series of experiments has been done and disappeared updn> 500 nm irradiation. The 3479.0 and
using different HO concentrations (ranging from 0.05% to 0.2% 1547.7 cn1! group appeared on sample annealing and exhibited
in argon) and relatively low laser energies-(B0 mJ/pulse). similar annealing and irradiation behaviors as observed with
At such experimental conditions, atomic metal reactions domi- the 3505.1 and 1560.3 crhabsorptions. The 1154.7 and 495.4
nate the chemistry, and no obvious dimetal or trimetal speciescm™ absorptions are broad on sample deposition, sharpened
were identified. The representative infrared spectra in selectedwhen the sample was annealed to 20 K, slightly decreased upon
regions using the Nd target with a 0.2%®in argon sample  sample annealing to 25 K, increased under 500 nm irradia-
are illustrated in Figures 1 and 2, respectively, and the producttion, but decreased on continued 250 < 580 nm irradiation.
absorptions are listed in Table 1. On the basis of their growth/ The final group appeared at 462.1 and 488.0 {nncreased
decay characteristics measured as a function of changes ofon sample annealing and dn> 500 nm irradiation, and kept
experimental conditions, the observed product absorptions canalmost unchanged upon 250 4 < 580 nm irradiation. Very
be classified into several groups. The 3496.8 and 1557:2cm similar infrared spectra were observed when the Sm target was
absorptions formed very weakly on sample deposition, increasedreplaced by the Eu target. Figures 5 and 6 show the-EipO

Results and Discussion



Reactions of Nd, Sm, and Eu with Water Molecules

0.3 (H,0),
© N \
o '
g 02- Sm(H,0),
g
o
2 Sm(H,0),
< (c)
0.1 Sm(H,0)
/
o A~
(a) —~
0.0 7/

T T T
3450 1600 1550

Wavenumber (cm™)

Figure 3. Infrared spectra in the 3558430 and 16461520 cnt?
regions from co-deposition of laser-evaporated Sm atoms with 0.2%
HO in argon: (21 h of sample deposition at 6 K; (b) after 20 K
annealing; (c) after 25 K annealing; (d) after 15 mintof 500 nm
irradiation; and (e) after 15 min of 256 4 < 580 nm irradiation.
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Figure 4. Infrared spectra in the 1261100 and 556450 cnt?
regions from co-deposition of laser-evaporated Sm atoms with 0.2%
HO in argon: (21 h of sample deposition at 6 K; (b) after 20 K
annealing; (c) after 25 K annealing; (d) after 15 mintof 500 nm
irradiation; and (e) after 15 min of 258 1 < 580 nm irradiation.

TABLE 2: Infrared Absorptions (cm ~1) from Co-Deposition
of Laser-Evaporated Sm Atoms with HO in Excess Argon

J. Phys. Chem. A, Vol. 110, No. 36, 20080577

HO
(H,0),

o B
N

Eu(H,0),
02 _»-//»/k\//\q\“__‘

(e)

b\ (d)

Eu(H,0),

Absorbance

(c)

Eu(H,0) Eu(H,0)
00 T T //// T T
3550 3500 3450 1600 1550

Wavenumber (cm™)

Figure 5. Infrared spectra in the 3558430 and 16461520 cnt?!
regions from co-deposition of laser-evaporated Eu atoms with 0.2%
H.O in argon: (21 h of sample deposition at 6 K; (b) after 20 K
annealing; (c) after 25 K annealing; (d) after 15 mintof 500 nm
irradiation; and (e) after 15 min of 256 1 < 580 nm irradiation.
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Figure 6. Infrared spectra in the 126A100 and 546440 cn1?
regions from co-deposition of laser-evaporated Eu atoms with 0.2%
H2O in argon: (21 h of sample deposition at 6 K; (b) after 20 K
annealing; (c) after 25 K annealing; (d) after 15 minlof 500 nm
irradiation; and (e) after 15 min of 256 1 < 580 nm irradiation.

