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Abstract

Despite that bond dissociation energies (BDEs) are among the most fundamental and relevant
chemical properties they remain poorly characterized for most elementary lanthanide hydroxides
and halides. Lanthanide ions Ln* = Eu*, Tm* and Yb™ are here shown to react with HO to yield
hydroxides LnOH*. Under low-energy conditions such reactions must be exothermic, which
implies a lower limit of 499 kJ/mol for the Ln*-OH BDEs. This limit is significantly higher than
previously reported for YoOH* and is unexpectedly similar to the BDE for Yb*-F. To explain this
apparent anomaly, it is considered feasible that the inefficient hydrolysis reactions observed here
in a quadrupole ion trap mass spectrometer may actually be endothermic. More definitive and
broad-based evaluations and comparisons require additional and more reliable BDEs and
ionization energies for key lanthanide molecules, and/or energies for ligand-exchange reactions
like LnF + OH < LnOH + F. The hydroxide results motivated an assessment of currently available
lanthanide monohalide BDEs. Among several intriguing relationships is the distinctively higher
BDE for neutral LuF versus cationic LuF*, though quantifying this comparison awaits a more
accurate value for the anomalously high ionization energy of LuF.



Introduction

Metal hydroxides are ubiquitous in condensed phase processes ranging from commonplace
rusting to advanced energy storage and conversion.'® In the gas phase they are key constituents in
phenomena such as high-temperature corrosion and material transport.* > Small gas-phase metal
hydroxide molecules furthermore provide a basis to elucidate the essential nature of underlying
bonding interactions, and reactivity relevant to more complex systems and practical applications.®
Electropositive lanthanides are particularly prone to solution hydrolysis,”® with the resulting
hydroxides commonly employed in catalysis, optics and electronics.l®*® Understanding
hydroxides is often advanced by modeling them as pseudo-halides, particularly as isoelectronic
fluorides.!**® Similar electronic properties of YbF and YbOH, for example, designate both as
prime candidates to evaluate the electric dipole moment of the electron.!® 2° The bond between a
lanthanide (Ln) and halide or hydroxide (X) is often effectively modeled as ionic—i.e., LnX
represented as (Ln*)(X")—uwith perturbations introduced by parameters such as polarization and
ligand fields.}” 18 212 Although fully ionic (Ln*)(X) is sometimes a useful approximation,
deviations due to bond covalency can significantly affect properties.?*2°

Among the most fundamental characteristics of a molecule is the bond dissociation energy
(BDE), as given for LnX* by reaction (1), which is for the cation rather than neutral LnX mainly
because ions are amenable to manipulation by electric and magnetic fields in common
experimental techniques like mass spectrometry. The BDEs of neutral LnX and cation LnX" are
related through ionization energies (IEs) by equation (2). Whereas molecular properties such as
effective electric field can often be accurately computed,'® 2 computation of BDEs is often
complicated by large disparities between electronic structures of bound LnX" versus the
constituent fragments Ln* and X.2" 28 Because the formal lanthanide oxidation states are Ln® and
Ln®™ in LnX and LnX", respectively, the BDEs reflect relative stabilities of these low valence
states towards further reduction. Formation of LnX* can occur by reaction (3), where X-atom
donor RX may be an organic (CmHnX), a hydrogen halide (HX), or water in the specific case of
reaction (3’). Under low-energy conditions, occurrence of reaction (3) or (3') requires that it is
exothermic (or thermoneutral), with BDE[Ln*-X] > BDE[R-X].

(1) Ln*+ X — LnX* AE1 = -BDE[Ln *-X]

(2)  BDE[Ln*-X] - BDE[Ln -X] = IE[Ln] — IE[LnX]

(3) Ln* + RX — LnX" + R AE3 = BDE[R-X] - BDE[Ln*-X]
(3) Ln" + H,0 — LnOH* + H AE3 = BDE[H-OH] - BDE[Ln*-OH]

Reaction (3") was previously studied for all lanthanides except Pm by Bohme et al. using
inductively coupled plasma (ICP) as the metal ion source and selected-ion flow-tube mass
spectrometry (SIFT-MS) to study kinetics.?® Observation of reaction (3’) for Ln = La, Prand Yb
established BDE[Ln*-OH] > BDE[H-OH] (499 kJ/mol®°). This result for YbOH* was notable as
reaction (3) was not previously observed for Ln = Yb with alcohols (ROH) that have BDE[R-OH]
below 499 kJ/mol, such that those reactions should also be exothermic.3! *2 Reaction (3') was not
reported for Ln = Eu or Tm by Bohme et al.,?° indicating either a thermodynamic constraint due
to BDE[Ln*-OH] < 499 kJ/mol, or kinetic hindrance.



In the present work, reaction (3') was re-examined for Ln = Eu, Tm and Yb using
electrospray ionization (ESI) to generate Ln", and quadrupole ion trap mass spectrometry (QIT-
MS) to study reactivity. It was found that reaction (3’) occurs, albeit inefficiently, for all three Ln.
Assuming that the QIT reactions are for nearly thermal ions, the results would imply BDE[Ln*-
OH] > 499 kJ/mol, which is higher than previously reported values for Ln = Eu and Yhb.
Specifically, high-temperature equilibrium studies yielded BDE[Yb-OH] values of 377+8 kJ/mol®
and 322+12 kJ/mol.®* Using IE[YbOH] = 5835 kJ/mol*® and IE[Yb] = 602.6 kJ/mol,* these
BDEs for neutral YbOH provide the following cation values via equation (2): BDE[Yb*-OH] =
397 kJ/mol and 342 kJ/mol; both of these are below the tentative minimum of 499 kJ/mol
established here from reaction (3'). Also, the reaction (3') lower limit for EUOH™ conflicts with
previously reported BDE[Eu*-OH] = 423+7 kJ/mol.®® Given these disparities between reported
BDE[Ln"-OH] and lower limits from reaction (3') under presumed low-energy conditions,
corresponding trends for BDE[Ln"-F] and BDE[Ln*-Cl] are considered for comparison. A striking
result is the possible similarity between BDE[Yb*-OH] and BDE[Yb*-F], though this comparison
is only tentative given different results for reaction (3') using different experimental approaches,
as discussed below. The present results and assessment highlight uncertainties in BDEs for the
most fundamental lanthanide halide and hydroxide molecules, hopefully encouraging further
experiments and computations on these systems.

