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Reactions between lanthanide cations (from La+ to Lu+ except Pm+) and methanol clusters were studied in
a pick-up source, and the product ions were analyzed using a reflectron time-of-flight mass spectrometer
(RTOFMS). Those reactive ions including La+, Ce+, Pr+, Nd+, Gd+, Tb+, Ho+, Er+, and Lu+ react with
methanol molecules forming dehydrogenation products LnCH2O+ and LnCH3O+. For large clusters, the
dehydrogenation products become Ln(OCH3)2(CH3OH)n-2

+. On the contrary, the relatively unreactive
lanthanide ions including Sm+, Eu+, Dy+, Tm+, and Yb+ do not react with the methanol molecules. Only
when they are solvated by a sufficient number of methanol molecules does dehydrogenation occur and yield
Ln(OCH3)2+(CH3OH)n-2 (LnOCH3+(CH3OH)n-1 for Eu+). The relative reactivities of these ions are discussed
in terms of their electronic configurations. Reactions of LnO+ with methanol clusters lead to water elimination
and produce LnO2C2H6(CH3OH)n-2

+. As cluster size increases to n≈ 13, the reaction is quenched, and only
the association products LnO(CH3OH)n+ are formed.

1. Introduction

Compounds containing lanthanide elements are widely used
in many areas of modern technology.1 The unusual properties
imbued by the lanthanide elements have benefited areas as
diverse as heterogeneous and homogeneous catalysis, super-
conductivity, or advanced materials for optical, electronics,
magnetic, and biomedical applications. In parallel, the orga-
nometallic chemistry of lanthanide elements has been developed
as a fascinating research topic.2 As catalysts or catalyst
promoters, the 4f elements exhibit remarkable activity and
selectivity in many processes, such as methane oxidative
coupling,3 polymerization of olefins,4 and petroleum cracking.5

A variety of organolanthanide complexes can be used as efficient
and selective catalysts in synthetic organic chemistry.6 In
addition, the development of highly volatile organolanthanide
complexes useful for chemical vapor deposition has been
actively pursued.7

The gas-phase chemistry of the lanthanide cations has
attracted increasing attention in recent years.8-19 Huang et al.
first investigated the reaction between Y+ and La+ and alkanes
with Fourier transform mass spectrometry in 1987.8 This was
followed by the study on the reactions of Pr+, Eu+, and Gd+

with hydrocarbons including alkanes, cycloalkanes, and alkenes.9

These early studies were concerned with the reactions of a few
rare earth ions such as La+, Y+, Sc+, and Lu+. Only during
the past several years have there been several investigations
focused on the gas-phase reactions for the whole lanthanide
family. These include the study of the reactions of lanthanide
ions with 1,3,5-tri-tert-butylbenzene,13 hydrocarbons, for ex-
ample, linear, branched, and cyclic alkanes, cyclopropane, and
alkenes,15 and cyclohexacarbons C6H6+2n.19 These efforts
allowed a comparison of the lanthanides’ reactivities across the
periodic table. It turns out that, whereas condensed-phase
organolanthanide chemistry is similar across the series, sub-
stantial differences exist in the corresponding gas-phase Ln+

chemistry. As an example, the reactions between Ln+ and
C6H10 show the following reactivity order:19

The last four Ln+ in the series did not react in the
measurements. These distinctions were explained by their
ground state electronic configurations (typically 6s14fn[Xe]) and
the variations in the energy required to promote a nonbonding
4f electron to a reactive 5d or 6s orbital. The gas-phase
reactions of Ln+ with other substrates such as fluorocarbon (refs
16, 18) and alcohols including methanol (ref 12, 17) have been
reported as well. The reactions of methanol with Sc+, Y+, and
Lu+ were studied using Fourier transform mass spectrometry.12

The metal ions undergo a dehydrogenation reaction with
methanol and give product ions M(OCH3)2(CH3OH)n+ (n )
0-3). Many other products were also observed.
All the studies mentioned above were focused on the reactions

of Ln+ with single molecular substrates. It is necessary to
examine their reactions under a cluster environment to see
whether the reactivities of these Ln+ are enhanced or inhibited
by solvation. Thus, we studied the gas-phase chemistry of all
the 14 lanthanide ions from La+ to Lu+ except Pm+ with
methanol clusters using the “pick-up” technique. Although there
has been one report concerning the reaction of rare earth cations
with methanol in the gas phase,12 the metal ions investigated
are limited to Y+, Sc+, and Lu+, and the reactions are with the
methanol molecules. It is hoped that our work can unravel the
reaction patterns of lanthanide ions with gas-phase methanol
clusters as well as the relationship between the electronic
structures of the metal cations and their reactivities.

2. Experimental Section

Details of the apparatus for the experiment were given
previously.20 Briefly, the reactions between lanthanide ions and
methanol clusters were conducted using the pick-up technique,* Corresponding author. E-mail: chsyang@usthk.ust.hk.