TABLE 3: Infrared Absorptions (cm ~1) from Co-Deposition
of Laser-Evaporated Eu Atoms with H,O in Excess Argon

assignment assignment

H.0O DO H,1%0 molecule mode H-0 DO H,1%0 molecule mode
3505.1 2574.3 34983 Sm{B) sym HOH str 3510.8 3505.0 Eu(}D) sym HOH str
3479.0 2558.8 3472.0 SmfH), HOH str 3484.8 3477.5 Eu(¥D). HOH str
1560.3  1157.1  1553.8 Sm{B) H,O bending 1562.5 1556.3 Eu(}D) H,O bending
1547.7  1148.3 15411 Sm{B), asym HO bending 1549.0 1542.4 Eu(}D), asym HO bending
1154.7 824.8 11547 HSmMOH St str 1157.0 826.9 1156.5 HEuOH Etd str

4954 484.9 472.2 HSMOH ShOH str 494.4 484.4 471.3 HEuOH EtOH str

488.0 478.0 Sm(OH)  sym SmOH str 487.1 462.6 Eu(OH) sym EuOH str

462.1 452.2 441.2 Sm(OK) asym SmOH str 461.7 451.5 440.9 Eu(OkL)  asym EuOH str

spectra in selected regions, and Table 3 lists the observed M(H;0). The 1557.2 cm! absorption in the Nct- H,O

frequencies.
Isotopic labeled K80, D,O, and B0 + H,*®0 mixture
were employed for product identification through isotopic shifts

reaction shifted to 1550.7 crhwith H,'80, and to 1155.4 cmt
with D0, giving an isotopid®0/*€0 ratio of 1.0042 and a H/D
ratio of 1.3478. The band position and isotopic shifts are char-

and splittings. The isotopic counterparts are also listed in Tablesacteristic of the HO bending vibration of a KD complex per-

1—-3. The spectra in selected regions using different isotopic
samples are shown in Supporting Information (Figures-S1
S6).

turbed by one metal atom. In the experiment when#®1+
H,%0 mixed sample was used, no intermediate absorptions were
observed, which confirms that only one®isubunit is involved
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Figure 7. Optimized geometries (bond lengths in angstrom, bond
angles in degree) of various products for the NdH,O reactions.

in this complex. Accordingly, the 1557.2 cthabsorption is
assigned to the Nd@#D) complex. An associate weak absorption
at 3496.8 cmt is due to the symmetric HOH stretching vibration
of the complex.

DFT calculations indicate that the Nd{8) complex has a
planarC,, structure with a quintet ground state, as shown in
Figure 7. The Ne&-O distance was predicted to be 2.571 A.
The symmetric HOH stretching and,®& bending vibrational
frequencies were computed at 3621.5 and 15772 craspec-
tively, which are quite close to the experimental frequencies.
The calculated isotopic frequency ratios are also in quite good
agreement with the experimental values (Table 4). The anti-
symmetric HOH stretching vibration was predicted at 3730%m
with zero IR intensity. At the B3LYP level, the Nd¢B) com-
plex has &A; ground state with an electron configuration of
(core) (5h)! (2a)! (5by)! (10a)! (11a)?, which correlates to
the *d°s? ground state of the Nd atom.

Similar absorptions at 1560.3 and 3505.1¢rim the Sm-+
H,O experiments, and 1562.5 and 3510.8 ¢rim the Eu+
H,O experiments, are assigned to the symmetric HOH stretching
and HO bending vibrations of the Smgd) and Eu(HO)

complexes, respectively. Both complexes were predicted to have

planar structure wittC,, symmetry (Figure 8). The Sm¢D)

complex has @A, ground state, and the Euf8l) complex has

a®A, ground state. The experimentally observed vibrations were

computed at 3628.6 and 1579.5¢rnfor Sm(HO) and at 3633.0

and 1582.4 cm! for Eu(H;O), respectively (Tables 5 and 6).
M(H 20).. Absorptions at 1548.8 and 3482.7 chin the Nd

+ H20O reaction favored high ¥ concentration experiments

Xu and Zhou

The Nd(HO), complex was calculated to havéAy ground
state withC,, symmetry (Figure 7). The NeO distance is 2.596
A, slightly longer than that of Nd(kD). TheJONdO is 166.8.
The 5A; ground state also correlates to tHd6? ground state
of the Nd atom. The two experimentally observed vibrations
were computed at 3638.8 and 1575.6 énrespectively.

