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Reactions of Late Lanthanide Metal Atoms with Water Molecules: A Matrix Isolation
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The reactions of late lanthanide metal atoms {&d) with water molecules have been investigated using
matrix isolation infrared spectroscopy. The reaction intermediates and products were identified on the basis
of isotopic substitution experiments and density functional theory calculations. All of the metal atoms except
Lu react with water to form the M(D) complexes spontaneously upon annealing<&d, Tb, Dy, Ho, Er,

Tm, and Yb). The Dy(HO) and Ho(HO) complexes are able to coordinate a second water molecule to form
the Dy(HO), and Ho(HO), complexes. The M(kD) complexes isomerize to the inserted HMOH isomers
under visible light irradiation, which further decompose to give the MO and/or HMO molecules upon UV
light irradiation. The M(OH) molecules (M= Gd—Lu) were also produced. The results have been compared
with our earlier work covering the early lanthanide metal atoms (Nd, Sm, Eu) to observe the existent trends
for the lanthanide metal atom reactions.

Introduction results are compared with our earlier work covering the early
lanthanide metal atoms (Nd, Sm, Eu) to observe the existent

With the results reported here, we complete the study on thetrends for the lanthanide metal atom reactions.

reactivity of lanthanide metal atoms with water. As has been
pointed out in our previous paper r(_ag_ardmg the_ reactions of Experimental and Theoretical Methods
early lanthanide metal atomshe reactivity of transition-metal ) ) )
atoms and ions with water has been the subject of considerable The experiments for pulsed laser evaporation and matrix
experimental and theoretical studied? It was found that early isolation infrared spectroscopic investigation are similar to those
transition-metal atoms and ions reacted with water to form the Used previously® Briefly, a Nd:YAG laser fundamental (1064
metal monoxide neutrals and cations in the gas phadatrix nm, 10 Hz repetition rate with 10 ns pulse width) was focused
isolation infrared spectroscopic studies showed that early ONto the rotating metal targets. The laser-evaporated metal atoms
transition-metal atoms reacted with water molecules to initially Were co-deposited with water in excess argon onto a Csl window
form the HMOH insertion intermediates spontaneously upon ¢ooled normally ® 6 K by means of a closed-cycle helium
annealing The insertion molecules could either photochemi- refrigerator (ARS, 202N). The matrix gas deposition rate was
cally isomerize to the high valentMO isomers or decompose ~ typically 4 mmol/h. The HO/Ar mixtures were prepared in a
to the metal monoxide and3-1! The later transition-metal  Stainless steel vacuum line using a standard manometric
atoms reacted with water to give primarily the M®) technique. Distilled water was cooled to 77 K using liquig N
complexes, which rearranged to the insertion products underand evacuated to remove volatile impurities. Isotopically labeled
UV —visible light excitationt213 Similar investigations on the D20 and H**0 (Cambridge Isotopic Laboratories) were used
reactions of f element atoms indicate that actinide metal atomsWithout further purification. Isotopic exchange with water
are more reactive than the transition-metal atoms. It was found @dsorbed on the walls of the vacuum line occurred readily; in
that the ground-state thorium and uranium atoms are able tothe experiments with the O sample, the HDO and 4@
directly insert into the ©H bond of water to form the 5ThO absorptions were also presented. After sample deposition, IR
and HUO molecules in low-temperature noble gas matri¢ds. spectra were recorded on a Bruker IFS66V spectrometer at 0.5
Recent investigations in this group found that the early CM*resolution usinga I|qU|d-n|trogen-cooIe1d HgCdTe (MCT)
lanthanide metal atoms with a contracted 4f valence shell reactdetector for the spectral range of 468450 cm™. Samples were
with water to form the M(HO) and M(H0), complexes. The annealed at different temperatures and subjected to broad-band
M(H-0) complexes isomerize to the inserted HMOH isomers, irradiation using a tungsten lamp or a high-pressure mercury
and the M(HO), complexes either decompose to form the arc lamp with glass filters. _
trivalent HNd(OH) molecule or rearrange to the divalent Sm- ~ Quantum chemical calculations were performed to determine
(OH), and Eu(OH) molecules under red light irradiatién. the molecular structures and to help the assignment of vibrational

