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Gas-phase reactions of lanthanide cations with alcohols
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Abstract

The gas-phase reactions of the lanthanide series cations Ln+ (Ln = La–Lu, except Pm) with methanol, ethanol, and 2-propanol were studied
by Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS). The majority of the lanthanide cations react exothermically
with the alcohols, with formation of LnO+ and LnOH+ ions as main primary products. These ions participate in subsequent reactions with the
alcohols that lead to Ln(OR)x(HOR)y+ species, wherex = 1–2 andy = 0–3. The study of the reaction sequences and of the corresponding
kinetics showed the existence of important differences in the relative reactivity of the lanthanide series cations, in agreement with the known
data on the reactivity of these metal cations with other organic molecules. The results obtained also evidenced the similarities between the
reactivity of the lanthanide series cations and of group 3 metal cations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of lanthanide alkoxides has received con-
siderable attention in recent years, particularly due to the use
of these compounds in the synthesis of new materials[1–7].
One of the main synthetic methods used, metal organic
chemical vapor deposition (MOCVD), involves gas-phase
procedures and efforts continue to be made to prepare lan-
thanide alkoxides that meet the requirements of the method,
especially in terms of volatility. One of the features of lan-
thanide alkoxides (as well as of early transition metals) is
that only for bulky or functionalised alcohols can discrete
monomeric compounds be prepared. For small aliphatic al-
cohols the formation of oligomeric compounds is typical,
sometimes with the presence of oxo or hydroxo ligands,
which does not depend on the method used for the synthe-
sis of the compound[2–5,7]. In our group, efforts have been
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made in the preparation of lanthanide alkoxides and arylox-
ides using different synthetic methods[8–12].

Gas-phase studies of the reactions of metal ions with or-
ganic molecules can sometimes provide hints on the mecha-
nisms operative in condensed phases[13–16]. In joint work
with Géribaldi and co-workers, we have recently reported
on the gas-phase reactivity of lanthanide and group 3 metal
cations with phenol[17], and on the reactivity of Y+ and
Ln+ (Ln = La–Lu, except Pm) cations with trimethylortho-
formate, and of Y+ and Lu+ ions with triethyl and tripropyl
orthoformates[18]. The latter study had the purpose of prob-
ing the possible formation of neutral rare earth (lanthanide
and group 3) trisalkoxides, following preliminary studies
with Sc+ cations by Géribaldi et al.[19].

In the present work, we describe gas-phase reactions of
the lanthanide series cations Ln+ (Ln = La–Lu, except Pm)
with methanol, ethanol, and 2-propanol, studied by means
of Fourier transform ion cyclotron resonance mass spec-
trometry (FTICR-MS)[20–22], expanding previous work by
Géribaldi and co-workers with related group 3 metal cations
Sc+, Y+, and Lu+ [23,24]. The studies involving methanol
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may have an additional relevance if they are to be compared
with an interesting recent study of the reactivity of lanthanide
cations with methanol clusters[25]. Moreover, these studies
with alcohols also complement recent comprehensive stud-
ies of the gas-phase reactivity of lanthanide cations with
hydrocarbons and other organic molecules[26–36]. Among
the studies that have been revealing several interesting as-
pects of lanthanide chemistry, a mention is made to the first
systematic study including all the lanthanide series cations
that was done in a joint work of our group with Marshall and
co-workers[29]. The work reported below has been briefly
described in a recent review of our gas-phase studies with
lanthanide cations[37].

2. Experimental

The experiments were carried out using a Finnigan
FT/MS 2001-DT FTICR mass spectrometer, equipped
with a 3 T superconducting magnet and interfaced with a
spectra-physics quanta-ray GCR-11 Nd:YAG laser operated
at the fundamental wavelength (1064 nm). The metallic
ions were produced by laser ionization of commercially
obtained pure metal pieces. The reagent alcohols were
dried by standard methods[38] prior to use and were in-
troduced in the spectrometer through Andonian Cryogenics
or Granville–Phillips leak valves. All experiments were
carried out on the “source” side of the dual ion trap of the
instrument. Reaction sequences were identified by means
of double-resonance and MS/MS techniques. Isolation of
the desired ions was achieved with the SWIFT technique
[39]. The reactant ions were thermalized by collisions with
argon, typically with 1 s collisional cooling periods after
the introduction of the gas into the vacuum chamber of the
instrument through General Valve Series 9 pulsed solenoid
valves to pressures of ca. 10−5 Torr. The reproducibility of
the reaction kinetics as well as the linearity of the semilog

Table 1
Primary product distributions (%), rate constants (k) and efficiencies (k/kADO) of the reactions of lanthanide metal cations with methanol

Ln+ Product ion k (×109) (cm3/molecule·s) k/kADO

LnO+ LnOH+ LnOCH2
+ LnOCH3

+

La+ 20 20 30 30 0.62 0.34
Ce+ 15 15 45 25 0.62 0.34
Pr+ 20 20 25 35 0.27 0.15
Nd+ 15 35 10 40 0.163 0.09
Sm+ 25 75 – – 0.02 0.01
Eu+ – 100 – – 0.002 0.001
Gd+ 15 20 65 – 0.61 0.34
Tb+ 20 10 70 – 0.49 0.27
Dy+ (70) – – (30) 0.004 0.002
Ho+ (40) – (60) – 0.009 0.005
Er+ (20) – (80) – 0.09 0.05
Tm+ – – – – 0.0016 <0.001
Yb+ – – – – 0.0005 <0.001
Lu+ 10 70 – 20 0.46 0.26

The numbers in brackets are estimated values.