Ce+ g Tb+ g Gd+ ≈ Pr+ g Ho+ g Dy+ g Lu+ >
{Sm+/Tm+/Eu+/Yb+}
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and the products were analyzed by a reflectron time-of-flight
mass spectrometer (RTOFMS). Lanthanide oxides were mounted
on the sample load lock, which was placed 9 mm downstream
from a pulsed valve. The pulsed valve was used to generate
the methanol cluster beam by supersonic expansion of a
methanol/He gas mixture with a back-pressure of 7 atm through
a 0.5-mm nozzle. The XeCl excimer laser beam was weakly
focused on the sample with a power of 5× 107 W/cm2. The
laser-vaporized metal ions perpendicularly crossed the gas-
expansion axis 10 mm from the ablation target where they were
picked up by the methanol clusters, and reactions took place.
The products were carried by the He gas stream and were
collimated with a 1-mm skimmer. The product cations were
extracted by the pulsed high voltage (950 V) and detected by
the RTOFMS.
The gas mixture of methanol/He was formed by bubbling

the helium gas at a pressure of 7 atm through a methanol liquid
reservoir. An HPLC-grade methanol sample was obtained from
Fisher Scientific. Experiments were also performed with the
deuterium-substituted samples, CH3OD (Aldrich, 99.5+ at. %
D), CD3OH (RDH, 99 at. % D), and CD3OD (ACROS, 100 at.
% D). All the samples were used without further purification.
For the deuterated samples, a possible problem is the quick D/H
exchange with the residual hydrogen species present in the
nozzle system. Great care was taken to avoid contamination
when loading these samples to the reservoir. The transfers of
these samples were conducted under a helium atmosphere within
an AtmosBag (Aldrich).
The ion kinetic energy measurement was carried out using a

“time-of-flight” setup described in ref 20b. The laser energy
and the focusing condition were kept the same as those in the
reaction experiments. The ions produced by laser ablation
traveled toward the ion-extraction plates. When the ions reached
the center of the ion extractor, a pulsed high voltage was applied
to the plates, and the ions were directed by the electric field
and detected by the RTOFMS. By monitoring the ion signal
intensity while scanning the delay between the laser pulse and
the ion-extraction pulse, the ion kinetic energy distributions were
obtained. In general, laser ablation of lanthanide oxides
produced lanthanide ions Ln+ and/or their monoxide ions LnO+

with a kinetic energy distribution ranging from 2 to 20 eV and
peaking at∼6 eV under our experimental conditions.

3. Results

Laser-ablation of the lanthanide oxide targets produces two
kinds of ionic species under our experimental conditions, the
singly charged metal cations Ln+ and their monoxide cations
LnO+. The production of LnO+ species is thought to be related
to the extraordinarily large bond-dissociation energies of the
Ln+-O bonds. For example, the binding energy of La+-O is
as large as 847 kJ/mol.21 The LaO+ signal is even more intense
than that of La+. For Ce, Pr, Nd, Gd, and Tb, the intensities of
LnO+ are also larger than those of the metal ions Ln+. The
Ln+-O bond dissociation energies for these metals are all above
700 kJ/mol. For Sm, Eu, Dy, Ho, Er, Lu, Tm, and Yb, the
intensities of the metal ions Ln+ are larger than those of the
lanthanide oxide ions LnO+. The corresponding Ln+-O bond
dissociation energies range from 389 kJ/mol (Eu+-O) to 598
kJ/mol (Ho+-O). Thus, there is qualitatively a good correlation
between the LnO+ ion signal intensities and their Ln+-O bond
dissociation energies.
A general reaction pattern between Ln+ and methanol clusters

is dehydrogenation in which Ln+ tends to attain its favorite
oxidation states Ln3+ or Ln2+. For different lanthanide ions,

their reactivity was found to change irregularly across the
periodic table. Generally, they can be classified into two
categories. La+, Ce+, Pr+, Nd+, Gd+, Tb+, Ho+, Er+, and Lu+

belong to the first category. They can react with single methanol
molecules to form dehydrogenation products LnCH2O+ and
LnCH3O+ in addition to the normal association products
Ln(CH3OH)+. The remaining five lanthanide ions, Sm+, Eu+,
Dy+, Tm+, and Yb+, cannot initiate dehydrogenation of
methanol molecules. Only association products Ln(CH3OH)n+

were formed. Interestingly, it was found that although these
relatively unreactive lanthanide ions cannot react with a
single methanol, the dehydrogenation reactions readily occur
for their methanol cluster ions Ln+(CH3OH)n leading to
LnO2C2H6(CH3OH)n-2

+ products when the clusters reach certain
sizes.
3.1. Gadolinium (Gd). We used both Gd2O3 powder and

Gd metal to produce Gd+. When using Gd2O3, both Gd+ and
GdO+ ions were observed. The intensity of GdO+ ions is even
larger than that of Gd+ ions. When using Gd metal, besides
the Gd+ ion signal, GdO+ was also observed although it is much
smaller. These oxide species are likely to come from the quick
oxidation of the Gd metal as the binding energy of Gd-O is
very large. The difference in the relative abundance of Gd+

and GdO+ from laser ablation of Gd and Gd2O3 allows us to
distinguish between the products from reactions of Gd+ and
those from reactions of GdO+ with methanol clusters.
Figure 1a shows the mass spectrum of reaction products from

the reaction of methanol clusters and ionic species produced
by laser ablation of Gd. Five major isotopes of Gd can be
clearly identified.22 One can see that the intensity of GdO+ is
quite small compared with that of Gd+. The majority of the

Figure 1. Mass spectra showing the product ions from the reactions
of Gd+ and GdO+ with methanol clusters. The laser-ablation targets
used are (a) Gd; (b) Gd2O3.
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product ions observed comes from the reaction between Gd+

and the methanol clusters (CH3OH)n. At the flight time around
70µs, there are several peaks with one mass difference. Careful
analysis of these peaks shows that the major signals correspond
to GdCH2O+ with smaller amounts of GdCH3O+ and GdCH3-
OH+. The corresponding intensity ratio of these three ions is
85.2:9.9:4.9. For larger clusters, GdO2C2H6