The absorptions at 1547.7 and 3479.0°¢im the Sm+ H,0
experiments are assigned to the Sa@li complex, which was
predicted to have &A; ground state. The 1549.0 and 3484.8
cm1in the Eu+ HyO experiments are assigned to the Eu-
(H20), complex in itsA, ground state. The calculated vibra-
tional frequencies and isotopic frequencies ratios (Tables 5
and 6) support the experimental assignments.

With a water concentration of 0.2% in argon, water aggregates
formed readily on sample annealing; however, no evidence was
found for the formation of higher M(}O)« (x = 3) complexes
in the experiments. This experimental observation suggests that
the maximum coordination number of Nd, Sm, and Eu atoms
is two with respect to water in solid argon. Consistent with that
notion, the Nd(HO); complex was predicted to be unbound
with respect to Nd(bO), + H2O. The coordination of only two
water molecules for neutral lanthanide metal atoms is quite
different with the lanthanide metal cations, which can coordinate
up to nine water moleculé8.lt is well-known that water ligand
is ao donor, but not ar acceptor. The move of water charge
to the neutral metal atom results in negative charge accumulation
on the metal center, which prevents further water coordination.
In contrast, the lanthanide cations @t are highly electron
deficient and are able to accept more donations from water
ligands than the neutral atoms.

HMOH. Absorptions at 1139.0 and 495.5 chin the Nd+
H,0 reaction are assigned to the HNdOH molecule. The upper
mode showed very small shift (0.4 c&) with H,180. The
deuterium counterpart was overlapped by the NdO absorption
at 814.5 cm?. The band position and isotopic shifts indicate
that the upper mode is a typical N¢H stretching vibratiort®
The low mode shifted to 484.3 crhwith D,O and to 472.7
cm~1 with H,'80 and is due mainly to a NeOH stretching
mode. The mixed k%0 + H,'80 spectra indicate that only
one O atom is involved, while the mixed,&8 + HDO + D,O
spectra indicate that two inequivalent H atoms are involved in
the mode. The HNdOH molecule was predicted to havA'a
ground state. The NeH and Nd-OH stretching vibrations were
calculated to be 1153.0 and 510.9 ¢m

In the reaction of Sm and 4@, similar absorptions at 1154.7
and 495.4 cm! are assigned to the SatH and Sm-OH
stretching vibrations of the HSmOH molecule. DFT calculations
predicted the HSmOH molecule to havéd’ ground state with
Sm—H and Sm-OH stretching frequencies at 1184.3 and 510.3
cmt, respectively, which agree well with the experimental
values. The absorptions at 1157.0 and 494.4cim the Eu+

and increased on higher temperature annealing at the expensélz0 reaction are assigned to the-Bd and Eu-OH stretching

of the Nd(HO) absorptions. These experimental observations
suggest that the 1548.8 and 3482.7-érabsorptions involve
more than one kD molecule. The low mode shifted to 1149.1
cm 1 with D,O and to 1542.3 cm with H,180. The band posi-
tion and isotopic frequency ratios are indicative of thgOH
bending vibration of a D complex. The 3482.7 cr absorp-
tion is due to the HOH stretching mode of the complex. In the
experiment with equimolar mixture of 40 and B!80, a triplet

at 1548.8, 1544.1, and 1542.3 thwas clearly resolved for
the low mode. This spectral feature indicates that the complex
involves two equivalent kD subunits and, therefore, are
assigned to the Nd{@#D), complex.

vibrations of the HEuOH molecule. This molecule was predicted
to have a®A"" ground state. The two experimentally observed
modes were calculated at 1193.1 and 514.5%with isotopic
frequency ratios also in reasonable agreement with the experi-
mental values (Table 6).