Experimental Methods

Experiments were performed with an Agilent 6340 electrospray ionization quadrupole ion
trap mass spectrometer (ESI-QIT/MS) described previously.3” The ESI solutions were 0.2 mM
EuCls, TmClz or YbCls prepared in ethanol without rigorously excluding water (<10% H-O).
Solutions were injected into the ESI capillary via a syringe pump at 75 pL/h. Mass spectra were
acquired in the positive ion accumulation and detection mode using the following instrumental
parameters: nebulizer gas pressure, 12 psi; capillary voltage and current, -4500 V and 1 nA; end
plate voltage offset and current, -500 V and 50 nA; dry gas flow rate, 2.0 L/min; dry gas
temperature, 325 C; capillary exit, 300.0 V; skimmer, 30.6 V; octopole 1 and 2 DC, 12.0 V and
0.0 V; octopole RF amplitude, 50.0 Vpp; lens 1 and 2, -15.0 V and -98.5 V; trap drive, 31.1. Minor
adjustments were sometimes made to these parameters to obtain enhanced intensities of specific
ions. Nitrogen gas was used for nebulization and drying in the ion transfer capillary. The
background water pressure in the ion trap was estimated as ~10° Torr.3 39 As this water pressure
can vary by up to a factor of two, the relative pressure was determined for each set of experiments
from pseudo-first order kinetics for hydration of uranyl hydroxide: UO2(OH)" + H,O ->
UO2(OH)(H20)*.28 To allow for direct comparison of kinetics at different water pressures, reported
rates are normalized to a fixed background water pressure, except when additional water was
deliberately added to the ion trap. lons isolated in the QIT are estimated to be at T =~ 300 K,*04? an
issue discussed below.



Results and Discussion
(i) Reactions of lanthanide ions Ln* with water

Bare ions Eu™, Tm™ and Yb" were produced by ESI. An isotope with a particular mass-to-
charge ratio m/z was trapped in the QIT and exposed to background H20O and O for a variable
reaction time, in some cases with additional H2O added to the ion trap. Mass spectra acquired after
the maximum accessible reaction time of 10 s are in Figure 1, where a LnOH" product peak
indicates reaction (3’). Time-dependent decay plots such as in Figure 2 show pseudo-first order
kinetics. Included in Figure 2 are typical kinetics for hydration of UO2(OH)* for determining
relative H2O pressures. Kinetics data such as those in Figure 2 were generally more uncertain for
Ln = Tm due to extremely low reaction efficiency and product abundances. Despite constraints
due to low product intensities and some non-linearity, decay plots such as in Figure 2 suggest
pseudo-first order reaction (3').

The UO2(OH)" ion used for the pressure calibration was obtained directly from ESI of a
uranyl solution. In contrast to the reactivity reported here for bare Ln* with water, it was previously
shown that the reaction of UO." with H2O under low-energy conditions in a QIT results in
adsorption to yield hydrate UO2(H20)*, rather than hydrolysis to yield hydroxide UO2(OH)*.3
Gas-phase uranyl, UO,?*, has been synthesized by sequential reaction of bare dipositive U?* with
02.% The reaction of U%" with H2O has been reported to yield UOH?* with fairly high efficiency
(k/Keol = 0.11).4 The primary UOH?* product reacts with a second H>O molecule via a charge-
reduction process to produce UO™ (+H30O").

Kinetics for reaction (3") are summarized in Table 1 along with previously reported SIFT
results.?® The present QIT rates are adjusted to a constant background water pressure. By assuming
a QIT water pressure of roughly 10 Torr, estimates were also obtained for k'/kcol where k' is the
pseudo-first order rate constant and kel is the collisional constant.?® The SIFT experiments for Ln
= Eu, Tm and Yb showed only Yb exhibited reaction (3'). The QIT experiments, however, show
reaction (3') occurs for all three Ln, albeit inefficiently. The order of reaction (3’) rates from QIT
is Eu* > Yb* > Tm™", whereas from SIFT it was Yb* > Eu" and Tm™*, with no reaction observed for
the last two. Another discrepancy appears for the k'/kcol for Yb™, which is estimated as ~100x lower
from QIT versus SIFT. Although the QIT estimate for k'/kcoi employs an approximate P[H20] =
10 Torr, it is unlikely that the actual pressure is sufficiently low—about 10 Torr—to bring the
QIT and SIFT results into accord. The UO2(OH)™ hydration kinetics in Figure 2d would correspond
to a water pressure of 4x10® Torr if the hydration efficiency is 100% (k'/keo = 1); as the actual
efficiency is likely lower, the actual water pressure is likely correspondingly higher.

Despite discrepancies between the QIT and SIFT results, a conclusion from both is that
reaction (3') is inefficient for Eu*, Tm™ and Yb™. However, a key revision due to the QIT results is
that reaction (3") occurs for all three, which would establish a lower limit of BDE[Ln*-OH] >
BDE[H-OH] (499 kJ/mol) if the reactions occur under truly thermal conditions. This minimum for
Yb* would be particularly significant given previous results noted above that indicate BDE[Yb™-
OH] < 400 kJ/mol.**3 There is also a disparity between the tentative new minimum and the



reported value of BDE[Eu*-OH] ~ 423 kJ/mol.*® There does not appear to be a previous
determination of BDE[Tm*-OH] for comparison.