+ ions were ob-
served with a smaller intensity than that of GdCH2O+. They
are likely to be from the dehydrogenation reaction of Gd(CH3-
OH)2+. Deuteration experiments using CH3OD and CD3OH
established that the two lost hydrogen atoms are from the OH
groups in the methanol molecules. Thus the reaction products
GdO2C2H6

+ may correspond to Gd(OCH3)2+ in which Gd
obtains its favorite oxidation state of+3. For even larger
clusters, GdO2C2H6(CH3OH)n-2

+ ions were observed but with
much smaller intensities.
Figure 1b shows the same mass spectrum as in Figure 1a

except that in this case Gd2O3 is used as the ablation target.
The intensity of GdO+ is found to be much larger than that of
Gd+. Thus we need to consider possible reactions of GdO+.
The GdO(CH3OH)n+ ion signals are readily ascribed to the
association products of GdO+ and (CH3OH)n. Other product
ions include GdCH2O+ and GdO2C2H6(CH3OH)n-2

+ (n g 2).
Clearly, the GdCH2O+ ions are from the reaction of Gd+ with
methanol molecules. The question is the origin of GdO2C2H6

+.
As can be seen from Figure 1b, the intensity of GdO2C2H6

+ is
larger than that of GdCH2O+ in contrast to what is observed in
Figure 1a for the reaction of Gd+. The higher intensity of
GdO2C2H6

+ in Figure 1b then indicates that they contain the
contributions from the reaction of GdO+. Similar patterns were
observed in a previous FTICR study on the reactions of ScO+,
YO+, and LuO+ with methanol.12 The detailed structure of
GdO2C2H6

+ is unclear at present, but it is expected to be from
GdO(CH3OH)2+ with the loss of one water molecule. For larger
cluster ions GdO2C2H6(CH3OH)n-2

+, we believe that they also
contain significant contributions from the reactions of GdO-
(CH3OH)n+ besides the contributions from Gd(CH3OH)n+.
3.2. La+, Pr+, Ce+, Nd+, Tb+, and Er+. Figure 2a shows

the mass spectrum of the ions from laser ablation of La2O3 with
pure He expansion. Both La+ and LaO+ ions were detected,
and the ion intensity of LaO+ is even larger than that of La+.
When using the methanol/He gas mixture for the expansion,
additional ion signals were observed resulting from the reactions
between La+, LaO+, and the methanol clusters as shown in
Figure 2b. The two small peaks at a flight time of around 66
µs correspond to LaCH2O+ and LaCH3O+, respectively. The
association product La(CH3OH)+ from La+ can also be identi-
fied on the right of the LaCH3O+ peak but with a much smaller
intensity. It appears that the reaction between La+ with CH3-
OH molecules mainly produces the dehydrogenation pro-
ducts LaCH2O+ and LaCH3O+. In the large-mass region, two
series of cluster ions were identified; an corresponds to
LaO2C2H6(CH3OH)n-2

+ and bn corresponds to the association
products LaO(CH3OH)n+ from LaO+. The intensities for both
series decrease with increasing cluster size with the former being
the predominant one.
To ascertain the mass assignment, experiments were per-

formed using deuterium-substituted methanol samples. The
results are given in Table 1. Forn ) 1, the major products
are LaCH2O+ and LaCH3O+. The deuterium substitution
experiments also confirm our assignments for the an series in
Figure 2b corresponding to LaO2C2H6(CH3OH)n-2

+ and not
LaCH2O+(CH3OH)n-1. Similar to the situation of Gd+, we
suspect that the cluster ions LaO2C2H6(CH3OH)n-2

+ contain the

contributions from the reaction of both La(CH3OH)n+ and
LaO(CH3OH)n+. Considering that the intensity of LaO+ is
much larger than that of La+, the contributions from the
reactions of LaO(CH3OH)n+ are expected to be much larger
than that from La(CH3OH)n+.
Figure 3a shows the mass spectrum for clusters containing

9-17 methanol molecules. In this region, the intensity of
LaO2C2H6(CH3OH)n-2

+ decreases quickly (from ref 20a), and

Figure 2. Mass spectra showing the product ions observed when La2O3

is used as the target: (a) ions observed with pure He expansion; (b)
product ions observed with methanol/He expansion.

TABLE 1: Product Ions Observed from the Reactions of
La+ and LaO+ with Methanol Clusters

methanol ion mass assignment

CH3OH 169 LaCH2O+

170 LaCH3O+

171 LaCH3OH+

201, 233, ... LaO2C2H6(CH3OH)n-2
+, n) 2, 3, ...

187, 219, 251, ... LaO(CH3OH)n+, n) 1, 2, 3, ...

CH3OD 169 LaCH2O+

170 LaCH3O+

172 LaCH3OD+

201, 234, ... LaO2C2H6(CH3OD)n-2
+, n) 2, 3, ...

188, 221, 254, ... LaO(CH3OD)n+, n) 1, 2, 3, ...

CD3OH 171 LaCD2O+

173 LaCD3O+

174 LaCD3OH+

207,242, ... LaO2C2D6(CD3OH)n-2
+, n) 2, 3, ...