plots of the normalized reactant ion intensities versus time
were used as indications of the thermalization of reactant
ions. In the case where there was more than one prod-
uct ion, absence of changes in the product distributions
for different collisional cooling periods or collision gas
pressures were also considered as indicative of the ther-
malization effectiveness. Neutral pressures were measured
by a Bayard–Alpert type ionization gauge and were in the
range of 3×10−8 to 3×10−7 Torr. Pressure calibration was
made using the reactions CH4

+ + CH4 → CH5
+ + CH3

[40] and CH3COCH3
+ + CH3COCH3 → products[41]

and included corrections for the ionization efficiencies of
the alcohols[42], based on experimental molecular polar-
izabilities [43]. Rate constants were determined from the
pseudo-first order decay of the reactant ion relative intensity
as a function of time at constant reagent pressure. These
constants are reported as reaction efficiencies, that is, as
fractions of the average dipole orientation theory (ADO)
collisional rates[44], calculated using tabulated dipole mo-
ments and molecular polarizabilities for the alcohols[43].
Uncertainties in the pressure calibration procedure may
lead to errors in the absolute rate constants that we estimate
to be ±50%, but the relative magnitudes of the reaction
efficiencies should have errors lower than 20%.

3. Results and discussion

3.1. Primary reactions of lanthanide cations with
methanol, ethanol and 2-propanol

In Tables 1–3we summarize the primary product distribu-
tions, the rate constants (k) and the efficiencies (k/kADO) of
the reactions of the lanthanide series ions Ln+ (Ln = La–Lu,
except Pm) with methanol (Table 1), ethanol (Table 2) and
2-propanol (Table 3). For some of the cations of the sec-
ond half of the lanthanide series the primary reactions with
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Table 2
Primary product distributions (%), rate constants (k) and efficiencies (k/kADO) of the reactions of lanthanide metal cations with ethanol

Ln+ Product ion k (×109) (cm3/molecule·s) k/kADO

LnO+ LnOH+ LnOH2
+ LnOCH2

+ LnOCH3
+ LnOC2H5

+

La+ 60 20 – – – 20 0.69 0.41
Ce+ 70 15 – – – 15 0.69 0.41
Pr+ 45 30 – – – 25 0.47 0.28
Nd+ 30 40 – – – 30 0.30 0.18
Sm+ 10 90 – – – – 0.10 0.06
Eu+ – 100 – – – – 0.099 0.06
Gd+ 65 25 – – 10 – 0.64 0.39
Tb+ 65 15 – – 20 – 0.61 0.37
Dy+ (70) (10) – – – (20) 0.2 0.1
Ho+ (70) (15) – (15) – – 0.07 0.4
Er+ (75) (10) – (15) – – 0.20 0.12
Tm+ – – – – – – 0.002 <0.001
Yb+ – – – – – – 0.0003 <0.001
Lu+ 5 25 50 – 10 10 0.60 0.37

The numbers in brackets are estimated values.

methanol and ethanol were rather inefficient and slower than
subsequent reactions; therefore, we were unable to deter-
mine with confidence the corresponding product distribu-
tions (the numbers in brackets inTables 1 and 2indicate
tentative determinations for Dy+, Ho+ and Er+). Tm+ and
Yb+ were unreactive with the three alcohols.

The majority of the lanthanide cations reacted exothermi-
cally with the alcohols, with formation of LnO+ (Eq. (1))
and LnOH+ (Eq. (2)) ions as main primary products. The
ionic species LnOH2+ (Eq. (3)), LnOCH2

+ (Eq. (4)) and
LnOR+ (R = CH3, C2H5 and C3H7) (Eqs. (5) and (6)) have
also been obtained in some cases.

Ln+ + ROH → [LnO]+ + RH

(R = CH3, C2H5, C3H7) (1)

Ln+ + ROH → [LnOH]+ + R•

(R = CH3, C2H5, C3H7) (2)

Table 3
Primary product distributions (%), rate constants (k) and efficiencies (k/kADO) of the reactions of lanthanide metal cations with 2-propanol

Ln+ Product ion k (×109) (cm3/molecule·s) k/kADO

LnO+ LnOH+ LnOH2
+ LnOC3H7

+

La+ 50 45 – 5 0.88 0.57
Ce+ 55 40 – 5 0.89 0.58
Pr+ 50 50 – – 0.63 0.41
Nd+ 40 60 – – 0.52 0.34
Sm+ – 100 – – 0.25 0.16
Eu+ – 100 – – 0.06 0.4
Gd+ 60 35 5 – 0.81 0.53
Tb+ 70 20 10 – 0.63 0.42
Dy+ 85 10 5 – 0.06 0.4
Ho+ 95 – 5 – 0.18 0.12
Er+ 95 – 5 – 0.36 0.24
Tm+ – – – – 0.013 <0.001
Yb+ – – – – 0.0003 <0.001
Lu+ 5 45 50 – 0.58 0.39

Ln+ + ROH → [LnOH]+ + R–H

(R = C2H5, C3H7) (3)

Ln+ + ROH → [LnOCH2]+ + H2

(R = CH3), CH4 (R = C2H5) (4)

Ln+ + ROH → [LnOCH3]+ + CH3
• (R = C2H5) (5)

Ln+ + ROH → [LnOR]+ + H•

(R = CH3, C2H5, C3H7) (6)