Bohme et al. qualified their Yb* SIFT kinetics for reaction (3') by noting that the reported
k'/kcol might have resulted from an electronically excited-state Yb* population of only 0.4%.% In
contrast to high-energy ICP ion source in SIFT, the ESI source for QIT transfers ions from solution
in a relatively low-energy process, with less potential for excitation. Kinetics plots such as in
Figure 2c are not fully linear, which may reflect very low ion intensities, but possibly also
deviations from true pseudo-first order kinetics. If the results do indicate nearly invariant pseudo-
first order Kinetics to at least 10 s, it would suggest that the reactivity is determined by ground-
state Yb*, and/or by extraordinarily long-lived excited-state Yb*. A key point is that pseudo-first
order kinetics attributable to a bimolecular ion-molecule reaction do not per se indicate thermal
reactivity. Nor do such pseudo-first order kinetics necessarily indicate a sole reactant ion state, but
rather that all of the reacting states exhibit similar kinetics. Although the SIFT kinetics might have
reflected electronically excited-state Yb*, the QIT results seem to suggest that reaction (3’) occurs
for ground-state Yb* given the very long lifetime that would be required for an excited state of
Yb* to provide the results. The persistence of reaction (3') in the QIT for ions collisionally cooled
for periods of several seconds similarly suggests that the reactivity is not due to a population of
kinetically excited Yb* ions present at the start of the reaction period. However, as noted below it
is feasible that a small fraction of the isolated Yb* ions in the QIT might undergo continuous
kinetic excitation that could provide sufficient energy to enable significantly endothermic
reactions.

Just as excited-state Yb* might enable an endothermic reaction, so too might kinetically
excited ions. Isolation of ions in the QIT with a particular m/z occurs by ejection of all ions with
other values of m/z. As the applied ejection voltage is not a step function, there may be off-
resonance excitation of retained ions. Such excitation should be greater for smaller isolation
widths, 4m/z, as the ejection voltage is applied closer to the m/z of retained ions. To evaluate
potential effects of off-resonance excitation, rates were measured for isolation widths of Am/z =1
and 2. Results such as in Figure S4 show only minor rate changes for different Am/z, indicating
negligible effects of off-resonance ion excitation due to the isolation conditions.

The pressure and composition of background reactant gases in the QIT are not well
controlled.® Constituents H.O and O, are monitored by association reactions with UO,(OH)" and
UO:".3 Low concentrations of unidentified OH-donor background gases besides H2O are feasible.
To confirm that H-O is the dominant OH-donor, additional water was added to the ion trap, with
the pressure increase determined hydration of UO2(OH)". Kinetics determined for reaction (3'),
such as in Figure S5, demonstrate that the yield of LnOH" increases in parallel with increasing
water pressure, confirming H20 as the dominant OH-donor, i.e. reaction (3).

Reaction (3') for lanthanide cations was also previously studied by Fourier-transform ion
cyclotron resonance mass spectrometry (FTICR-MS), with the results as reported in the PhD thesis
of H. H. Cornhel.* It was there conveyed that reaction (3") does not occur for Ln = Eu, Tm or Yb,
where non-reactivity for the first two of these three lanthanide ions is in accord with the similarly



negative results from SIFT.?° Both the previous SIFT and FTICR-MS studies conflict with the
present QIT results that show reaction (3’) occurs for Eu and Tm. The overall uncertain state of
affairs is exacerbated by differing discord for reaction (3') for Ln = Yb, for which FTICR-MS
showed non-reaction whereas both SIFT and QIT gave positive results for an inefficient reaction.
As both the SIFT?® 468 and FTICR-MS3! 32 4950 approaches are well-established for studying
gas-phase metal ion chemistry under low energy conditions, it seems unwarranted to conclude that
the results from both previous studies are necessarily invalidated by the present results, despite
that ion trap techniques, including QIT-MS, have also been demonstrated as applicable for
reactivity studies.* 5152 Notwithstanding the experiments described above to substantiate that the
inefficient QIT reactions were not due to hyperthermal conditions, disparities with other
techniques suggest the possibility for an unidentified source of kinetic excitation in the QIT that
could enable endothermic reactions. Whereas in the SIFT technique metal ion-molecule reactions
take place under the influence of a DC voltage in a high-pressure ion drift tube,*” *8 reactions
studied in a QIT are for ions continuously subjected to RF voltages for trapping.> The mean ion
temperature in a QIT has been estimated as ~300 K, and it is almost certainly less than 1000 K.**-
42 Using the relationship for kinetic energy, KE = 3/2-k-T where k is the Boltzmann constant (k =
1.38x10% J/K = 8.31 J/mol-K), a temperature of 1000 K corresponds to a kinetic energy of ~12.5
kJ/mol. To enable a reaction that is endothermic by ~50 kJ/mol would require an effective ion
temperature of ~4000 K. Although it is implausible that the average ion temperature in the QIT is
sufficiently high to support a reaction endothermic by significantly more than ~10 kJ/mol, only a
small fraction of the ions would need to be momentarily excited to a sufficiently high effective
temperature to account for inefficient processes such as reported here for reaction (3). Regardless
of the origins of the disparity between the observed reactivity in the different types of instruments,
the lower limit of BDE[Ln"-OH] > 499 kJ/mol that would be established by reaction (3") under
truly thermal conditions is considered as only tentative for Ln = Eu, Tm and Yb until these
reactions at low energies are confirmed or refuted.