In this paper, we present a combined matrix isolation infrared frequencies of the observed reaction produgts. The calculations
spectroscopic and theoretical study on the reactions of later Were performed at the level of density functional theory (DFT)
lanthanide metal atoms (Gd.u) with water. The reaction with the B3LYP method, where the Becke’s three parameter
intermediates and products were trapped and identified, and theYPrid functional and the LeeYang—Parr correlation functional

were used’ The 6-311-+G** basis sets were used for the H

* To whom correspondence should be addressed. E-mail: mizhou@ @nd O atoms, and the scalar relativistic SDD pseudopotential

fudan.edu.cn. and basis sets were used for the metal at8#%A neutral atom
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Figure 1. Infrared spectra in the 386(480 and 16061540 cnt* regions from co-deposition of laser-evaporated Ho atoms with 0.2%

regions from co-deposition of laser-evaporated Gd atoms with 0.2% H,0 in argon; (3 1 h of sample deposition at 6 K, (b) after 30 K
H20 in argon; (3 1 h of sample deposition at 6 K, (b) after 25 K annealing, (c) after 35 K annealing, (d) after 15 miniof 500 nm
annealing, (c) after 35 K annealing, (d) after 15 minto# 500 nm irradiation, and (e) after 15 min of 256 A < 580 nm irradiation.
irradiation, and (e) after 15 min of 250 1 < 580 nm irradiation.
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Figure 2. Infrared spectra in the 145300 and 906500 cnt? Figure 4. Infrared spectra in the 1560300 and 906500 cnt*
regions from co-deposition of laser-evaporated Gd atoms with 0.29% régions from co-deposition of laser-evaporated Ho atoms with 0.2%
H.O in argon; (d 1 h of sample deposition at 6 K, (b) after 25 K HzO in argon; (@&1hof sample.deposmon at 6 K, (b) after 30 K
annealing, (c) after 35 K annealing, (d) after 15 minlof 500 nm annealing, (c) after 35 K annealing, (d) after 15 mintot 500 nm
irradiation, and (e) after 15 min of 250 A < 580 nm irradiation. irradiation, and (e) after 15 min of 256 1 < 580 nm irradiation.
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absorptions can be classified into several groups based on their

was used as the reference'system to generate th? pseudopotentl nealing and photochemical behaviors. The 3496.1 and 1562.7
a_m_d to specify the theoretical level of Wo_od Boring quasirela- ;-1 absorptions appeared upon sample annealing to 25 K
tivistic. The numbgr of core electrons which were replaced by (Figure 1, trace b), markedly increased upon sample annealing
the pseudopotential was 28 for the Ho, Er, Tm, Yb, and Lu , 35 ¢ (Figure 1, trace c), but decreased when the matrix
atoms, and part of the f electrons of Gd, Tb: and Dy atoms sample was irradiated by the output of a tungsten lamp with a
were also treated as the core electr@hGeometries were fully 500 nm long-wavelength pass filter and disappeared upon
opt|m|_zed, and V|brat|9na_l frequenme_s were <_:a|cu|ateo! With continued broad-band irradiation with the high-pressure mercury
analytical second derivatives. The single point energies of ;.. lamp (250< /. < 580 nm). The 3751.2, 1377.4, and 602.4
selected structures optimized at the B3LYP level were calculated -1 absorptions were weak .upon samp.le,depos;itilon increased
using the CCSD(T) method with the same basis sets. These, ;5 sample annealing, remained almost unchanged upon
calculations were performed using the Gaussian 03 progtam. 500 nm irradiation, but almost disappeared upon 250 <
Result 4 Di . 580 nm broad-band irradiation. The 3764.3, 575.7, and 556.9