M(OH), (M = Sm, Eu). In the reaction of Sm with pO,
two absorptions at 488.0 and 462.1 dnshowed the same
annealing and photolysis behavior and are due to different
vibrational modes of the same molecule. These two absorptions
exhibit about the same isotopic frequency ratios (Table 2), which
are suggestive of SmOH stretching vibrations. The mixed
H,1%0 + H,80 and HO + HDO + D,0 spectra clearly indicate
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TABLE 4: Calculated Vibrational Frequencies (cm~1) and Isotopic Frequency Ratios of the Ndt- H,O Reaction Products$

freq H/D 160/180
molecule mode calcd obsd obsd calcd obsd calcd
Nd(H,0) sym HOH str 3621.5 3496.8 — 1.3880 1.0021 1.0021
H,O bending 1577.2 1557.2 1.3478 1.3624 1.0042 1.0046
Nd(H;0), HOH str 3638.8 3482.7 — 1.3877 1.0020 1.0021
H-0O bending 1575.6 1548.8 1.3478 1.3630 1.0042 1.0045
HNdO Nd—H str 1264.6 1220.2 1.3882 1.4008 1.0003 1.0002
Nd—O str 821.0 777.5 1.0063 1.0053 1.0532 1.0538
NdOH Nd—OH str 522.7 518.7 1.0179 1.0265 1.0468 1.0507
HNdOH Nd—H str 1153.0 1139.0 1.3984 1.4075 1.0004 1.0000
Nd—OH str 510.9 4955 1.0231 1.0338 1.0482 1.0480
HNd(OH), asym OH str 3925.4 3738.4 — 1.3731 - 1.0033
Nd—H str 1335.7 1274.4 1.3960 1.4070 1.0002 1.0002
sym Nd—OH str 579.6 586.5 — 1.0300 - 1.0513
asym Nd-OH str 543.4 541.9 — 1.0317 1.0453 1.0462

aThe experimental frequencies and ratios are also listed for comparison.

that two equivalent OH subunits are involved in these vibrations. are not observed due to weakness or being overlapped by the
Accordingly, we assign the 488.0 and 462.1érabsorptions strong water absorptions.

to the symmetric and antisymmetric SI®H stretching vibra- Similar absorptions at 487.1 and 461.7 ¢nn the Eu and
tions of the Sm(OH)molecule. As shown in Figure 8, the Sm-  H,0 experiments are assigned to the symmetric and anti-
(OH)2 molecule was predicted to have’A, ground state. The  symmetric Et-OH stretching vibrations of the Eu(Oinol-
ground state has a plan@g, structure withlOSmO= 123.2. ecule. DFT calculations predicted that the Eu(@Hiplecule
The linear structure was predicted to lie 4.9 kcal/mol higher in has a8A, ground state (Figure 8) with the symmetric and anti-
energy than the bent structure and is a transition state with ansymmetric Et-OH stretching frequencies at 503.4 and 481.3
imaginary frequency. The symmetric and antisymmetric-Sm  c¢m1, respectively.

OH stretching vibrations of the ground state molecule were HNd(OH)-. No evidence was found for the formation of Nd-
calculated at 493.8 and 475.3 chwith the calculated isotopic (OH), molecule in the Ndt H;0 experiments. DFT calculations
frequency ratios in quite good agreement with the experimental predicted that Nd(OH)has &A; ground state. The most intense
values (Table 5). The symmetric and antisymmetried  |R apsorption is the antisymmetric N@H stretching vibration
stretching modes were predicted at 3931.2 and 3931:9.cm 4t 485.0 cm?, ca. 25.9 cm! lower than the Ne-OH stretching
The IR intensities of these two modes are lower than those of mode of HNdOH. However, four absorptions at 3738.4, 1274.4,
the Sm-OH stretching modes (Table S2). These two modes 586 5 and 541.9 cni were observed which can be grouped
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together by their consistent behavior upon annealing and pho-
tolysis. The 3738.4 cri absorption is due to an-€H stretching
vibration. The 1274.4 cri absorption exhibits very small shift
with H»180, but shifted to 912.9 cmt with D»,O. The band
position and isotopic shifts imply that this absorption is due to
a Nd—H stretching vibration. The spectral feature in the exper-
iment with the HO/HDO/D,O mixture indicates that only one
Nd—H bond is involved. The 586.5 and 541.9 chabsorptions