Comparing these results with the ones obtained by
Géribaldi and co-workers[23,24] on the reactivity of Sc+,
Y+, and Lu+ with aliphatic alcohols, it can be said that
there is a general accordance between the two studies, in
terms of primary products formed. The principal differ-
ences in the previous studies[23,24] are the absence of
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LuO+ and the formation of the minor products MH2
+ in

the case of Y+ with CH3OH and C2H5OH, and MOC3H4
+

in the reactions of M+ (M = Sc, Y, Lu) with 2-propanol.
The other gas-phase reactivity study of Ln+ cations with
methanol[25] did not focus on the reactions of metal ions
with single molecular substrates, but within a cluster envi-
ronment. Despite the fact that the experimental conditions
are completely different from ours, we can emphasize the
formation of the dehydrogenation products LnOCH2

+ and
LnOCH3

+ with the most reactive ions La+, Ce+, Pr+,
Nd+, Gd+, Tb+, Ho+, Er+ and Lu+, besides the normal
association products Ln(CH3OH)+. For Lu+ other products
such as LuOH+ are also produced. The formation of LnO+
was also observed but the authors attributed the presence
of these oxide species to the quick oxidation of the lan-
thanide metal, and therefore they did not consider them as
alcohol reaction products. On the other hand, the relatively
unreactive Sm+, Eu+, Dy+, Tm+ and Yb+ ions could not
initiate dehydrogenation of methanol molecules and only
association products Ln(CH3OH)+ were formed.

In our study different types of mechanisms could be si-
multaneously operative in the formation of the various pri-
mary products summarized inTables 1–3. In Scheme 1we
show a representation of the proposed mechanisms in the
case of 2-propanol. Previous gas-phase reactivity studies
[17,18,23,24,26–35,37,45]of lanthanide metal cations with
different organic molecules have shown that the ability of
the lanthanide series ions to activate single bonds in differ-
ent organic molecules correlates with the magnitude of the
excitation energies from the ground state electron configura-
tions, generally 4fn6s1, to configurations with two unpaired
non f electrons, particularly 4fn−16s15d1 [46,47] (although
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Table 4
Excitation energies (eV) ground state→ 4fn−16s15d1 state of the lan-
thanide cations Ln+, second ionization energies (eV) of the lanthanide
metals Ln, and lanthanide metal cation–oxygen bond dissociation en-
thalpiesD(Ln+–O) (kJ/mol)

Ln+ Excitation
energy (eV)a

Second ionization
energy (eV)b

D(Ln+–O)
(kJ/mol)c

La+ 0.19 11.060 866± 14
Ce+ 0.3 10.85 867± 16
Pr+ 1.02 10.55 801± 20
Nd+ 1.4 10.73 756± 16
Sm+ 2.43 11.07 582± 16
Eu+ 3.6 11.241 389± 18
Gd+ 0 12.09 754± 17
Tb+ 0.42 11.52 733± 16
Dy+ 1.31 11.67 600± 43
Ho+ 1.44 11.80 597± 27
Er+ 1.31 11.93 589± 23
Tm+ 2.05 12.05 535± 22
Yb+ 3.32 12.176 389± 13
Lu+ 1.63 13.9 560± 20

a Values from[47].
b Values from[43].
c Values from[48].

4fn−15d2 can also be considered), that are a necessary condi-
tion if a bond insertion mechanism is considered. These ex-
citation energies from the ground state configurations to the
4fn−16s15d1 configurations of the lanthanide ions are listed
in Table 4. In the case of the alcohols, the oxophilicity of the
metal ions was invoked as the major factor controlling the
overall reactivity[23,24], although recent work done in our
group involving phenols[17] indicates that besides the exci-
tation energy, the second ionization energy of the metal could



J.M. Carretas et al. / International Journal of Mass Spectrometry 234 (2004) 51–61 55

also be important in explaining the formation of several ionic
species, namely by a direct mechanism, in agreement with
lanthanide reactivity studies with fluorinated hydrocarbons
[32,34,45]. The values of the second ionization energy for
the lanthanide metals are also listed inTable 4.

Formation of LnO+ (Eq. (1)) can be explained as in pre-
vious studies[23,24] by a mechanism that started with a
C–O or O–H insertion, followed by four-center electrocyclic
elimination of RH. The fact that the O–H bonds are stronger
than the C–O bonds (in methanolD(CH3O–H) = 435.1
± 2.9 kJ/mol andD(CH3–OH) = 386.4 ± 1.6 kJ/mol, in
ethanolD(C2H5O–H) = 436± 4 kJ/mol andD(C2H5–OH)
= 392 ± 4 kJ/mol and in 2-propanolD(C3H7O–H) = 438
± 4 kJ/mol andD(C3H7–OH) = 404.8± 2.8 kJ/mol)[48]
could indicate that C–O insertion is the favored step. The
formation of LnO+ metal oxide was observed for all lan-
thanide cations, except Eu+, Tm+ and Yb+. The very high
excitation energy of these ions could be responsible for
the non occurrence of a bond insertion mechanism, and
consequently the absence of the referred ions. Moreover,
admitting that only exothermic reactions could be observed,
we may find the reason for the absence of EuO+ and YbO+
by comparing the values presented inTable 4for D(Eu+–O)
(389 ± 18 kJ/mol) andD(Yb+–O) (389± 13 kJ/mol) with
the thermodynamic thresholds for the observation of re-
action (1) in the case of the three alcohols[48]: CH3OH,
D(Ln+–O) = 376.3 ± 0.5 kJ/mol; C2H5OH, D(Ln+–O)
= 400.0± 0.3 kJ/mol; and C3H7OH, D(Ln+–O)= 417.2±
0.5 kJ/mol. These thermodynamic thresholds indicate that
the tendency for the formation of LnO+ decreases in the
series methanol> ethanol > 2-propanol. With 2-propanol
the formation of LnOH+ is favored compared with the
formation of LnO+: CH3OH [D(Ln+–OH) = 386.4 ±
1.6 kJ/mol]; C2H5OH [D(Ln+–OH) = 392 ± 4 kJ/mol];
C3H7OH [D(Ln+–OH) = 404.8 ± 2.8 kJ/mol] [48]. The
absence of SmO+ with 2-propanol and the lower abundance
of SmO+ in the case of ethanol as compared with the case
of methanol may be related to these thermodynamic trends.
The non observation of the ionic product LuO+ reported by
Géribaldi and co-workers[23,24] was not confirmed in our
experiments, and the formation of the LuO+ oxide ion was
observed, possibly due to differences in the thermalization
process.