esults and Liscussion cm! absorptions were produced upon sample annealing to 25

Infrared Spectra. A series of experiments have been K, increased upon sample annealing to high temperatures, but
performed using different ¥ concentrations (ranging from  decreased upon 258 1 < 580 nm irradiation, during which
0.05 to 0.2% in argon) with different metal targets. The the GdO and Gd® absorptions were producéd.Weak
representative infrared spectra in selected regions using the Gdabsorptions at 1300.6 and 782.7¢ralso increased upon broad-
Ho, and Tm metal targets with 0.2%@® in argon are illustrated  band irradiation, as illustrated in Figure 2.
in Figures 5. The spectra with the other metals are shown  The band positions of the observed product absorptions are
as Supporting Information. Taking the Gd reaction as an listed in Tables +5. Experiments were repeated by using the
example, weak absorption due to GdO was observed afterisotopically labeled K80, D,O, and B®0 + H,*0 mixtures
sample depositio?? and new product absorptions were produced for selected metals. Figure 6 shows the spectra in the-860
upon sample annealing and broad-band irradiation. These newcm™! region from co-deposition of laser-evaporated Gd atoms
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Figure 5. Infrared spectra in the 1768160 cnt? region from co-
deposition of laser-evaporated Tm atoms with 0.29@1h argon; (a)

1 h of sample deposition at 6 K, (b) after 20 K annealing, (c) after 30
K annealing, (d) after 15 min of > 500 nm irradiation, and (e) after
15 min of 250< A < 580 nm irradiation

TABLE 1: Observed and Calculated Vibrational
Frequencies (cnT?) of the M(H,0O) Complexes (M=
Gd—Yb)
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Figure 6. Infrared spectra in the 85600 cnT! region from
co-deposition of laser-evaporated Gd atoms with isotopic labeled
samples. Spectra were taken afteh of sample deposition followed
by 25 K annealing; (a) 0.2% 0, (b) 0.1% H'%0 + 0.1% H'%0, and
(c) 0.1% HO + 0.1% DO (the asterisk denotes an impurity absorption).
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TABLE 4: The Calculated Geometric Parameters (Bond
Lengths in Angstroms, Bond Angles in Degrees) and the
Observed and Calculated Vibrational Frequencies (cm?) of
the HMO Molecules (M = Gd—Tm)

sym HO stretch HO bending
molecule obsd calcd obsd calcd
Gd(H:0) 3496.1 3582.3 1562.7 1571.6
Th(H0) 3480.6 3643.6 1559.4 1585.1
Dy(H:0) 3514.7 3645.3 1563.7 1584.6
Ho(H,0) 3519.2 3639.2 1565.4 1583.7
Er(H,0) 3643.2 1565.1 1586.9
Tm(H:0) 3522.1 3638.1 1565.7 1583.7
Yb(H20) 3531.3 3641.9 1568.9 1586.5

TABLE 2: Observed and Calculated Vibrational
Frequencies (cnt?) of the Dy(H,0), and Ho(H,0),
Complexes

HOH stretch asym bD bending
molecule obsd calcd obsd calcd
Dy(H20), 3473.6 3643.2 1545.9 1578.1
Ho(H:0), 3477.9 3624.5 1546.9 1574.7
Ho(H;'%0), 3471.6 3616.8 1540.2 1567.4
Ho(D20), 2611.4 1147.4 1154.4

TABLE 3: Observed and Calculated Vibrational
Frequencies (cn?t) of the HMOH Molecules (M = Gd—Lu)

OH stretch M-H stretch M-OH stretch
molecule obsd calcd obsd calcd obsd calcd
HGdOH 3751.2 3967.5 1377.4 1399.8 602.4 597.5
HTbOH  3755.8 3970.9 1388.0 1406.6 609.3 600.0
HDyOH 3973.0 1390.7 1410.0 619.3 602.3
HHoOH  3762.7 3960.9 1401.3 1399.3 611.6 6245
HErOH 3764.9 3956.6 1409.9 14116 6234 627.3
HTmOH 3951.8 1237.1 1249.7 514.0 540.1
HYbOH 3756.0 3954.4 1238.6 1263.2 511.8 530.2
HLUOH 3967.4 1423.1 14555 629.0 636.3

with the HO, H,1%0 + H,'80, and HO + D,O samples, while
Figure 7 shows the infrared spectra in the 164630 and 866
500 cnt? regions from co-deposition of laser-evaporated Ho
atoms with a 0.1% k%0 + 0.1% H,'80 mixtures. The isotopic

geometric parameters  #H stretch M-O stretch
molecule M-H M—O OHMO obsd

HGdO €A’) 2.063 1.882 107.3 1300.6
HTbO (A") 2.031 1.797 111.6 1310.1
HDyO (A") 2.035 1.861 107.8 1316.1
HHoO PA’) 2.022 1.805 112.6 1337.6
HErO (A") 2.002 1.804 112.1 1363.2
HTMO GA’) 2.004 1.800 114.5 1376.3