190, 225, 264, ... LaO(CD3OH)n+, n) 1, 2, 3, ...

CD3OD 171 LaCD2O+

173 LaCD3O+

175 LaCD3OH+

207, 243, ... LaO2C2D6(CD3OD)n-2
+, n) 2, 3, ...

191, 227, 263, ... LaO(CD3OD)n+, n) 1, 2, 3, ...
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it drops to near zero forn) 17. On the other hand, the intensity
of LaO(CH3OH)n+ shows irregular behavior with increasing
cluster size; there is an increase aroundn ) 12, followed
by a smooth decrease, and its intensity overtakes that of
LaO2C2H6(CH3OH)n-2

+ with the samen. One possible expla-
nation for this intensity switch is that the reaction products may
originate from the dehydration reactions that were found to occur
in alkali metal ion-methanol clusters M+(CH3OH)n (M ) Li,
Na, K, Rb, Cs).23-25 In such an intracluster dehydration
reaction, the positive charge simply acts to lower the activation
barrier for the reaction beyond the first solvation shell.
Considering that LaO(CH3OH)n+ has the same mass as
LaO2C2H6(CH3OH)n-2(H2O)+, the dehydration products from
LaO2C2H6(CH3OH)n+ would lead to the increase of the intensity
of LaO(CH3OH)n+. This assumption can be tested by a
deuterium-substitution experiment. Due to the greater stabiliza-
tion of deuterated methanol systems than of the CH3OH-
containing systems,26 the dehydration of metal ion-methanol
clusters is expected to be less favorable for M+-(CD3OD)n than
for M+-(CH3OH)n. This should be reflected by the ratio of
the intensity of the product M+(methanol)n(water) to that of its
parent M+(methanol)n+2. The ratio for the CD3OD system was
found to be several times smaller than that for CH3OH system
at a fixedn in reactions with Cs+ and Fe+.23 Our results are
depicted in Figure 4. It appears that there is no obvious
difference in the product/reactant ratio for different methanol
systems. We conclude that the increase of the intensity of
LaO(CH3OH)n+ is not from the dehydration reaction of
LaO2C2H6(CH3OH)n+. Another explanation assumes that the

reaction of LaO(CH3OH)n+ to give LaO2C2H6(CH3OH)n-2
+ is

quenched at a large cluster size. This may be due to the
difficulty in removing the water product in a large cluster
environment. Thus the decrease of the LaO2C2H6(CH3OH)n-2
ion signal corresponds to the increase of the LaO(CH3OH)n+

signals with the increasing cluster size.
The metal ions Pr+, Ce+, Nd+, Tb+, and Er+ and their oxides

exhibit similar product patterns to those of Gd+ and La+ and
their oxides upon reaction with methanol molecules. For
example, the reaction of Pr+ with methanol molecules gives
PrCH2O+, PrCH3O+, and PrCH3OH+. For the reactions of Pr+

and PrO+ with small methanol clusters, the products are
PrO2C2H6(CH3OH)n-2

+. Analogous to the case of LaO+, the
intensity shifts to PrO(CH3OH)n+ from PrO2C2H6(CH3OH)n-2

+

at n≈ 13, as can be seen from Figure 3b. The only exception
comes from Er+, which does not yield ErCH3O+ while reacting
with methanol molecules.
3.3. Ho+, Lu+, Dy+, and Tm+. The association is the major

channel for the reactions of Ho+, Lu+, Dy+, and Tm+ with
methanol molecules. A very small amount of dehydrogenation
products (e.g., HoCH2O+) is produced. This is in striking
contrast to the reaction patterns of La+ with methanol. The
difference in the product distribution reflects the different
reactivity of different lanthanide ions with methanol molecules.
However, they do react with methanol clusters above a certain
size, as shown in Figure 5 for Ho+. Since the intensity of HoO+

is much smaller than that of Ho+ in the laser-ablation source,
the products are mainly from the reaction of methanol clusters
with Ho+. As can be seen from the spectrum, forn ) 1, the
major product is Ho(CH3OH)+ with a very small amount of
HoCH2O+ and HoCH3O+. Only atn ) 2 does a reaction start

Figure 3. Mass spectra showing the intensity shift from
LnO2C2H6(CH3OH)n-2

+ to LnO(CH3OH)n+ in the large-cluster-size
region: (a) Ln) La; (b) Ln ) Pr.

Figure 4. Intensity ratios between LaO(methanol)n
+ and LaO2C2H-

(D)6(methanol)n+ for different deuterium-substituted methanol mole-
cules: (a) CH3OH; (b) CD3OH; (c) CH3OD; (d) CD3OD. Error bars
represent(σ of 10 mass spectra.
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to occur for Ho(CH3OH)2 to give HoO2C2H6
+. Forn g 3, no

signals of Ho(CH3OH)n+ were observed. All the ions cor-
respond to the dehydrogenation products HoO2C2H6(CH3OH)n-2

+.
Lu+ and Dy+ show similar reaction patterns. The only thing
special about Lu+ in terms of its reaction with methanol
molecules is that a significant amount of LuOH+ ions is formed,
which is not observed for other lanthanide ions. A previous
study on the reaction of Lu+ with methanol molecules using
Fourier transform mass spectrometry also found a substantial
amount of LuOH+ product ions besides the dehydrogenation
product LuOCH3+.12