fall into the Nd-OH stretching frequency region. In the
experiment with equimolar mixture offO and H!€0, a triplet

at 541.9, 525.9, and 518.4 ciwas clearly resolved for the
low mode, which indicates that two equivalent OH subunits are
involved in the molecule. The above-mentioned experimental
observations suggest the assignment of the four absorptions to
the HNd(OH}) molecule. The HNd(OH)molecule was calcu-
lated to have a nonplandA’ ground state (Figure 7). The
experimentally observed vibrations were calculated at 3925.4,
1335.7, 579.6, and 543.4 ch respectively.

Other Absorptions. In the Nd + H,O experiments, two
absorptions at 1220.2 and 777.5¢mwere observed on sample
deposition. The 1220.2 cmh band shifted to 879.0 cm with
D,O (H/D ratio of 1.3882) and is due to a N¢H stretching
vibration. The 777.5 cm absorption exhibited an isotopiéO/

180 ratio of 1.0542, which is very close to the diatomic NdO
ratio. The band position and isotopic ratios imply that this band
is a terminal Nd-O stretching vibratioR® This mode is weakly
coupled by one H atom. The 777.5 chabsorption shifted to
772.6 cnt! with D,O. The 1220.2 and 777.5 crhabsorptions

are assigned to the HNdO molecule, which was predicted to
have a*A’ ground state (Figure 7). The Ndi and Nd-O
stretching vibrational frequencies were computed at 1264.6 and
821.0 cn1! (Table 4).



10580 J. Phys. Chem. A, Vol. 110, No. 36, 2006

Xu and Zhou

TABLE 5: Calculated Vibrational Frequencies (cm~1) and Isotopic Frequency Ratios of the Sm+ H,O Reaction Product$

freq H/D 160/180
molecule mode calcd obsd obsd calcd obsd calcd
Sm(H0) sym HOH str 3628.6 3505.1 1.3616 1.3880 1.0019 1.0020
H0 bending 1579.5 1560.3 1.3485 1.3627 1.0042 1.0045
Sm(H0), HOH str 3640.1 3479.0 1.3596 1.3879 1.0020 1.0020
H0 bending 1575.2 1547.7 1.3478 1.3625 1.0043 1.0045
HSmOH Sm-H str 1184.3 1154.7 1.4000 1.4082 1.0000 1.0000
Sm—OH str 510.3 495.4 1.0217 1.0353 1.0491 1.0472
Sm(OH) sym Sm-OH str 493.8 488.0 1.0209 1.0292 - 1.0518
asym Sm-OH str 475.3 462.1 1.0219 1.0270 1.0474 1.0467
2 The experimental frequencies and ratios are also listed for comparison.
TABLE 6: Calculated Vibrational Frequencies (cm™?) and Isotopic Frequency Ratios of the Eu+ H,O Reaction Product$
freq H/D 160/180
molecule mode calcd obsd obsd calcd obsd calcd
Eu(H:0) sym HOH str 3633.0 3510.8 - 1.3881 1.0017 1.0020
H-O bending 1582.4 1562.5 - 1.3627 1.0040 1.0044
Eu(H0), HOH str 3637.9 3484.8 - 1.3880 1.0021 1.0021
H20 bending 1576.0 1549.0 - 1.3629 1.0043 1.0044
HEUOH Eu-H str 1193.1 1157.0 1.3992 1.4085 1.0004 1.0001
Eu—OH str 514.5 494.4 1.0206 1.0331 1.0490 1.0485
Eu(OH) sym Eu-OH str 503.4 487.1 - 1.0307 1.0530 1.0514
asym Eu-OH str 481.3 461.7 1.0226 1.0295 1.0472 1.0459

2 The experimental frequencies and ratios are also listed for comparison.

A weak absorption at 1562.3 crhwas produced only on  M(H;O), complexes, reactions=6, which were predicted to
high-temperature annealing. The band position and isotopic be exothermic:
shifts (Table 1) indicate that it is due to a®lbending vibration.
The mixed H1%0 + H,0 spectra indicate that only one®l
subunit is involved. This absorptions are tentatively assigned
to the N@(H20O) complex.