Low-abundance products in addition to LnOH* in Figure 1 include Eu(O2)* and TmQO™. In
a SIFT study of the reaction Ln* + O2 in ~1 Torr He, adducts Ln(O2)" were similarly formed,
presumably via an intermediate [Ln(O2)*+(He)].*® In the QIT with a lower He pressure of ~10*
Torr, Oz-addition was observed only for Eu*, suggesting higher stability of adduct Eu(O2)*
compared with other Ln(O2)". The oxide TmO™ is presumably from reaction of Tm* with H2O or
0., both of which should be nearly thermoneutral processes given similarity between the BDEs
for the bonds that are formed and broken: BDE[Tm*-O] = 485+13 kJ/mol*®; BDE[H.-O] = 491
kJ/mol; BDE[O-O] = 498 kJ/mol.* In SIFT studies of reactions of Tm* with H,0O and O,
formation of TmO™ was not observed and it was noted there that the reactions were expected to be
slightly endothermic—by less than ~20 kJ/mol—or very slightly exothermic.?® 46 As with the
hydroxide results above, the discrepancy between SIFT and QIT might reflect ion excitation in the
latter. For these oxidation reactions the thermodynamic constraint would require minor, if any,
excitation to enable formation of TmO™ from the reaction of Tm* with O, or HO.



FTICR-MS was employed by Marcalo and co-workers to study reactions of lanthanide ions
Ln* with phenol, methanol, ethanol and isopropanol.®" 3 Reaction (3) was observed with all four
alcohols for Ln = Eu, with the phenol reaction establishing BDE[Eu*-OH] > BDE[CsHs-OH] =
474+8 kJ/mol. This limit is close to that from reaction (3’) (499 kJ/mol), with both limits higher
than previously reported BDE[Eu*-OH] = 4237 kJ/mol.*® Because all of the alcohol BDE[R-OH]
are below BDE[H-OH], reaction (3", if it occurs under thermal conditions for Ln = Eu, Tm and
Yb, would indicate that reaction (3) with alcohols should also be exothermic.

The result that Tm* and Yb™ did not exhibit reaction (3) with any alcohol may suggest
kinetic rather than thermodynamic barriers. Kinetic control of lanthanide cation reactivity,
including with alcohols and water,?® 3> %> has been found to generally correlate with energies to
excite the Ln* to an electronic configuration with two non-4f valence electrons outside of the xenon
core, specifically a configuration [Xe]4f"25d'6s!. This relationship between reactivity and
electronic configuration is attributed to inert character of the quasi-core 4f electrons, which results
in a need for outer valence 5d and 6s electrons to achieve bond activation and insertion. The
lanthanide cations studied here—Eu*, Tm* and Yb*—have relatively high excitation energies to
[Xe]4f"?5d'6st configurations and generally exhibit correspondingly lower reactivities compared
with other Ln*.2% 32 45 Notably, although Yb* is often found to be the least reactive lanthanide
cation, the present QIT results indicate higher reactive for Yb* versus Tm*.
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Figure 1. Mass spectra acquired after isolation of bare metals ions for 10 s in the ion trap, with the recorded ion
intensity in arbitrary instrumental unites in parentheses: (a) Eu* (1.2x10°); (b) Tm* (5.4x10%); (c) Yb* (3.9x10%).
Background pressures may vary between experiments. Low product intensities after 10 s indicate inefficient reactions.
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Figure 2. Pseudo-first order decay plots for the indicated reactions of water with (a) Eu*; (b) Tm*; (c) Yb*; and (d)
UO,(OH)*.

Table 1. Kinetics for reaction (3').

Ln* Present QIT Results k'/keo from SIFT?®
rate (s)? | Normalized® | Est. ~k"/kco®® | k'/keo®® | Normalized®
Eu* | 9.8x10% 400 ~1.4x104 <2.4x10* <10
Tm* | 9.8x10* 40 ~1.4x10° <2.4x10* <10
Yb* | 2.4x10° 100 ~3.5x10° 2.5x 107 100

aExperimental reaction rate adjusted to a constant background water pressure.

bRelative rate normalized to 100 for Yb*.

°Pseudo-first order rate constant k' relative to collisional constant keoi = 2.1x10° cm?® molecule s (= 6.8x10” Torr*
512

dUsing approximate k' obtained by assuming P[H,O] = 10 Torr.

®Reported products: Yb(OH)* from reaction (3'); hydrates Eu(H-O)* and Tm(H20)".

(it) Comparing hydroxides and halides

The result that reaction (3") for Ln = Eu and Yb establishes minima for Ln"-OH BDEs
above the few uncertain literature values motivates further comparison with halides.>® Figure 3
summarizes results of BDE assessments for lanthanide monohalides by Kaledin, Heaven and Field
(KHF) in 1999,%” and Chervonnyi and Chervonnaya (C&C) in 2007,%8 with little new information
reported since then. KHF employed a ligand field approach to complement experimental BDEs,
whereas C&C combined experimental data with estimates. Both assessments include predictions
for experimentally unstudied Pm. For cases where C&C provided two BDEs for a LnF*, both are
in Figure 3, with designation of a value as preferred, rather than alternate, based primarily on
minimizing variations in the difference BDE[Ln*-F] - BDE[Ln"-CI] (see below and Figure S6).
Also identified in Figure 3 are the lower limits, BDE[Ln"-F] > BDE[CsHs-F] = 53449 kJ/mol and



BDE[Ln*-Cl] > BDE[CeHs-Cl] = 406+8 kd/mol,* established for all Ln (except Pm) by reactions
(4) and (5) (Table S2).%°

(4) Ln* + CgHsF — LnF*+ CeHs AE4 = BDE[CsHs-F] - BDE[M*-F]
(5) Ln" + CeHsCl — LnCI" + CgHs AEs = BDE[CgHs-Cl] - BDE[M™-CI]
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Figure 3. BDEs from C&C> and KHF.%" (a) Ln*-F preferred from C&C (red circles); (b) Ln*-F alternate from C&C
(green crosses); (¢) Ln*-F from KHF (blue squares); (d) Ln*-Cl from C&C (red circles); and (e) Ln*-Cl from KHF
(blue squares). Values off-scale: (c) BDE[Lu*-F] = 377 kJ/mol; () BDE[Lu*-CI] = 181 kJ/mol. Dashed lines are lower
limits: tentative limit of 499 kJ/mol for LnOH* from reaction (3’) (Ln = Eu, Tm and Yb from this work); 525 kJ/mol
for LnF* from reaction (4); 398 kd/mol for LnCI* from reaction (5).%°