obsd calcd

782.7 785.4
793.4 846.6
798.2 790.6
800.2 836.8
801.3 837.4
806.4 820.3

calcd

1346.4
1349.4
1370.1
1392.1
1402.7
1363.3

TABLE 5: Observed and Calculated Vibrational
Frequencies (cnt?) of the M(OH), Molecules (M = Gd—Yb)

sym MOH stretch asym MOH stretch

asym OH stretch

molecule  obsd calcd obsd calcd obsd calcd
Gd(OH) 3764.3 3967.5 575.7 592.2 556.9 562.2
Tb(OH),, 3764.7 3968.9 582.9 594.8 563.8 564.8
Dy(OH), 3769.4 3971.3 596.9 566.5

Ho(OH), 3770.6 3952.3 611.5 568.0 577.6
Er(OH), 3772.2 3953.6 618.3 572.1 584.9
Tm(OH), 3769.8 3966.1 621.0 576.9 588.4
Yb(OH), 3766.8 3960.1 503.4 523.6 490.6 515.6

M(H 20). Reactions of Gd, Tb, Dy, Ho, Er, Tm, and Yb atoms
with water molecules revealed quite strong absorptions in the
1560-1570 cn! region (Gd, 1562.7; Th, 1559.4; Dy, 1563.7;
Ho, 1565.4; Er, 1565.1; Tm, 1565.7; Yb, 1568.9¢jn These
absorptions were produced upon sample annealing and were
destroyed upon broad-band irradiation. In the-KD stretch
frequency region, absorptions at 3496.1, 3480.6, 3514.7, 3519.2,
3522.1, and 3531.3 cm for Gd, Tb, Dy, Ho, Tm, and Yb
tracked with the absorptions around 1565énThese absorp-
tions are assigned to the M{8) complexes. Taking the Ho
H.0 reaction as an example, the 1565.4 ¢mbsorption shifted
to 1558.9 and 1160.0 cr, respectively, with the K80 and
D,0 samples. The band position and isoto}§©/*%0 and H/D
ratios indicate that this absorption is due to thgdHending
vibration of a metatwater complex. The experiment with 1:1

counterparts are provided in Supporting Information. The mixtures of B®0 and KO (Figure 7) implies that only one
reaction products are assigned on the basis of the isotopic shiftsH,O subunit is involved in this mode. The 3519.2 ©m
and splittings of the observed product absorptions as well asabsorption is much weaker than the 1565.4 &rabsorption

DFT frequency calculations.

and is due to the symmetric OH stretch mode of the HGH
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regions from co-deposition of laser-evaporated Ho atoms with 0.1%
H,1%0 + 0.1% K80 in argon; (21 h of sample deposition at 6 K, (b)
after annealing to 25 K, (c) after annealing to 30 K, and (d) after 15
min of 250 < 4 < 580 nm irradiation.
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complex. The Lu(HO) complex was not observed in the
experiments.
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Figure 9. Optimized structures of the inserted HMOH molecules (M
= Gd-Lu, bond lengths in angstroms, bond angles in degrees).

absorptions with high kD concentrations. This experimental
observation implies that the absorber involves more than one
H,O subunit. In the experiment of Ho with equal molecular
mixtures of B0 and R0, four absorptions positioned at
1554.8, 1546.9, 1541.6, and 1540.2¢mwere clearly resolved
for the low-frequency mode (Figure 7). This spectral feature
indicates that the complex involves two equivalep®rsubunits
and, therefore, are assigned to the Hgifj3 complex. The
1546.9 cm? absorption is due to the antisymmetric bending
mode; the symmetric bending mode of HetfD), and Ho-
(H2'0), was not observed, but this mode for the Hg(D)-
(H2'0) isotopomer was observed at 1554.87éniThe Nd-
(H20)2, Sm(HO),, and Eu(HO), complexes have been observed
in our earlier study.

The Dy(H0), and Ho(HO), complexes were calculated to
have an’A; and“A, ground state wittC,, symmetry (Figure
8), which correlates with thé9d°s? and f1d°s? ground state of
the metal atoms. The calculated®bending and ©H stretch
vibrational frequencies of the Dy@d), and Ho(HO), com-
plexes were compared with the observed values in Table 2. No
evidence was found for the formation of the Gd(),, Th-
(H20),, Er(H,0),, Tm(H,0),, and Yb(HO), complexes in the
present experiments.