Formation of LnOH+ (Eq. (2)) can be explained as be-
fore [23,24] by a direct mechanism, with the coordination
of the metal ion to the electronegative oxygen atom, fol-
lowed by electron density transfer from the metal cation to
the hydroxo group, facilitating the homolytic cleavage of
the R–OH bond. The formation of LnOH+ could also result
from a C–O insertion followed by elimination of a radical
R•. The high values for the excitation energy and also for
the second ionization energy could be responsible for the ab-
sence of TmOH+ and YbOH+. However, this argument is no
longer valid for the formation of LuOH+ and for the differ-
ent behavior of the ions Dy+, Ho+ and Er+ toward the three
alcohols. Metals that have high stability in the formal ox-

idation state 2+ formed exclusively (Eu) or predominantly
(Sm) the hydroxide ion LnOH+. For these metals LnOR+
(R = CH3, C2H5, C3H7) ions were not observed as primary
products. It appears that the formation of LnOH+ is favored
in comparison with the formation of LnOR+, and this may
be related to the fact that the O–H bonds are stronger than
the C–O bonds in the three alcohols.

Formation of LnOH2+ (Eq. (3)) is possible by an insertion
of the metal ion in the C–O bond of the alcohol, followed
by four-center electrocyclic elimination of alkene[24]. The
occurrence of LnOH2+ was only observed with alcohols
containing one hydrogen atom bonded to a�-carbon, ex-
cluding for this reason the formation of LnOH2

+ in the
case of methanol. Labeling experiments with deuterated
alcohols confirmed the presence of a hydride hydroxide
species [H–Lu+–OH] [24]. Formation of LnOCH2+ seems
to be related with alcohols containing two hydrogen atoms
bonded to one�-carbon, excluding the possibility of obtain-
ing that primary product with 2-propanol. The formation of
LnOCH2

+ (Eq. (4)) can be explained[23,24] by a mech-
anism involving metal cation insertion into the O–H bond
of the alcohol, followed by a�-hydrogen atom transfer and
elimination of H2 for methanol, or�-methyl group transfer
and elimination of CH4 for ethanol. The observation of
the presumed lanthanide formaldehyde complex requires
D(Ln+–OCH2) = 92.9± 0.7 kJ/mol[48]. The formation of
LnOCH3

+ (Eq. (5)) in the case of ethanol could start by an
O–H insertion, followed by a�-methyl group transfer. The
ion-dipole complex [(CH3)(H)Ln+ · · · OCH2] could coex-
ist in equilibrium with [H3C–Ln+–OCH3], and the latter
losing a methyl group could originate the mono-methoxide
ion [24]. Formation of LnOR+ (Eq. (6)) could be explained
[23,24] by a direct mechanism with hydrogen elimination,
or by an O–H insertion followed by elimination of the same
specie.

The reaction efficienciesk/kADO determined for the differ-
ent lanthanides ions toward each studied alcohol are listed in
Tables 1–3, and seem to correlate with the excitation ener-
gies presented inTable 4: lanthanide cations with the highest
values for the excitation energy are the less reactive. How-
ever, some discrepancies to this general correlation were
also detected, namely the higher reactivity of Sm+ and Eu+
in comparison with Tm+ and Yb+, which, as pointed out
before, may be associated with the lower values of second IE
for Sm and Eu. An anomalous behavior was also observed
for Lu+, which has an excitation energy similar to Dy+, Ho+
and Er+, and a rather high IE. InFig. 1we compare plots of
the reaction efficienciesk/kADO toward the three alcohols as
a function of the metal ion. For all the reactive lanthanide
cations, an increase in the reaction efficienciesk/kADO is
observed from methanol to ethanol and 2-propanol. In view
of the results of the present work it appears that several
features of the alcohols, namely dipole moment[43] and
polarizability [43], are enough to justify the observed dif-
ferences. For these examples an increase in the size of the
alcohol and consequently an increase in the polarizability
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Fig. 1. Efficienciesk/kADO of the reactions of lanthanide metal cations Ln+ with methanol, ethanol, and 2-propanol.

are sufficient to place the ion-neutral collision complexes in
deeper potential energy wells, making the ion-neutral bond-
ing more strong and providing more energy for chemical
activation.

3.2. Reactions of primary and subsequent product ions
with methanol, ethanol and 2-propanol

The primary products formed in the reactions of lan-
thanide cations with the alcohols react further with the sub-
strates by different pathways, and so do the subsequent
products. In the case of methanol and ethanol the reactions
of Ln+ cations were only studied with the aim of observ-
ing the general tendencies of reaction, while in the case of
2-propanol all the gas-phase reactions were studied step by
step and therefore the reactions sequences were fully identi-
fied. Having in mind the known similarities in the behavior
of the ions (La+ ≈ Ce+; Pr+ ≈ Nd+; Tb+ ≈ Gd+; Ho+
≈ Dy+, Er+) identified in previous work[17,18,29,30,37]
and also observed in the overall reactions, the formation
of secondary and subsequent products and the correspond-
ing reaction efficienciesk/kADO with 2-propanol were deter-
mined in the specific cases of La+, Pr+, Sm+, Eu+, Tb+ and
Ho+. The reactivity of Lu+ ions with 2-propanol has been
previously studied in detail by Géribaldi and co-workers
[24,49]. In the case of methanol and ethanol we try to de-
scribe the reaction sequences considering the work of the
same author[23,24,49] with the group 3 metal cations,
and also our systematic study involving lanthanide ions and
2-propanol.