Tm has only one isotope,169Tm,22 and no TmO+ signals were
observed when laser ablating its oxide Tm2O3. The reaction
products are exclusively from the reaction of Tm+ with a
methanol cluster (CH3OH)n. The corresponding mass spectrum
is shown in Figure 6d. Obviously Tm+ is even more unreactive
toward methanol than Dy+. Forn ) 1 and 2, only association
products Tm(CH3OH)n were observed. Tm(CH3OH)n+ starts
to react to give a small amount of TmO2C2H6(CH3OH)n-2

+ ions
at n ) 3. The relative intensity for the two species is about
1:4. Atn) 4, this ratio becomes about 3:1. For larger clusters,
TmO2C2H6(CH3OH)n-2

+ is still the dominant cluster ion as can
be seen from Figure 6. Clusters containing as many as 18
methanol molecules can be identified although the intensity of
the large cluster decreases quickly with increasing cluster
size. It appears that the reaction of Tm(CH3OH)n+ to give
TmO2C2H6(CH3OH)n-2

+ is not quenched at a large cluster size
in contrast to that of LaO(CH3OH)n+. Besides, TmO(CH3OH)n+

was not observed in this region. This is consistent with the
fact that very few TmO+ ions were produced when laser ablating
the Tm2O3 target, and the observed product ions come from
the reaction of Tm+. This serves as a support for the proposed
mechanism for the intensity increase of the LaO(CH3OH)n+

cluster ion for n at 13. If the observed product ions
LaO2C2H6(CH3OH)n-2

+ come from the reaction of La+ only,
it is expected that LaO(CH3OH)n+ will not be observed at a
large cluster size. The increase of the LaO(CH3OH)n+ intensity
for n at around 13 results from the quenching of the water-
elimination reaction.
3.4. Sm+, Yb+, and Eu+. Laser ablation of Sm2O3 and

Yb2O3 produces mainly metal cations with a small amount of
their oxides. For small clusters, the association products M(CH3-
OH)n+ were observed forne 3. The dehydrogenation reaction
to form MO2C2H6(CH3OH)n-2

+ starts for the cluster containing
four methanol molecules. For the reaction of Eu+ with methanol
clusters, association products Eu(CH3OH)n+ are formed for
small clusters (n e 5) and the dehydrogenation starts atn ) 6.
In this case, however, the dehydrogenation of Eu(CH3OH)n+

involves the loss of only one hydrogen atom instead of two
hydrogen atoms. This is not surprising since Eu+ has an
electronic configuration of 6s14f7. By losing one electron to
form Eu2+, it forms a stable half-filled electronic configuration
of 4f7. Thus Eu+ may preferentially form the EuOCH3+ species
in which its oxidation state is close to+2 in much the same
way as for the alkaline earth metal ion reactions.20b

To summarize, the general reaction pattern for the lanthanide
cations Ln+ with methanol clusters is the dehydrogenation
reaction with the loss of one or two hydrogen atoms. With the

Figure 5. Mass spectra showing the product ions from the reactions
between lanthanide cations and methanol clusters: (a) Ho; (b) Lu; (c)
Dy; (d) Tm. For Dy, the product ions containing the most abundant
164Dy isotope are labeled. The Dy2O3 target used contains DyCl3

impurities. The peak labeled as164DyO2C2H6
+ contains the contributions

from 162Dy(CH3OH)2+.

Figure 6. Overview of the mass spectrum showing the product ions
from the reaction of Tm+ with methanol clusters.
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single methanol molecules, this leads to the formation of
LnCH2O+ and LnCH3O+ besides the normal association prod-
ucts LnCH3OH+. For larger clusters, the dehydrogenation of
the Ln(CH3OH)n+ cluster ions was observed. The result-
ing product ions are LnOCH3(CH3OH)n-1

+ (for Eu+) and
LnO2C2H6(CH3OH)n-2

+ (for other lanthanide ions).
The lanthanide ions show different reactivity in their reaction

with methanol clusters. The reactive ions can react with single
molecules to give dehydrogenation products. These include
La+, Ce+, Pr+, Nd+, Gd+, Tb+, Ho+, Er+, and Lu+. The
relatively unreactive ions Sm+, Eu+, Dy+, Tm+, and Yb+ cannot
react with methanol molecules to generate dehydrogenation
products. Only association products were observed. However,
the corresponding metal-methanol cluster ions were found to
undergo dehydrogenation when the cluster reaches a certain size.
The critical sizes are 4, 6, 2, 3 and 4 for Sm+, Eu+, Dy+, Tm+

and Yb+, respectively. These observations indicate that the
formation of the cluster environment thermodynamically favors
the dehydrogenation products. This enhanced stability of the
dehydration products with increasing cluster size stems from
the increased electrostatic interactions between the metal cations
and the methanol molecules; the metal atoms become triply
charged in the products, whereas they were singly charged in
the reactants. The overall results are summarized in Table 2.
For those lanthanides whose oxide ions LnO+ are quite abundant
in the laser-ablation source, their reactions with small methanol
clusters lead to the products LnO2C2H6(CH3OH)n-2

+, which
have the same masses as those from the dehydrogenation
of Ln(CH3OH)n+. The contributions from the former are
believed to be greater than those from the latter. Besides, at
larger cluster sizes, the reaction of LnO(CH3OH)n+ to give
LnO2C2H6(CH3OH)n-2

+ is quenched and there is an increase
of the intensity of LnO(CH3OH)n+ for n at around 13 for these
lanthanide ions.