HMOH. For all of the metal systems studied here, new
product absorptions were observed in thet) M—H, and

The assignments are supported by DFT calculations. As M—O stretch frequency regions, as listed in Table 3. These

shown in Figure 8, the Gd@#®) complex was predicted to have
a®A" ground state with a nonplan& symmetry, whereas the
other M(H:O) (M = Tb, Dy, Ho, Er, Tm, and Yb) complexes
were predicted to have planar structures with symmetry.
The electron configurations of ground-state MQH complexes
(Gd, °A"; Tb, ®By; Dy, 5A1; Ho, *A; Er, 3By; Tm, 2Aq; Yb,

absorptions are assigned to the inserted HMOH molecules. The
HMOH molecules were predicted to have planar structures with
Cs symmetry (Figure 9). ThéJHMO ranges from 1099in
HGdOH to 128.7 in HYbOH. As listed in Table 3, the
calculated G-H, M—H, and M—O stretch frequencies match
the experimental values and support the experimental assign-

1A;) correlate to the ground state of the metal atoms. The ments.

calculated vibrational frequencies for the M®) complexes
are compared with the experimental values in Table 1. Ti@ H

The HGdOH molecule was predicted to have’Ahground
state with a Gd %! electron subconfiguration. The HTmOH,

bending and symmetric HOH stretch modes were predicted to HYbOH, and HLUOH molecules havd'" ,!A’, and?A’ ground

have appreciable IR intensities, which were experimentally

states. Surprisingly, the HTbOH, HDyOH, HHoOH, and HErOH

detected with their frequencies and isotopic frequency shifts in molecules were determined to ha%', A", SA’, and A"

good agreement with the experimental values. The antisym-

metric HOH stretch modes of the M{B) complexes were
predicted to be about 100 crhhigher than the symmetric stretch
modes but with very low IR intensities, and thus, they were
not observed in the experiments.

M(H20), (M = Dy, Ho) In the Dy and Ho systems, new
absorptions in the $0 bending and ©H stretch frequency
regions were observed besides the M@labsorptions. These
absorptions were produced upon annealing after the MjH
absorptions (Figure 3) and are favored relative the MH

ground states, respectively, with the metals in'g! subcon-
figurations. Taking the HHoOH as an example, f##¢' state
with a Ho f1 subconfiguration was predicted to be 3.2 kcal/
mol lower in energy than théA' state with a Ho st
subconfiguration at the B3LYP level. However, t# state is
more stable than th#\" state at the CCSD(T) level of theory.
The Ho—H and Ho-OH stretch frequencies for tH#&' state
HHoOH were calculated at 1399.3 and 624.5 énwhich fit
the experimental values very well. The HbBl and Ho-OH
stretch modes of théA" state were calculated to be 1240.3
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/Qg 2082 D Tb__2.069 with M = Thb, Dy, Ho, Er, and Tm were calculated to have
o~ 1211 0.956 P 1225 0.956 8B,, 7By, ®B1, °A,, and“B; ground states, respectively, which
/ 165.8  \ H 1660\'\ - .
H H correlate to a 4f15d'6<* electron configuration of the metal
Gd(OH),, %A, Tb(OH),, 8B, atoms. The ground state of Yb(OH3 'A;. As listed in Table
, the calculated antisymmetric an stretc
Ho 5, th Iculated t tric d M—OH stretch
0/12\32 2,057 0/12‘4’6\2014 frequencies are in good agreement with the observed values.
4 1662kl\0956 e 1682\’\095 The symmetric stretch modes were predicted to have low IR

intensities and were not observed.