3.3. Reactions with 2-propanol

3.3.1. Reactions of LnO+
Three primary reactions of the LnO+ ions with 2-propanol

were observed (Eqs. (7)–(9)):

LnO+ + C3H7OH → [LnOHCH3]+ + CH3CHO

(Ln = Gd, Tb, Ho, Er) (7)

LnO+ + C3H7OH → [LnOOC3H6]+ + H2

(Ln = La–Nd, Gd–Er) (8)

LnO+ + C3H7OH → [LnOHOC3H7]+

(Ln = La–Nd, Dy) (9)

For the ions studied in detail, the relative contribu-
tions of each reaction in those cases where more than
one pathway was observed were: LaO(OC3H6)+ (85%)
and La(OH)(OC3H7)+ (15%), PrO(OC3H6)+ (85%) and
Pr(OH)(OC3H7)+ (15%), Tb(OH)(CH3)+ (45%) and
TbO(OC3H6)+ (55%).

In Scheme 2 we present possible mechanisms for
the formation of the three product ions. Formation of
Ln(OH)(CH3)+ could be explained by the addition of
2-propanol in the double bond of the oxide ion, followed
by six-center electrocyclic elimination of acetaldehyde. The
formation of LnO(OC3H6)+ and Ln(OH)(OC3H7)+ was
possible by four-centered type transition state. The interme-
diate species could give the ionic product LnO(OC3H6)+
by six-center electrocyclic elimination of dihydrogen, or it
could be stabilized in the form Ln(OH)(OC3H7)+. In the
case of Lu it was reported the formation of Ln(OH)(CH3)+
and LnO(OC3H6)+ [49].

The reaction efficienciesk/kADO for the metal oxide ions
LnO+ in the case of La, Pr, Tb and Ho were, respectively,
0.30, 0.41, 0.47 and 0.45. While for La and Pr there was
a decrease in reactivity as compared to the metal ion, for
Tb the oxide and the metal ions showed similar reactivities,
and for Ho the oxide ion was significantly more reactive
than the metal ion (seeTable 3). These results appear to be
related with the strength of the Ln+–O bonds for the different
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metals (Table 4), in accordance with previous studies of the
reactivity of LnO+ ions with phenol[17] and other organic
molecules[30,33]. Schröder and Schwarz, in their review of
the gas-phase reactivity of transition metal oxide ions[50],
remarked that ionic oxides with the highest values for the
bond dissociation enthalpiesD(M+–O) were more stable,
and consequently revealed lower reactivities in comparison
with the metallic ions M+.

3.3.2. Reactions of LnOH+
Three primary reactions of the LnOH+ ions with

2-propanol were observed (Eqs. (10)–(12)):

LnOH+ + C3H7OH → [LnOHOH]+ + C3H7
•

(Ln = La, Ce, Gd, Tb) (10)

LnOH+ + C3H7OH → [LnOC3H7]+ + H2O

(Ln = Pr–Dy) (11)

LnOH+ + C3H7OH → [LnOHOC3H7]+ + H•

(Ln = La, Ce) (12)

The relative contributions of each reaction in the cases of
La and Tb were: La(OH)2

+ (60%) and La(OH)(OC3H7)+
(40%), Tb(OH)2+ (75%) and TbOC3H7

+ (25%).
In Scheme 3we present possible mechanisms for the for-

mation of these ionic products. Formation of Ln(OH)2
+ and

Ln(OH)(OC3H7)+ could be explained by a direct mecha-
nism with eliminations of one isopropyl radical and one

Ln+

LnOH+  + C3H7OH

H

OH

H7C3O

H7C3
Ln+OH

H

 +
O

- 

H
H7C3 O Ln+OH...

Ln(OH)2
+ Ln(OH)(OC3H7)+ LnOC3H7

+

-H2O-C3H7
. -H.

δ δ

Scheme 3.

hydrogen, respectively. The formation of LnOC3H7
+ was

possible by four-center electrocyclic elimination of one wa-
ter molecule. The origin of Lu(OH)2

+ was attributed to
LuOH+ [49]. The reaction efficienciesk/kADO calculated for
the LnOH+ ions [Ln = La (0.53), Pr (0.50), Sm (0.39), Eu
(0.47), Tb (0.45)] were close to the reaction efficiencies for
Ln+ cations, except for SmOH+ and EuOH+, that were ex-
clusively formed in the primary reactions and revealed an
increased reactivity in comparison with Sm+ and Eu+.

3.3.3. Reactions of LnOH2+
Three primary reactions of LnOH2+ ions with 2-propanol

were observed (Eqs. (13)–(15)):

LnOH2
+ + C3H7OH → [LnOHOH]+ + C3H8

(Ln = Gd, Tb, Ho, Er) (13)

LnOH2
+ + C3H7OH → [LnOOC3H6]+ + 2H2

(Ln = Gd–Er) (14)

LnOH2
+ + C3H7OH → [LnOHOC3H7]+ + H2

(Ln = Gd–Er) (15)

The relative contributions of each reaction in the case
of Tb were: Tb(OH)2+ (30%), TbO(OC3H6)+ (45%) and
Tb(OH)(OC3H7)+ (25%).