Although BDEs from KHF and C&C in Figure 3 exhibit some similar trends, disparities
include the much higher BDE[Gd"-X] and BDE[Lu*-X] from C&C. The KHF values for BDE[Lu*-
F] (377 kJ/mol) and BDE[Lu*-CI] (181 kJ/mol) are evidently too low, with the latter well below
the experimental value of 473+68 kJ/mol.%° The C&C values for LuF* and LuCI* seem more
reasonable, though uncertain. The preferred C&C values in Figure 3 correspond to an increase of
77 kd/mol from BDE[Eu*-F] (594 kJ/mol) to BDE[Gd*-F] (671 kJ/mol), which is in accord with
the difference of 87 kJ/mol from high-temperature equilibria (BDE[Eu*-F] = 482 kJ/mol;
BDE[Gd*-F] = 569 kJ/mol®" ¢2). Another evaluation of the assessed BDEs is the difference
BDE[Ln*-F] - BDE[Ln"-CI] (ABDE[Ln*F/CI]). As the nature of fluoride and chloride bonding is
presumed similar, ABDE[Ln*F/CI] is expected to change gradually and regularly across the
lanthanide series. This difference ranges from 132 kJ/mol to 180 kJ/mol for the preferred C&C



BDEs,*® but more irregularly and over a larger range of 103 kJ/mol to 203 kJ/mol for the KHF
BDEs (Table S4 and Figure S6).%" This comparison partly reflects that the preferred C&C values
were identified specifically as those that exhibit smaller variations in ABDE[Ln*F/CI]. Although
not all of the preferred C&C BDEs are necessarily the most accurate, they are considered overall
most reliable.

The preferred C&C BDE[LNn*-F] in Figure 3 are in accord with the lower limit from
reactions (4) and (5), except for BDE[Yb*-F] (519 kJ/mol), which is slightly below the limit of
525 kJ/mol. For neutral YbF there is a previous estimate of BDE[Yb-F] = 467 kJ/mol from
spectroscopic results,®® and a lower limit of BDE[Yb-F] > 518+10 kJ/mol from chemiluminescence
spectra.®* The resulting values for cationic YbF* derived from equation (2) using IE[YbF] = 57045
kJ/mol® and IE[Yb] = 602.6 kJ/mol*® are BDE[Yb*-F] = 500 kJ/mol and BDE[Yb*-F] > 551
kJ/mol. Although BDE[Yb*-F] = 519 kJ/mol from C&C may be slightly too low, the actual value
is basically unknown.

In analogy with the above comparison of fluorides and chlorides, the fluoride/hydroxide
difference, BDE[Ln-F] - BDE[Ln-OH] (ABDE[LnF/OH]), should also be comparable for different
Ln.?8 % For other similar metals, Brutti et al. estimated this fluoride/hydroxide difference as ~140
kJ/mol,** with the values for barium illustrative: BDE[Ba-F] = 581 kJ/mol;*° BDE[Ba-ClI] = 432
kJ/mol;%¢ BDE[Ba-OH] = 444 kJ/mol.*° As the case of barium exemplifies, chloride and hydroxide
BDEs are often similar to one another, with both roughly 140 kJ/mol below those for fluorides.
Using the preferred C&C BDE[Ln"-F] values and the tentative limit of BDE[Ln*-OH] > 499
kJ/mol from reaction (3'), the following tentative upper limits for ABDE[Ln"F/OH] are obtained:
<95 kJ/mol for Eu, <46 kJ/mol for Tm, and <20 kJ/mol for Yb. All three limits are below the
typical difference of ~140 kJ/mol, which if valid could suggest unusually similar bonding in these
lanthanide fluorides and hydroxides. However, it should be re-emphasized that because the
reactivity identified here for these three Ln* is at odds with previous results using other well-
established techniques,? *° these new limits are provisional. Additionally, the other relevant BDEs
needed for comparison, such as that for YbF*, are too uncertain (or unknown) to allow for
definitive conclusions.

(iii) Comparing neutrals and cations (peculiar Lu)

If ionization energies are known, equation (2) allows conversion of BDEs for neutral
fluorides LnF to those for cations LnF*, to allow comparison with hydroxides LnOH" as are
characterized by reaction (3'). Additionally, equation (2) is a fundamental relationship between
BDEs of neutrals and cations, expressing that if IE[Ln] is above IE[LnX], then BDE[Ln*-X] is
above BDE[Ln-X]. Plotted in Figure 4 are values for BDE[Ln*™-F] - BDE[Ln-F]
(ABDE[LNF*/LnF]) using BDEs from both the preferred C&C®® and KHF values.’’ The
ABDE[LNnF*/LnF] from C&C are positive and generally decrease from La to Yb, then sharply
decreasing to a negative value for Lu. This “Lu anomaly” is reminiscent of other characteristics
possibly suggesting Lu is not a proper lanthanide.®” Another striking aspect of the lutetium values
in Figure 4 is the large disparity between ABDE[LUF*/LuF] from C&C versus KHF. Because
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IE[Ln] are accurately known (e.g., IE[Lu] = 523.5168+0.0012 kJ/mol%), discrepancies in
ABDE[LNnF*/LnF] reflect uncertainties in IE[LnF], such as for LuF. Estimates for IE[LuF] include
a wide range of 630+100 kJ/mol based on general trends,®* and 666 kJ/mol from an ionic bonding
model.?® The preferred BDE[Lu*-F] from C&C instead employs an estimate of IE[LuF] ~ 585
kJ/mol, which provides the relatively high BDE[LuF'] in Figure 3 and the less negative
ABDE[LUF*/LuF] in Figure 4.