Dy(OH)z. "B HolOH), °B: Reaction Mechanism The reactions of late lanthanide atoms
Er_ 2005 (Gd—Yb) with water molecules are similar to those early
v\ Tm 1.995 . L
71247 XQ 4057 0/12\52\0 lanthanide metals that we have reported eatliEne initial step
H 1633 4 152‘2\‘\0“956 is the formation of the M(K0) complexes, reaction 1. These
Er(OH),, 5A, Tm(OH), ‘B association reactions were predicted to be exothermic. The
» complex absorptions increased upon annealing, suggesting that
Yo 2077 the reactions require negligible activation energy
1315
O (¢}
H/ 1673 0958
H M + H,0— M(H,O) (M = Gd, Th, Dy, Ho, Er, Tm, Yb)
Yb(OH),, 'A (1)
Figure 10. Optimized structures of the M(Oklinolecules (M= Gd—
Yb, bond lengths in angstroms, bond angles in degrees). Similar to the early lanthanide metals Nd, Eu, and Sm, the

. . o Dy(H20) and Ho(HO) complexes can further react with water
and 526.3 cm?, too low to fit the experimental values. A similar  tg form the Dy(HO), and Ho(HO), complexes

situation exists for the HTbOH, HDyOH, and HErOH mol-

ecules. 1 5
Dy(H,0) CA,) + H,0 (*A,) — Dy(H,0), (°A
HMO. Absorptions at 1300.6 and 782.7 chfor Gd, 13101 DY(Hz0) (A + H0 (A) — Dy( ) (A1)
and 793.4 cmt for Th, 1316.1 and 798.2 cr for Dy, 1337.6 AE= —9.9 kcal/mol (2)

and 800.2 cm! for Ho, 1363.2 and 801.3 cm for Er, and

4 Iny_ 4
1376.3 and 806.4 cm for Tm were produced mainly upon  1O(H0) (Az) +H;0 (Ay) — Ho(H,0), (A,)

broad-band irradiation (Figures 2, 4, and 5). The isotopic AE= —9.4 kcal/mol (3)
substitution experiments indicate that the upper mode is due to ) _
a M—H stretch vibration, while the low mode is a terminal The M(HO) complex absorptions almost disappeared upon

M—O stretch mode. These absorptions are assigned tothe¢ M 4 > 500 nm irradiation, during which the HMOH absorptions
and M—O stretch modes of the HMO molecules (Table 4). The increased. The HMOH molecules were formed by isomerization
HMO molecules were predicted to have bent structures with reactions

BA", TA", BA" A’ 4A" and3A’ ground states for Gd, Tb, Dy,

Ho, Er, and Tm, respectively. The Lewis structure of the HMO M(H,0) = HMOH (M = Gd, Tb, Dy, Ho, Er, Tm, Yb) (4)
molecule can be drawn as-HM=0O, with the metal in the

formal +3 oxidation state. No absorptions were observed in  All of the isomerization reactions were predicted to be
the Yb+ H,O experiments that can be assigned to the analogousexothermic but require activation energies. The reactions
HYbO molecule. Yb is an atypical lanthanide with a completely proceeded experimentally under red light irradiation, suggesting
filled 4f shell (4f45d°6s’) and exhibits a formal oxidation state  that the energy barriers are low. In some reaction systems, the

of +2. HMOH absorptions also increased upon annealing, which is due
M(OH) .. Besides the above-characterized product absorp- to the red irradiation from the IR spectrometer that can induce
tions, new absorptions were observed in the-®H stretch isomerization. In our earlier study on the early lanthanide metal