In Scheme 4we present possible mechanisms for the for-
mation of the three product ions. Formation of Ln(OH)2

+
could be explained by four-center electrocyclic elimina-
tion of propane. The formation of LnO(OC3H6)+ and
Ln(OH)(OC3H7)+ was possible by four-center type tran-
sition state with elimination of dihydrogen. The interme-
diate specie could give the ionic product LnO(OC3H6)+
after six-center electrocyclic elimination of dihydrogen,
or it could be stabilized in the form Ln(OH)(OC3H7)+.
In the case of Lu the LnOH2+ ion yielded Ln(OH)2+,
LnO(OC3H6)+ and Ln(OH)(OC3H7)+ ions [49]. The reac-
tion efficiency calculated for the TbOH2+ ion was 0.50.
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3.3.4. Reactions of LnOC3H7
+

The observed reactions of LnOC3H7
+ with 2-propanol

are presented inEqs. (16)–(18).

LnOC3H7
+ + C3H7OH → [LnOHOC3H7]+ + C3H7

•

(Ln = La–Nd, Gd–Dy) (16)

LnOC3H7
+ + C3H7OH → [LnOC3H7OC3H7]+ + H•

(Ln = La–Nd) (17)

LnOC3H7
+ + C3H7OH → [LnOC3H7C3H7OH]+

(Ln = Sm, Eu) (18)

The relative contributions of each reaction in the
case of La and Pr were: La(OH)(OC3H7)+ (40%) and
La(OC3H7)2+ (60%), Pr(OH)(OC3H7)+ (35%) and
Pr(OC3H7)2+ (65%).

In Scheme 5 we present possible mechanisms for
the formation of the ionic products Ln(OH)(OC3H7)+
and Ln(OC3H7)2+, that could be explained by a di-
rect mechanism with elimination of one isopropyl rad-
ical and one hydrogen, respectively. In the case of Sm
and Eu, the LnOC3H7

+ species yielded the adducts
Ln(OC3H7)(C3H7OH)n+ (n = 1–3), due to the large ten-
dency of these metals to maintain the formal oxidation
2+. The reaction efficienciesk/kADO calculated for the
LnOC3H7

+ ions were 0.45 (La), 0.27 (Pr), 0.04 (Sm), 0.04
(Eu) and 0.49 (Tb). The rather low reaction efficiencies
revealed by the Sm and Eu mono-alkoxide ions are in agree-
ment with the fact that they react only by adduct formation.

LnOC3H7
+ + C3H7OH

H
H7C3 O Ln+OC3H7

...

H7C3
Ln+OC3H7

H

 +
O

- 

-C3H7
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-H.

Ln(OH)(OC3H7)+ Ln(OC3H7)2
+

δ δ

Scheme 5.

The Sm and Eu mono-alkoxides ions were inert in compar-
ison with the mono-hydroxides ions, although in both types
of species the metals are in the formal oxidation 2+. In
the case of the LnOH+ ions, the formation of LnOC3H7

+
with elimination of H2O is exothermic by∼60 kJ/mol[48],
if we consider thatD(Ln+–OH) ≈ D(Ln+–OC3H7

+), and
therefore, an increased reaction efficiency for the Sm and
Eu mono-hydroxide ions could be expected.

3.4. Reactions of Ln(OH)2
+, Ln(OH)(CH3)+,

Ln(OH)(OC3H7)+ and Ln(OH)(OC3H7)(OC3H6)+

The product ions that presumably contained the hy-
droxo ligand reacted with 2-propanol probably by four- or
six-centered electrocyclic mechanisms. Previous work[49]
involving Lu cations and 2-propanol is also included in the
following summary of observed reactions: Ln(OH)2

+ (Ln
= La, Ce, Gd, Tb, Ho, Er, Lu) yielded Ln(OH)(OC3H7)+
and Ln(OH)2(H2O)+ (Ln = Lu); Ln(OH)(CH3)+ gave
Ln(OH)2+ (Ln = Gd, Tb, Ho, Er, Lu), Ln(OH)(OC3H7)+
(Ln = Gd, Tb, Lu) and LnO(OC3H6)+ (Ln = Gd, Tb,
Ho, Er, Lu); Ln(OH)(OC3H7)+ originated Ln(OC3H7)2+
(Ln = La–Nd, Gd–Dy) and Ln(OH)(OC3H7)(OC3H6)+
(Ln = Gd–Er, Lu); Ln(OH)(OC3H7)(OC3H6)+ yielded
Ln(OC3H7)2(OC3H6)+ (Ln = Gd–Er, Lu). Most of these
ionic species reacted by substitution of the hydroxo ligand
by an alkoxo, with elimination of water, a pathway also ob-
served for the mono-hydroxide ions LnOH+. The reaction
efficiencies of the ions studied in detail (Ln= La, Pr, Tb, Ho)
containing the hydroxo ligand were in the range (0.35–0.57),
revealing values that were close to the values for Ln+,
except the ions of Ho which were more reactive than Ho+.