The 518.7 cm® absorption is also due to a N®H stretching
vibration. The mixed spectra suggest that only one OH unit is
involved. This band is tentatively assigned to the NdOH
molecule. DFT calculations predicted the NdOH molecule to
have af% ground state with a linear structure. The NOH
stretching vibration was predicted at 522.7 ¢m

Reaction Mechanism.The laser-evaporated lanthanide metal 11 M(H,0) complex absorptions disappeared upon 500
atoms (Nd, Sm, Eu) reacted with water molecules in solid argon , irradiation, during which the HMOH absorptions increased.

to form the metarwater complexes and the HMOH insertion 16 HMOH insertion molecules are formed by isomerization
molecules. The initial step of M- H,O reactions is the forma-  (a5ctions 79

tion of the metat-water complexes, reactions-B:

Nd(H,0) CA,) + H,0 (‘A,) — Nd(H,0), (°A,)
AE = —13.4 kcal/mol (4)

Sm(H,0) ('A,) + H,0 (‘A)) — Sm(H,0), ('A,)
AE = —10.5 kcal/mol (5)

Eu(H,0) CA,) + H,0 (‘A,) — Eu(H,0), (°A,)
AE = —9.9 kcal/mol (6)

Nd(H,0) (CA,) — HNdOH (CA’")
Nd (1) + H,0 (‘A;) — Nd(H,0) (A,) AE = —29.8 kcallmol (7)
AE = —8.8 kcal/mol (1)
Sm(H,0) (‘A,) — HSmOH (A")

Sm (F) + H,0 (‘A)) — Sm(H,0) ('A,) AE = —21.9 kcal/mol (8)

AE 9.8 kcal/mol (2) Eu(H,0) (A,) — HEUOH FA™)
AE = —7.5 kcal/mol (3) These hydrogen atom transfer processes are exothermic but
require activation energies. The reactions were predicted to
These association reactions were predicted to be exothermicproceed via a transition state. The barrier heights were estimated
by 8.8, 9.8, and 7.5 kcal/mol, respectively, after zero-point to be 16.8, 18.9, and 19.7 kcal/mol for Ng®), Sm(HO),
energy and basis set superposition error corrections. Theand Eu(HO), respectively. Therefore, the isomerization reac-
M(H20) complex absorptions increased on annealing, suggestingtions proceed experimentally under red light irradiation, during
that reactions 43 require negligible activation energy. Upon which some excited electronic states may be involved. The
sample annealing, the M@D), absorptions increased at the HNdOH absorptions also increased on annealing due to the red
expense of the M(kD) absorptions, indicating that the M{8l) irradiation from the IR spectrometer which can induce isomer-
complexes further reacted with water molecules to form the ization. The HMOH absorptions decreased on 2560 < 580
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nm irradiation, while the metal monoxide absorptions increased. give the metal monoxides upon UV light irradiation. Under red
This observation suggests that the HMOH molecules rearrangedight irradiation, the Nd(HO), complex decomposes to form
to MO and H. In previous gas phase investigations on the reac- the trivalent HNd(OH) molecule, while the Sm(¥D), and Eu-
tions of metal cations with water, formation of the metal mon- (H,0O), complexes decompose to the divalent Sm(£ahd Eu-
oxide cation is the dominant reaction channel, which is proposed (OH), molecules. In addition, HNdO and NdOH were also
to proceed via the M(bD)* and HMOH" intermediated:5>14-16 observed and identified.
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