4. Discussion

4.1. Reactivity Order of Lanthanide Ions Ln+ toward
Methanol Molecules. As has been mentioned above, the
lanthanide ions can be classified into two categories according
to their reactivities toward methanol clusters. The first includes
the Ln+ ions that can react with single methanol molecules to
give dehydrogenation products such as LnCH2O+. The second
refers to the relatively unreactive Ln+ cations for which the
dehydrogenation reactions start to occur only when the metal
ions are solvated by a sufficient number of methanol molecules.
The comparison of reactivities of the lanthanide ions belonging

to the second category (Sm+, Eu+, Dy+, Tm+, and Yb+) is
straightforward. The less reactive metal ion would require a
larger extent of methanol solvation to make the reaction occur;
i.e., reaction occurs at a larger cluster size. Qualitatively there
appears to be a correlation between the reactivity and the critical
cluster size where the dehydrogenation reaction starts to occur.
Given that the critical sizes for these ions are (see Table 2) 4,
6, 2, 3, and 4 for Sm+, Eu+, Dy+, Tm+, and Yb+, respectively,
the following reactivity order is expected for the five metal
ions: Dy+ > Tm+ > [Sm+ ∼ Yb+] > Eu+. The reactivities
of Sm+ and Yb+ are close; they both start to react at n) 4.
However, the intensity ratios between LnO2C2H6(CH3OH)2+ and
Ln(CH3OH)4+ are different for these two metal ions. It is 1:1.7
for Sm+ and 1:2 for Yb+. Thus, the reactivity of Sm+ seems
to be slightly higher than that of Yb+. Summing up the above
considerations, we obtain the following reactivity order: Dy+

> Tm+ > Sm+ g Yb+ > Eu+.
Much more difficult is the derivation of the reactivity order

of the lanthanide ions that can all react with methanol molecules
leading to dehydrogenation. Nevertheless, we can exploit the
relationship between the relative rate constants and the relative
abundance of the dehydrogenation products for the reaction.
Our assumption is that the larger the relative rate constants, the
more the reaction products. This was revealed for the reactions
between lanthanide ions and hydrocarbons.15 In our experi-
ments, the lanthanide ions react with methanol molecules and
produce Ln(CH3OH)+, LnCH3O+, and LaCH2O+. The relative
abundance for these three species is used to compare the
reactivities for their reactions with methanol molecules. Table
3 summarizes the relative abundance of the three product ions
observed in the mass spectra for the lanthanide ions of the first
category (La+, Ce+, Pr+, Nd+, Gd+, Tb+, Ho+, Er+, and Lu+).
Among the nine lanthanide ions, Gd+ is the most reactive as
the relative abundance of the dehydrogenation product GdCH2O+

is the largest. Ho+ and Lu+ are the least reactive as the reaction
products are mainly the association products Ho(CH3OH)+ and
Lu(CH3OH)+ and few dehydrogenation products were observed.
For Lu+, other products such as LuOH+ are also produced. For
other lanthanide ions, their reactivities are in between those of
Gd+ and Ho+, Lu+. The dehydrogenation products include
LnCH2O+ and LnCH3O+. Considering the relative abundance
for the three ionic species, we obtain the following reactivity
order: Gd+ > Ce+ > La+ > Tb+ > Pr+ > Er+ > Nd+ > Lu+

g Ho+. Overall, the reactivity order is then Gd+ > Ce+ >
La+ > Tb+ > Pr+ > Er+ > Nd+ > Lu+ g Ho+ > Dy+ > Tm+

> Sm+ g Yb+ > Eu+.
Such a reactivity order shares some similarity with the

previous work on the reactivity of lanthanide ions with
hydrocarbons.15,19 However, the previous work was mainly
focused on the reactions with single molecules, while our
method incorporates the reactions of metal ions with the
molecular clusters. By comparing the different cluster sizes at

TABLE 2: Reaction Patterns of Lanthanide Cations Ln+

with Methanol Clusters (CH3OH)n

reaction products

Ln+

reaction
start at
n) LnCH2O+ LnCH3O+ LnCH3OH+

LnO2C2H6-
(CH3OH)n-2

+

La+ 1 x x x x
Ce+ 1 x x x x
Pr+ 1 x x x x
Nd+ 1 x x x x
Sm+ 4 x
Eu+ 6 x
Gd+ 1 x x x x
Tb+ 1 x x x
Dy+ 2 x
Ho+ 1 x x x x
Er+ 1 x x x
Tm+ 3 x
Yb+ 4 x
Lu+ 1 x x x x

TABLE 3: Product Distributions for the Reactions between
Lanthanide Cations Ln+ and Methanol Molecules

Ln+
LnCH2O+

(%)
LnCH3O+

(%)
LnCH3OH+

(%) other products

La+ 47.5 42.2 10.3
Ce+ 63.7 31.2 5.1
Pr+ 29.6 47.3 23.1
Nd+ 29.5 32.5 40.0
Gd+ 85.2 9.9 4.9
Tb+ 76.4 0 23.6
Ho+ 19.5 6.8 73.7
Er+ 55.5 0 44.5
Lu+ 14.4 22.2 63.4 LuOH+, Lu(H2O)+
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which the reactions start to occur for different Ln+ cations, we
can obtain a rough reactivity order of the Ln+ cations for the
reactions with this substrate. Together with the knowledge of
the relative abundance of the products and the reactants, we
can obtain a reasonable reactivity order of the Ln+. Although
the work presented here is focused on the methanol substrate,
we expect that such an approach is applicable to other substrates
such as hydrocarbons.
It is important to note that the laser-ablated metal ions may

not necessarily be in their ground states. While we cannot
exclude possible reactions of the electronically excited-state
metal ions, we believe that the observed reaction products are
mainly from the ground-state reactions. Otherwise, the cluster
size selectivity of the reactions would be washed out since the
excited-state reactions are much more exothermic.
4.2. The Correlation between Reactivity and Electronic