3.4.1. Reactions of LnO(OC3H6)+ and LnO(OC3H6)2+
The ionic product LnO(OC3H6)+, that presumably con-

tained the ketone function (but could also be formulated as
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a hydroxide propenoxide, Ln(OH)(OC3H5)+), yielded the
Ln(OH)(OC3H7)+ (Ln = La–Nd, Gd–Er) ions probably by
four-center electrocyclic elimination of acetone, and also the
LnO(OC3H6)2+ (Ln = Ho, Er) ions probably by six-center
electrocyclic elimination of dihydrogen. The reaction effi-
cienciesk/kADO for the LnO(OC3H6)+ ions [Ln= La (0.65),
Pr (0.60)] were higher than the corresponding values for
LnO+, but in the case of LnO(OC3H6)+ [Ln = Tb (0.45),
Ho (0.42)] were similar to LnO+. The LnO(OC3H6)2+ ions
gave Ln(OH)(OC3H7)(OC3H6)+ (Ln = Ho, Er) probably
by four-center electrocyclic elimination of acetone. The re-
action efficiencyk/kADO calculated for the HoO(OC3H6)2+
ion (0.50) was similar to HoO+ and HoO(OC3H6)+. On
the other hand, in the case of Lu it was reported[49]
that LuO(OC3H6)+ yielded the Lu(OH)(OC3H7)+ and
LuO(OC3H6)2+ ions and, the latter gave subsequently the
ionic product Lu(OH)(OC3H7)(OC3H6)+.

3.4.2. Reactions of Ln(OC3H7)2+ and
Ln(OC3H7)2(OC3H6)+

The reactions of the bis-alkoxide Ln(OC3H7)2+ ions
corresponded to adduct formation, yielding species of
general formula Ln(OC3H7)2(C3H7OH)n+ (n = 1–3)
(Ln = La–Nd) and also the Ln(OC3H7)2(OC3H6)+ (Ln
= Gd–Dy) ions, probably by a four-center mechanism,
followed by six-center electrocyclic elimination of dihy-
drogen. Finally, the latter ions yielded adducts with the
formulation Ln(OC3H7)2(OC3H6)(C3H7OH)n+ (n = 1,
2) (Ln = Gd–Er). In the case of Lu, it was reported
[49] the formation of Ln(OC3H7)2(OC3H6)(C3H7OH)n+
(n = 1, 2) from Ln(OC3H7)2(OC3H6)+. The reaction
efficiencies k/kADO calculated for the Ln(OC3H7)2+
ions were 0.18 (La), 0.15 (Pr) and 0.40 (Tb), for
Ln(OC3H7)2(C3H7OH)+ were 0.092 (La) and 0.079 (Pr),
and for Ln(OC3H7)2(C3H7OH)2+ were 0.004 (La) and
0.0005 (Pr). On the other hand, the reaction efficiencies
k/kADO for the Ln(OC3H7)2(OC3H6)+ ions were 0.093 (Tb)
and 0.35 (Ho), and for Ln(OC3H7)2(OC3H6)(C3H7OH)+
ions were 0.003 (Tb) and 0.007 (Ho). For these exam-
ples a decrease in the reaction efficienciesk/kADO was
observed as the number of ligands around the metal
increased.

3.5. Reactions with methanol

The primary products formed in the reactions of
lanthanide cations with CH3OH participated in subse-
quent reactions yielding in general the basic sequence:
Ln(OH)(OCH3)+, Ln(OCH3)2+ and Ln(OCH3)2(CH3OH)n+
(n = 1–3) (Ln = La–Sm, Gd–Lu). The exception was ob-
tained with Eu due to the tendency of this metal to attain
the formal oxidation 2+, and therefore the sequence was:
LnOCH3

+, Ln(OCH3)(CH3OH)n+ (n = 1–3).
The primary product LnO+ probably reacted with

methanol yielding the ionic products LnO(OCH2)+ (Ln
= Gd, Tb) and Ln(OH)(OCH3)+ (Ln = La–Sm, Gd–Er,

Lu). The formation of LnOCH3+ (Ln = La–Tb, Lu) and
Ln(OH)2+ (Ln = Gd, Tb, Lu) ions could be obtained
from LnOH+. The LnOCH2

+ ion could be responsible for
the formation of Ln(OH)(CH3)+ (Ln = La–Pr, Gd, Tb,
Ho, Er), LnO(OCH2)+ (Ln = Gd, Tb) and Ln(OCH3)2+
(Ln = La–Nd, Gd, Tb, Ho, Er). The LnOCH3+ ion was
probably the origin of the ionic products LnOOCH3

+ (Ln
= Ce), Ln(OH)(OCH3)+ (Ln = La–Sm, Gd–Dy, Lu) and
Ln(OCH3)2+ (Ln = La–Sm, Gd–Dy, Lu). EuOCH3+ only
formed the adducts Eu(OCH3)(CH3OH)n+ (n = 1–3).

The ionic products that presumably contained the hy-
droxo ligand probably participated in the following subse-
quent reactions with methanol: Ln(OH)2

+ (Ln = Gd, Tb,
Lu) yielded Ln(OH)(CH3)+; Ln(OH)(CH3)+ (Ln = La–Pr,
Gd, Tb, Ho, Er) gave Ln(OH)(OCH3)+; Ln(OH)(OCH3)+
(Ln = La–Sm, Gd–Lu) originated Ln(OCH3)2+. The
LnO(OCH2)+ (Ln = Gd, Tb) and LnO(OCH3)+ (Ln = Ce)
ions were probably the origin of the same ionic prod-
uct: Ln(OH)(OCH3)+. Finally, the bis-methoxide ions
Ln(OCH3)2+ reacted with methanol yielding the adducts
Ln(OCH3)2(CH3OH)n+ (n = 1–3) (Ln= La–Sm, Gd–Lu).