frequency region for all of the metal systems studied here exceptatom reactions, the energy barriers were calculated to be less
Dy and Lu; see Table 5. All of these absorptions increased uponthan 20 kcal/mot.
sample annealing and/or broad-band irradiation using a 500 nm  For all of the metal systems except Yb, the HMOH absorp-
long-wavelength pass filter with a tungsten lamp. The band tions almost disappeared under 250l < 580 nm irradiation,
positions and isotopic shifts indicate that these absorptions areduring which the MO and/or HMO absorptions markedly
due to M—OH stretch vibrations. The triplet isotopic structures increased. This observation suggests that the HMOH molecules
in the experiments with equal molar mixtures of'f® and decomposed to form the MO and/or HMO molecules. The
H,®0 confirmed the involvement of two equivalent OH subunits HLUOH absorptions were very weak; therefore, no obvious LuO
(the mixed spectra of the Gd and Ho reaction systems are showrand HLUO absorptions were observed. The HYbOH absorptions
in Figures 6 and 7, respectively). In the-® stretch frequency  remained almost unchanged upon irradiation. As has been
region, absorptions at 3764.3 (Gd), 3764.7 (Tb), 3770.6 (Ho), mentioned above, Yb is an atypical lanthanide with a formal
3772.2 (Er), 3769.8 (Tm), and 3766.8 ch(Yb) were tracked oxidation state oft2. The HYbO molecule with Yb in itst3
with the M—OH stretch frequencies. No absorptions in the oxidation state is not expected to be formed.
M—H stretch frequency region were observed to track with these  For all of the metal systems except Lu, the M(QH)
absorptions. Accordingly, these absorptions are assigned to theabsorptions were also observed. The Dy(@kihd Ho(OH)
M(OH), molecules (Table 5). molecules were formed largely upon visible light irradiation at
The optimized structures of the M(Oktholecules are shown  the expense of the Dy@®), and Ho(HO), absorptions, whereas
in Figure 10. All of the M(OH) molecules were predicted to  the other M(OH) absorptions were produced upon sample
be bent withOOMO ranges from 121.1 (Gd) to 132.8YDb). annealing. These experimental observations suggest that the
The Gd(OH) molecule was predicted to have &\; ground metal atoms react with two water molecules to form the M(9H)
state with a Gd"&! subconfiguration. The M(OH)molecules molecules via the M(ED), intermediates. For Gd, Tb, Er, Tm,
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and Yb, the M(HO), intermediates are short-lived species and 1500 -
were not able to be stabilized in the matrix.

So far, we have performed the experiments on the reactions 14004 aa—A—A A
of almost the whole period of lanthanide metal atoms with water A A

molecules except Pr and Pm. The experimental observations
indicate that the neutral lanthanide metal atoms are able to
coordinate water to form the M@®) and M(HO), complexes. >
The coordination of only one and two water molecules for
neutral lanthanide metal atoms is quite different with the
lanthanide metal cations, which can coordinate up to nine water
molecules® One may expect that the rigid matrix as well as 1100
the low water concentrations used in the experiments may be

an important factor to control the number of water molecules 1000
coordinated around the lanthanide atom. However, water Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
aggregates formed readily upon sample annealing with a watergigyre 11. Plot of the M-H stretch frequencies (ct#) in the HMOH
concentration of 0.2% in argon, which suggests that the molecules (M= lanthanide metals).

limitation controlling the number of coordinated water molecules

is not due to a rigid matrix and low water concentrations. As the series, mainly owing to lanthanide contraction. According
has been discussed in our previous artidiee water ligand is  to the theoretical calculations, all of the metals in the ground
ao donor but not ar acceptor. When forming a metalvater  state of HMOH have™s! subconfigurations in the upper series,
complex, the move of the water charge to the neutral metal atomwhereas the metals in the ground state of HMOH hdve f
results in negative charge accumulation on the metal center,subconfigurations in the low series. The Ce, Gd, and Lu atoms
which prevents further water coordination. It is interesting to possess a 25d'6<? (n = 1, 7, 14) ground-state configuration.
note that while all of the metal atoms except Lu react with water The elements Th, Dy, Ho, and Er have &5¢P6<2 ground-

to form the M(HO) complex, only the Nd, Sm, Eu, Dy, and  state configuration, but these elements have a very low-lying
Ho atoms are able to coordinate two water molecules to form 4f"-15dl6<2 excited staté* which is much more favorable for
the M(H,O), complexes. Two origins for such difference are bonding. The Nd, Sm, Eu, Tm, and Yb metals in the low series
conceivable, (1) the repulsion between the d electron of the possess a #5d°%6<* ground-state configuration. For Sm and Eu,
lanthanide atom and the lone pair electrons of the O atom andthe first excited state has a"8ti'6s! configuration instead of

(2) the number of 4f electrons. Note that the metal atoms Nd, 4f"-15d'6s% for Tm, the first excited state has a"#¥5d'6s

Sm, Eu, and Ho, which are able to coordinate two water configuration, but the #6d°6<* to 4f"~15d'6< promotion energy
molecules, all have a %Bd’6<’ electron configuration, whereas  is much higher than that for Tb, Dy, Ho, and ZrYb has the

the metal atoms which can only coordinate one water molecule first excited state of 46s'6p! structure, which is energetically
have a 4f-15d'6< electron configuration, except Th, Er, Tm, much higher than the ZBd°6<* ground state. Surprisingly, there
and Yb. For Tb, the energy gap between the ground state withis also a small energy gap for Nd between the first excited state
a 4P5d°6< configuration and the first excited state with &4f  with a 4~15dl6s* configuration and the ground state with a
5d'6<? configuration is very smaf? We found that when the  4f"5d°%6<? configuration, which is the main reason to form the
number of the metal 4f electrons goes beyond 11-(#y), the relatively stable trivalent HNd(OH)molecule, as interpreted
metal atoms can only coordinate one water molecule, despitein our previous article. However, we found that Nd ha$<s f
the fact that metal atoms do not have 5d electron population. subconfiguration in HNdOH.