700
680
660
640
620
600
580
560
540
520 (b) BDE[LI"I-F] / C&C
500

480

(a) BDE[Ln*-F] / C&C

BDE (kJ/mol)

la C¢e Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

75 (c) ABDE / c&C

-75

-100

ABDE[LnF*/LnF] (k}/mol)

-125

b
la C¢e Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 4. BDEs for (a) cation LnF* from C&C (preferred in Fig. 3a); and (b) neutral LnF from C&C®8. Difference
ABDE[LnF*/LnF] = IE[Ln] - IE[LNF]: (c) from C&C; and (d) from KHF.5’

As LuF illustrates, even such an elementary parameter as IE[LuX] is often too uncertain
to fully assess effects of ionization on bonding in LnX. Nonetheless, results in Figure 4 reveal a
clear change in this effect between ABDE[YbF"/YbF] and ABDE[LUF*/LuF], with the value for
the latter distinctively negative. This characteristic of lutetium can be attributed to a relatively low
IE[Lu], 80.4 kJ/mol lower than IE[Yb],% and a relatively high albeit uncertain IE[LuF]. For some
diatomics, like Ho> and Be», there are large changes in the BDE upon ionization due to obvious
changes in bonding. Disruption of the covalent H:H bond by removal of a bonding electron results
in a decrease from BDE[H:] = 436 kJ/mol to BDE[H'] = 260 kJ/mol.*® Neutral Be::Be is bound
by a weak Van der Waals interaction, with ionization resulting in formation of a partial covalent
bond and an increase from BDE[Bez] = 13 kJ/mol to BDE[Be,"] = 197 kJ/mol %% 7°

The bond in LnX%* is necessarily more polar than in homonuclear diatomics like Hz and
Be>. The fully ionic extreme of a polarization is transfer of an electron from electropositive Ln to
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electronegative X, with the resulting Coulomb interaction comprising the bond. Fully ionic neutral
LnX is represented as (Ln*)(X") and cation LnX* as (Ln?*)(X"), with thermodynamic pathways for
ionic bond dissociation energies, BDEionic, in Scheme 1 and equations (6a)-(6c). In these pathways,
EA[X] is the electron affinity of X, and Ec is the Coulomb interaction energy between anion X
(g1 = -1) and cation Ln* or Ln?" (g2 = +1 or +2) separated by distance r (Ec = -[1389.4
(kd/mol)(A)/(e)?][0102/r]). Considering the example of LaF, the estimated distance r = 2.02 A"
gives Ec = -688 kJ/mol; inserting this energy in equation (6a) along with 1E[La] = 538 kJ/mol®®
and EA[F] = -328 kJ/mol*° yields BDEionic[La-F] = 478 kJ/mol. For cation LaF*, (r=1.97 A; Ec =
-1411 kJ/mol; IE[La*] = 1079 kJ/mol), equation (6b) yields BDEionic[La™-F] = 660 kJ/mol. The
latter is remarkably—Iikely fortuitously—close to BDE[La*-F] from C&C (695 kJ/mol and 656
kd/mol).58 As LnX%* bond distances decrease from La to Lu due to the lanthanide contraction,
Coulomb energies become more negative and their contributions to BDEionic more positive.
However, the change in Ec across the entire lanthanide series is only ~36 kJ/mol for LnF, and ~76
kJ/mol for LnF*, which is less than 6 kJ/mol between adjacent lanthanides (see Figure S7).

(6a) BDEionic[Ln-X] = -IE[Ln] — EA[X] — Ec[(Ln")(X)]

(6b) BDEionic[Ln*-X] = -IE[Ln*] — EA[X] — Ec[(Ln*")(X)]

(6¢) ABDEionic[LnX*/LnX] = IE[LN] — IE[LN*] + Ec[(Ln*")(X)] — Ec[(Ln?")(X)]

Whereas differences in Coulomb energy Ec across the lanthanide series are small and
regular, larger differences are found for IE[Ln], IE[Ln*] and IE[Ln]-IE[Ln*], and thus also for
BDEionic[LN-F], BDEionic[Ln"-F] and ABDEionic[LnX*/LnX] (Figure 5). For Lu, a relatively low
IE[Lu] and high IE[Lu*] are manifested as a high BDEionic[Ln-F], low BDEionic[Ln*-F] and negative
ABDEionic[LUF*/LUF]. The ionic model thus predicts the distinctive decrease in the BDE of LuF
upon ionization, and the increase in BDEs from neutrals YbF to LuF. However, it also predicts a
decrease in BDEs from cations YbF" to LuF*, which is not observed using the preferred C&C
values, though it is apparent for the alternate C&C and KHF values (Figure 3). The ionic model
also fails to predict the maxima in BDEs at GAFY*. Although the ionic model may have relevance
to the nature of LnF%* molecules, it does not account for key variations in BDES.

The ionic model can also be used to predict variations in BDEionic upon changing the
halide/hydroxide constituent X. The difference between equation (6a) for X = F and X = OH yields
equation (6d), where ABDEionic[LnF/OH] = BDEionic[Ln-F] - BDEionic[Ln-OH]. As the ionic radius
of OH" is only ~3% larger than that of F~,”2 Ec for X =F is less than 20 kJ/mol more negative than
for X = OH. The much larger difference between EA[F] (-328 kJ/mol) and EA[OH] (-174
kdJ/mol)® thus dominates ABDEionic[LNF/OH], which estimated as ~170 kJ/mol is roughly
comparable to ABDE[BaF/OH] (137 kJ/mol).3* In view of uncertainties described above, it
remains to be determined if ABDEionic[LNF/OH] predicted by the ionic model is consistently,
occasionally, or never manifested in ABDE[LnF/OH].

(6d) ABDEionic[LnF/OH] = Ec[(Ln")(OH")] — Ec[(Ln")(F)] + EA[OH] - EA[F]
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Scheme 1. Thermodynamic pathways to obtain the fully ionic BDE (BDEimic) for LnX (left) and LnX* (right).
Parameters are ionization energy (IE), electron affinity (EA), and Coulomb interaction energy (Ec).
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Figure 5. lonization energies of (a) Ln (top/blue squares) and (b) Ln* (top/red squares).58 Estimated purely ionic BDEs
for (c) LnF (bottom/blue circles), (d) LnF* (bottom/red circles) and difference (d)-(c) (bottom/green circles).