3.6. Reactions with ethanol

The primary products formed in the reactions of lan-
thanide cations with C2H5OH participated in subse-
quent reactions yielding the series Ln(OH)(OC2H5)+,
Ln(OC2H5)2+ and Ln(OC2H5)2(C2H5OH)+ (n = 1–3)
(Ln = La–Sm, Gd–Lu). However, in the case of metals
with the formal oxidation 2+ more accessible like Sm
and Eu was also observed the sequence Ln(OC2H5)+,
Ln(OC2H5)(C2H5OH)n+ (n = 1–3). Also important
was the presence of species containing presumably
the aldehyde function as in the series: LnO(OC2H4)+,
Ln(OC2H5)2(OC2H4)(C2H5OH)n+ (n = 1–2).

The primary product LnO+ probably reacted with ethanol
yielding the ionic products Ln(OH)(CH3)+ (Ln = Gd, Tb,
Ho, Er), LnO(OC2H4)+ (Ln = Gd, Tb, Ho, Er, Lu) and
Ln(OH)(OC2H5)+ (Ln = La–Sm, Lu). The formation of
Ln(OH)2+ (Ln = La, Ce, Gd, Tb, Ho, Er, Lu), LnOC2H5

+
(Ln = La–Dy, Lu) and Ln(OH)(OC2H5)+ (Ln = La, Ce)
ions could be obtained from LnOH+. The LnOH2

+ ion could
be responsible for the formation of Ln(OH)2

+ (Ln = Lu),
LnO(OC2H4)+ (Ln = Lu) and Ln(OH)(OC2H5)+ (Ln
= Lu). LnOCH3

+ could be the origin of Ln(OH)(OCH3)+
(Ln = Gd, Tb, Lu) and Ln(OCH3)(OC2H5)+ (Ln = Gd,
Tb). Finally, the ionic products Ln(OH)(OC2H5)+ (Ln
= La–Sm, Gd–Dy, Lu) and Ln(OC2H5)2+ (Ln = La–Sm,
Gd–Dy) were probably obtained from LnOC2H5

+. The
formation of Ln(OC2H5)(C2H5OH)+ (Ln = Sm, Eu) was
also suggested from LnOC2H5

+.
The ionic products that presumably contained the hy-

droxo ligand probably participated in the following sub-
sequent reactions with ethanol: Ln(OH)2

+ (Ln = La,
Ce, Gd, Tb, Ho, Er, Lu) yielded Ln(OH)(OC2H5)+;
Ln(OH)(CH3)+ (Ln = Gd, Tb, Ho, Er) gave Ln(OH)2

+
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and Ln(OH)(OC2H5)+; Ln(OH)(OCH3)+ (Ln = Gd,
Tb) originated Ln(OCH3)(OC2H5)+; Ln(OH)(OCH3)+
(Ln = Lu) yielded Ln(OH)(OC2H5)+; Ln(OH)(OC2H5)+
(Ln = La–Sm, Gd–Er, Lu) gave Ln(OC2H5)+. The
LnO(OC2H4)+ (Ln = Gd, Tb, Ho, Er, Lu) ions were
probably the origin of Ln(OH)(OC2H5)+. The reactions
of the bis-alkoxide Ln(OC2H5)2+ ions corresponded to
adduct formation, yielding species of general formula
Ln(OC2H5)2(C2H5OH)n+ (n = 1–3) (Ln = La–Sm,
Gd–Lu), and also the Ln(OC2H5)2(OC2H4)+ (Ln = Ho,
Er, Lu) ions. Finally, the latter species yielded adducts with
the formulation Ln(OC2H5)2(OC2H4)(C2H5OH)n+ (n = 1,
2) (Ln = Ho, Er, Lu).

4. Conclusions

This work showed the existence of important differences
in the relative reactivity of the lanthanide series cations with
aliphatic alcohols, in agreement with the known data on the
reactivity of these metal ions with other organic molecules.
The results obtained for most of the members of the series
showed close similarities with those obtained by Géribaldi
and co-workers with group 3 metal cations and can be related
to factors like the electron configurations of the metal ions,
their oxophilicity and the second ionization energies of the
metals.

All the lanthanide metal cations studied except Tm+ and
Yb+ were observed to react with methanol, ethanol and
2-propanol with formation of LnO+ and LnOH+ as main
primary products. The primary ions LnOH2

+, LnOCH2
+

and LnOR+ (R = CH3, C2H5, C3H7) were also obtained.
These ions participated in subsequent reactions with the al-
cohols yielding species such as Ln(OH)(OR)+, Ln(OR)2+
and Ln(OR)2(ROH)n+ (n = 1–3) (R= CH3, C2H5, C3H7).
With ethanol it was also observed the formation of sev-
eral species containing presumably the aldehyde function:
LnO(OC2H4)+ and Ln(OR)2(OC2H4)(ROH)n+ (n = 1,
2) (R = C2H5). In the case of 2-propanol the presence
of species containing presumably the ketone function was
also observed: LnO(OC3H6)+, Ln(OH)(OR)(OC3H6)+,
Ln(OR)2(OC3H6)+ and Ln(OR)2(OC3H6)(ROH)n+ (R
= C3H7). Formation of Ln(OR)(ROH)n+ (n = 1–3) (R
= CH3, C2H5, C3H7) was also identified in the case of the
metals, like Eu and Sm, that have high stabilities of the
formal oxidation state 2+.

As a final comment on these experiments, it can be
pointed out the prevalence of species which correspond to
3+ formal oxidation states of the metals; Eu was an excep-
tion in that it never went beyond the 2+ formal oxidation
state. This observation draws a parallel with condensed-
phase lanthanide alkoxide experiments where the 2+ formal
oxidation state of Eu dominates. The formation of oxo
and hydroxo containing species is also a common fea-
ture of gas-phase and condensed-phase lanthanide alkoxide
chemistry.
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