Structures of Ln+ Ions. The different reactivities of Ln+

toward methanol are likely to be related to their electronic
structures. Beauchamp et al. first suggested that insertion of
Ln+ ions into a C-H or C-C bond require that Ln+ has two
non-f electrons in their ground electronic states.9 This is based
on the fact that the 4f electrons are buried so deeply within the
lanthanide ions (ref 27) that they are very inactive in the sense
that covalent bonds involving the compact 4f orbital are
inherently weak. For the reaction of Ln+ with methanol species,
the reactions are expected to proceed through an insertion
mechanism.12 The formation of H-Ln+-OCH3 species re-
quires that Ln+ has two reactive valence electrons. Since most
of the Ln+ cations have an electronic configuration of 6s14fn, a
promotion to the triplet 5d16s14fn-1 or 5d24fn-1 configuration
is needed for the insertion of Ln+ into the O-H bond. Such a
promotion from the ground state may occur before the insertion
or through a curve-crossing process between the related potential
energy surfaces.15,28 In the latter case, the two potential energy
surfaces derived from the configurations with only one electron
in a non-f orbital (6s14fn) and with two electrons in the non-f
orbital (6s15d14fn-1 or 5d24fn-1) intersect each other along the
reaction path. Thus, the energy required for the promotion from
the ground state to the states with two non-f electrons may
determine the relative reactivities for their reactions with
methanol species. The lower the energy needed for the
promotion, the higher the reactivity of Ln+.
Figure 7 presents the promotion energies for Ln+.29 The

x-axis corresponds to all the 14 Ln+ ions with increasing
reactivity derived above for their reactions with methanol
clusters. They-axis corresponds to the promotion energies from
the ground state (6s14fn) to the lowest-lying state with the
configurations of 6s15d14fn-1 and 5d24fn-1. Apparently, there
is a good correlation between the reactivity and the promotion
energies to the 6s15d14fn-1 configuration. For example, the
promotion energy of the least-reactive Eu+ has a promotion
energy as high as 94.2 kcal/mol. The results are in accordance
with the previous studies on the reactions of Ln+ ions with
hydrocarbons.15,19

While the correlation between the reactivity and the promo-
tion energy to the configuration 5d16s14fn-1 state is nice, such
a correlation does not seem to hold between the reactivity and
the promotion energy to the configuration 5d24fn-1 as seen in
Figure 7. In other words, the 6s15d14fn-1 configuration appears
to be more effective for O-H activation. From the radial
distributions of 4f, 5s, 5p, 5d, 6s, and 6p orbitals of the Ln+

ions,30 5d is external with respect to 4f and internal with respect
to 6s and 6p. Thus the Ln+ with an electronic configuration of
5d24fn-1 may not be able to form two very effective covalent

bonds with hydrogen and oxygen atoms. On the other hand,
since the closed-shell 6s2 configuration is nonbonding, a state
with this configuration cannot be effective either for O-H
activation. Thus, 5d16s14fn-1 is the most effective configuration
compared with 6s14fn, 6s24fn-1, and 5d24fn-1 for the insertion
process.
4.3. The Comparison between Reactions of Ln-

(CH3OH)n+ and LnO-(CH3OH)n+. The reaction of Ln+ with
methanol molecules can form Ln+-CH3OH at least in the initial
stage, since ion-molecule association reactions are generally
believed to proceed without an activation barrier.31 In this
product, Ln+ is expected to be bonded to the oxygen atom in
the methanol molecule and the interaction is electrostatic in
nature.32 The association product may be stabilized by evapora-
tion of solvents or by collision with a third body such as He.
However, if Ln+ is very reactive, it may insert into the O-H
bond of the methanol molecule to form an intermediate
H-Ln+-OCH3. This intermediate undergoes a hydrogen-loss
process to produce LnOCH3+. In this product ion, Ln+ is
bonded to the oxygen atom and the bond may have a certain
extent of covalent character. For the product LnCH2O+,
deuteration experiments have established that for the two lost
hydrogen atoms, one comes from the OH group and another
comes from the CH3 group. Thus, the H-Ln+-OCH3 inter-
mediate may undergoâ-hydrogen transfer commonly observed
in organometallic reaction (ref 15, 33) to form H(H)Ln+-OCH2.
This leads to double dehydrogenations to give LnOCH2

+ similar
to the previously proposed mechanism for the reaction of Sc+

and Y+ with methanol molecules.12 Since Ln+ has two valence
electrons, LnOCH2+ may have a structure in which Ln+ is
bonded to the oxygen and carbon atoms to form a triangle so
that both the oxygen and the carbon fulfill the octet rule.
For larger clusters Ln(CH3OH)n+ (n g 2), the dehydrogena-

tion products are Ln(OCH3)2(CH3OH)n-2
+ or LnOCH2‚

(CH3OH)n-1
+ cluster ions (except for Eu+) with the loss of two

hydrogen atoms. The deuterium-substitution experiment has
excluded the latter structure. The reaction may still proceed
through an insertion process like that for the reaction with single
methanol molecules. However, it is not clear whether the double
dehydrogenation occurs simultaneously or is a stepwise dehy-
drogenation process.