(iv) Computational results for BDEs for hydroxides and fluorides

Dixon and co-workers reported computed energies for reactions that produce LnF and
LnOH.?8 %5 Although BDESs were not the primary goal of that work, they follow from the reported
energies. As all of the computations—from 2011 for fluorides®® and 2017 for hydroxides?®—
employed a coupled cluster CCSD(T) level of theory using the same basis sets, it is reasonable to
compare the results. Computed BDE[LnF] plotted in Figure 6 (values in Table S3) are from the
U/UCCSD(T)/aug-cc-pVDZ+Stuttgart(Ln) energies for the reaction Ln + CHsF - LnF + CH3
(Table 6 in ref.®%), and using BDE[CHs-F] = 459.4 kJ/mol.*® The BDE[LnOH] are from the
R/UCCSD(T)/aug-cc-pVDZ+Stuttgart(Ln) energies for the reaction Ln + H.O2 - LnOH + OH
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(Table 7 in ref.?®), and using BDE[HO-OH] = 214.1 kJ/mol.*® The authors of the computational
work provided details about their rationale for selection of the particular methods and basis sets.?®
% For the first half of the series, La to Gd, the computed BDE[Ln-F] are in good accord with the
C&C values in Figure 6 (top), with a maximum deviation of 39 kJ/mol for CeF. In the second half,
the computed BDE[Ln-F] are in satisfactory agreement with reported values for Ln = Dy, Er, Tm
and Yb, but for Ln = Th, Ho and Lu they are higher by 117-190 kJ/mol, which is beyond the
uncertainty range of the C&C values.

Trends in Figure 6 for the computed BDE[Ln-OH] generally parallel those for BDE[Ln-F],
as highlighted by the plotted BDE[Ln-F] - BDE[Ln-OH] (ABDE[LnF/OH]). For most Ln,
ABDE[LNF/OH] is in the range 100-140 kJ/mol, which is similar to other metals,>* but for Gd and
Er it is anomalously small and for Dy it is uniquely negative. As for cationic LnF" and LnOH*
discussed above, the assumption that ABDE[LnF/OH] for neutrals is constant, or even necessarily
positive, has not been fully established. The variations in computed ABDE[LnF/OH] are
intriguing, particularly given the unexpectedly small ABDE[Yb*F/OH] tentatively suggested by
the present results. Notably, the three lanthanides for which the computed ABDE[LnF/OH] are
distinctive—Gd, Dy and Er—are different from those—Tb, Ho and Lu—for which the computed
BDE[Ln-F] are too high. All six of these anomalies are in the second half of the lanthanide series,
where electron correlation of multiple 4f electrons, and obtaining the correct spin localization and
coupling, introduces particular computational challenges.” " Computational limitations such as
revealed in Figure 6 are to be expected given benefits of multiconfigurational treatment for such
molecules.”™ 73 For the lanthanides emphasized here—Eu, Tm and Yb—the computed BDE[LnF]
and BDE[LnOH] agree with experiment to within 27 kJ/mol, and the computed ABDE[LnF/OH]
are in an expected range of 124-134 kJ/mol, rather than <100 kJ/mol as suggested in the above
discussion. However, the computations considered neutrals rather than cations as were
experimentally studied in the present work.
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Figure 6. Computed and assessed experimental BDEs: (a) Ln-F experimental/estimated from C&C;%® (b) Ln-F from

CCSD(T) computations;®® (c) Ln-OH from CCSD(T) computations;? (d) Difference between computed Ln-F and Ln-
OH ((b)-(c)). Dashed lines at 100 and 140 kJ/mol in the bottom plot identify an expected range based on other metals.

(v) Possibilities for advancing understanding
Further experiments and computations are clearly needed to resolve large uncertainties in

lanthanide halide and hydroxide BDEs. A specific need is comparisons between fluorides and
hydroxides, such as between possibly similar BDE[Yb*-F] and BDE[Yb*-OH] highlighted here.
Experimental BDEs for small metal-containing molecules, including neutral and cationic LnX%*,
are mostly from high-temperature equilibria.” Measured or estimated ionization energies in
conjunction with equation (2) provide BDEs for cations from neutrals.®® Although traditional
experimental approaches have provided seminal information, the extreme conditions of high-
temperature and reactive gases impose formidable challenges. Furthermore, large uncertainties in
most IE[LnX] preclude using equation (2) to obtain reliable differences between neutrals and
cations, as revealed by large disparities between the three sets of BDE[Ln*-F] in Figure 3.

An alternative experimental approach for BDEs of small metal-containing molecules is
guided ion beam mass spectrometry (GIBMS) as advanced by Armentrout.”® In GIBMS, the
kinetic energy dependence of an ion-molecule reaction provides the BDE. The approach has been
applied to many small cationic molecules including ThO*,”” ThN*, ’® and CeH",” and PtCI* &
GIBMS would be applicable to LnF* and LnOH" produced by endothermic reactions. A potential
reaction to yield LnF* is Ln™ + BF3. The bonds in BFs are sufficiently strong—BDE[F2B-F] = 625
kJ/mol*°—that the reaction with most Ln* to yield LnF* should be endothermic, almost certainly
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so for the key species YbF*. As discussed above, it remains uncertain whether the reaction of Yb*
with H20 to yield YbOH" is endothermic as expected from previous results, or exothermic as
tentatively suggested by the present QIT results, a dichotomy that could be resolved by GIBMS.
If reaction (3') to yield YbOH" is indeed endothermic, then its GIBMS threshold energy should
provide a refined value for BDE[Yb*-OH].