That is, there is a turning point between the Ho element with

11 f electrons and Er with 12 f electrons. In fact, the existence Conclusions

of the turning point is a common phenomenon in both physical 1 reactions of late lanthanide metal atoms with water have
and chemical properties of lanthanide compounds, for example.peen studied using the matrix isolation infrared absorption
the famous “tetrad effect With an increase in the number of  gpactroscopy. All of the metal atoms except Lu react with water
4f electrons, the repulsion between the interelectrons becomesyq form the M(HO) complexes, which isomerize to the inserted
much stronger, which prevents the coordination of more than yvoH isomers under red light irradiation. The HMOH
one water molecules to the metal atom when the number of f ,glecules further decompose to form the MO and/or HMO
electrons reaches 12. Consistent with this notion, we found that j,glecules upon UV light irradiation. The M(OKnolecules

the Lu metal atom, which has an electron configuration &-4f 5.6 also formed via the M(@®), intermediates, which were
5d'6s? was not able to form the Lu¢®) complex in a solid  gpserved for Dy(HO), and Ho(HO),. The results have been
argon matrix. The behavior of Lu is quite similar to that of the - compared with our earlier work covering the reactions of early
group lIB metals with anrg—1)d'ns’ valence electron config-  |anthanide metals Nd, Sm, and Eu, and several existent trends
uration?? can be drawn.

For all of the lanthanide metal systems studied, the inserted (1) Similar to the transition-metal atom reactions, the M)
HMOH molecules were experimentally observed. The bonding complexes and the inserted HMOH molecules are important
behavior among the HMOH molecules is quite appealing. A intermediates in the reactions between lanthanide metal atoms
plot of all of the presently available ™H stretch frequencies  and water.
of HMOH is shown in Figure 11. A “double-concave” graph is (2) While all of the metal atoms except Lu react with water
obtained. We can roughly draw two lines based on the points to form the M(HO) complex, only the Nd, Sm, Eu, Dy, and
shown in Figure 11; one involves the Ce, Gd, Th, Dy, Ho, Er, Ho atoms are able to coordinate two water molecules to form
and Lu series, and another one involves the Nd, Sm, Eu, Tm, the M(H,O), complexes.
and Yb series. These two lines are almost parallel, with a gap (3) For all of the lanthanide metal systems studied, the
of about 200 cm. The M—H stretch frequencies increase along inserted HMOH molecules were experimentally observed. These
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inserted molecules can be classified into two series. One series (11) (a) Zhou, M. F.; Zhang, L. N.; Dong, J.; Qin, Q. Z.Am. Chem.

involves Ce, Gd, Th, Dy, Ho, Er, and Lu, which exhibit higher
M—H stretch frequencies than those of another series, which

Soc.200Q 122 10680. (b) Zhou, M. F.; Dong, J.; Zhang, L. N.; Qin, Q. Z.

J. Am. Chem. So@001, 123 135.

(12) Kauffman, J. W.; Hauge, R. H.; Margrave, J.1.Phys. Chem.

includes Nd, Sm, Eu, Tm, and Yb. The first series of HMOH 1085 89, 3547.

molecules has high-spin ground states wittish $ubconfigur-

(13) (a) Zhou, M. F.; Zhang, L. N.; Shao, L. M.; Wang, W. N.; Fan, K.

ation of the metals, while the second series of HMOH molecules N.: Qin, Q. z.J. Phys. Chem. 001, 105, 5801. (b) Zhang, L. N.; Zhou,

has low-spin ground states with & $ubconfiguration of the

metals.

(4) The different bonding behavior in the lanthanide series
is a direct consequence of the change in valence electron

configuration of the metals.
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