Figure 7. Relative reactivity vs the promotion energies from the
ground-state configuration 6s14fn to the excited-state configurations
6s15d14fn-1 and 5d24fn-1.
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For the product ion Ln(OCH3)2+(CH3OH)n-2 (except Eu+),
the oxidation state of Ln+ is expected to be close to+3, and it
forms two covalent bonds with the two OCH3- groups. This
is consistent with the fact that in the condensed phase the most
stable oxidation state of the lanthanide element is+3. In
product ions Ln(OCH3)2+(CH3OH)n-2, there are many electro-
static bonds between the central metal ion and the solvent
methanol molecules in the cluster and the system is stabilized.
The forces that drive the reaction are likely to be related to the
relative thermodynamic stability of the reactant and the product.
The situation here is found to be quite similar to that of the
alkaline earth metal-methanol cluster ion systems. In particu-
lar, for Eu+, the dehydrogenation reaction occurs forng 5 and
the reaction product is EuOCH3+(CH3OH)n-1. The reason only
single dehydrogenation occurs is that in the product Eu has an
oxidation state close to+2 similar to the alkaline earth metal
ions that correspond to a 4f7 electronic configuration. The half-
filled f orbitals make the Eu2+ much more stable than other
oxidation state.
Lanthanide oxide cations LnO+ such as LaO+ were found to

react with methanol clusters, leading to LnO2C2H6(CH3OH)n-2
+

with the loss of one water molecule. This type of reaction
product was also observed by Azzaro et al. for the reactions of
MO+ (M ) Sc, Y, and Lu) with methanol molecules. They
proposed an intermediate CH3O-M+-OH for the reaction
mechanism.12 The final product MO2C2H6

+ was thought to have
a dimethoxide-metal structure M(OCH3)2+ on the basis of the
energetic arguments. Our experiment is somewhat different in
that the reaction is carried out between LnO+ and methanol
clusters instead of methanol molecules. Although M(OCH3)2+

could well be the structure for the product, we cannot exclude
other possibilities such as LaO(CH3OCH3)(CH3OH)n-2

+ at
present, especially when considering the very high bond
dissociation energy for La-O bond.20a

5. Summary

We have studied the reactions between the 14 lanthanide
cations (from La+ to Lu+ except Pm+) and methanol clusters
using a pick-up source and an RTOFMS. It was found that
these lanthanide ions exhibit different reactivities toward
methanol clusters. Those reactive ions including La+, Ce+, Pr+,
Nd+, Gd+, Tb+, Ho+, Er+, and Lu+ can react with methanol
molecules to give dehydrogenation products such as LnCH2O+

and LnCH3O+. For large clusters, the observed product ions
are Ln(OCH3)2(CH3OH)n-2

+. On the other hand, the relatively
unreactive lanthanide ions including Sm+, Eu+, Dy+, Tm+, and
Yb+ cannot activate the O-H bond during their collisions
with the methanol molecules. It was found that only when
they are solvated by a sufficient number of methanol mole-
cules does the dehydrogenation reaction occur and give
Ln(OCH3)2+(CH3OH)n-2 (LnOCH3+(CH3OH)n-1 for Eu+). It
appears that the formation of the cluster ions, in which many
methanol molecules are electrostatic-bonded to the central metal
ions, renders the dehydrogenation reaction to readily occur even
for the very unreactive metal ions.
The different reactivities of the lanthanide ions were found

to be very sensitive to their electronic structures, which give
rise to different promotion energies from their ground-state
configurations with only one non-f valence electron (typically
6s14fn) to the lowest-lying excited-state configuration with two
non-f valence electrons (typically 6s15d14fn-1). The lower the
promotion energy, the higher the reactivity of the lanthanide
ion toward methanol molecules. The relationship between these
two is consistent with an insertion mechanism for the reaction,

in which the Ln+ needs two reactive valence electrons to form
two covalent bonds with the oxygen and hydrogen atoms.
For the lanthanide-methanol cluster ion, the dehydrogenation

reaction can be considered as the oxidation reaction of Ln+, in
which Ln attains an oxidation state of+3 (+2 for Eu) in the
reaction products such as Ln(OCH3)2+(CH3OH)n-2. These
oxidation states, in fact, are the favorite oxidation states for
lanthanide elements in the condensed phase. Thus, the rare earth
metal ion-cluster reactions evolve from a gas-phase reaction type
to a condensed reaction type at a cluster size containing only a
few methanol molecules.
The reactions of LnO+ with methanol clusters initially

form the association products LnO(CH3OH)n+. These cluster
ions can undergo a dehydration reaction resulting in
LnO2C2H6(CH3OH)n-2

+, which have the same masses as those
from the dehydrogenation reaction of Ln(CH3OH)n+. Besides,
above a certain cluster size, the reaction of LnO(CH3OH)n+ to
give LnO2C2H6(CH3OH)n-2

+ is quenched, and the association
product series LnO(CH3OH)n+ reappears forn at around 13 for
the lanthanide ions such as La+ and Pr+.
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