Another route to accurate BDEs of metal-containing diatomics is predissociation threshold
(PDT) spectroscopy as demonstrated by Morse et al.8* A basic requirement of PDT is that the BDE
of the neutral is lower than its IE. This condition is presumably not met by particularly strongly
bound lanthanide fluorides like NdF and TbF, but others like YbF should meet it.>” Another PDT
constraint is the necessity for a high density of electronic states near the BDE, which is likely the
case for most LnX, but perhaps not so for those with a filled 4f'4 sub-shell,2? which may preclude
effective application of PDT to YbF and YbOH.®8

The computed BDE[Ln-F] considered here exhibit good agreement with reported values
for all LnF, except ThF, HoF and LuF. Although such specific discrepancies could likely be
resolved by computational refinements, it is desirable to identify and address underlying problems
to advance towards truly predictive theory. Computations of ABDE[LnF/OH] would illuminate
the large divergences in this parameter tentatively predicted for Ln = Gd, Dy and Er, and for
ABDE[Ln*F/OH] they would elucidate the issue of possibly similar BDEs for YbF" and YbOH".
Computed ABDE[LnF/OH] were here obtained by combining reactions (7a) and (7b) (X =F; Y =
OH) to yield (7c). Sources of error for (7a) and (7b) include disparate and complex electronic
configurations of the Ln as an atom versus bound in LnX. Such errors should largely cancel upon
summing reactions (7a) and (7b), but a more direct evasive approach is to compute exchange
reaction (7c). For X = F and Y = OH, this would address the fluctuations apparent in Figure 6d.
Reaction (7c) for “hard” fluoride, X = F, and “softer” halide, Y = CI, Br or I, could reveal trends
due to variations in bond covalency for different halides and lanthanides.

(7a) LnX — Ln + X AE7, = BDE[Ln-X]

(7b) Ln + Y — LnY AE7, = -BDE[LN-Y]

(7c) LnX + Y — LnY + X AE7c = BDE[Ln-X] - BDE[Ln-Y]

Conclusions

A possible product of the bimolecular reaction of lanthanide ion Ln* and H-O is hydroxide
LnOH*. Under low-energy conditions this reaction establishes a bond dissociation energy limit,
BDE[Ln"-OH] > BDE[H-OH] (499 kJ/mol). This reaction was previously reported in one study to
occur for Ln = Yb, but not for Eu or Tm,?® while in another study it was not observed for all three
of these Ln.* In contrast, it was here found that all three of these Ln exhibit this reaction, albeit
very inefficiently, in a quadrupole ion trap. If the reactions in the ion trap occur under thermal or
near-thermal conditions, the resulting minimum of 499 kJ/mol for the three BDE[Ln"-OH] would
be in discord with previously reported but quite uncertain values for Ln = Eu and Yb. However,
the new BDE minimum is considered tentative until confirmation that the reactions occur under
truly thermal conditions.
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Given that hydroxides are often assessed as pseudo-halides, the unexpected new results
for hydroxides motivated closer consideration of isoelectronic fluorides. Despite uncertainties in
BDE[Ln"-F], comparison of available values with the new minima for BDE[Ln"-OH] suggests
unexpectedly strong hydroxide bonding that is similar to fluorides. In particular, if the new
tentative limits for BDE[Ln"-OH] are valid, this quantity would be within less than ~100 kJ/mol
of BDE[Ln"-F] for Ln = Eu and Tm, and within less than ~50 kJ/mol for Ln = Yb. These possible
differences are significantly smaller than for other metals like barium, for which the BDE of BaOH
is ~140 kJ/mol lower than that of BaF. Although the lanthanide results tentatively suggest
unusually comparable bonding in hydroxides and fluorides, most available BDEs for these species
are insufficiently accurate for definitive comparisons and conclusions. Approaches like guided ion
beam mass spectrometry,’® and predissociation spectroscopy® could provide more reliable and
extensive BDEs for key species like YbF, YbOH and LuF. Relating BDEs for neutral LnX and
cation LnX" often relies on ionization energies of LnX, which are typically lacking but could be
accurately determined using photoelectron spectroscopy approaches like PFI-ZEKE.® A
particularly desirable target is IE[LUF] to refine the evidently distinctive relationship whereby
BDE[Lu*-F] is significantly lower than BDE[Lu-F]. Ab initio computations of BDEs for neutral
and cationic LnF%* and LnOHY* are challenging due to uncertainties for the separated fragments,
particularly for lanthanide atoms with partly filled 4f sub-shells. Some of the computational
complications could be circumvented using BDE differences from ligand-exchange reactions like
LnF%* + OH «> LnOH" + F.

Dissociation of LnX"* formally corresponds to reduction from oxidation state Ln to Ln®,
with BDEs reflecting the relative stabilities of these states. BDEs for Ln("F* (to Ln"* + F) exhibit
a maximum for Ln = La and minimum for Ln = Yb. The implication that La{"" is more stable than
Yb(" seems contrary to conventional behavior. However, decomposition of divalent lanthanide
Ln{" species in condensed phases is typically by oxidation to trivalent Ln{"" rather than reduction
to monovalent Ln".848 Whereas the lower stability of La"""? versus Yb("" is relative to La"" and
Yb"" under typical practical circumstances, dissociation of molecules like LnX* characterizes
oxidation states from the very different perspective of Ln" relative to Ln".

Supporting Information

Summary of reported reactions of lanthanides with hydroxide and halide donors. Assessed and
computed BDEs for lanthanide halides. ESI mass spectra of LnCls solutions. Kinetics plots for
reaction (3') with background water, with added water, and for different ion isolation widths. Mass
spectrum showing hydration of UO2(OH)™. Plot of difference between fluoride and chloride BDEs.
Procedure and results for ionic BDEs.
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Lanthanide (Ln)
lon-molecule reactions elucidate bond dissociation energies of elementary molecules like YbOH*

and YbF". Observed reactions tentatively suggest unexpectedly similar bonding in lanthanide
hydroxides and fluorides, and definitely suggest the need for further inquiry to resolve the matter.
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