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Lanthanide chloride clusters, Ln,Cls, .1 , X = 1-6:
an ion mobility and DFT study of isomeric
structures and interconversion timescales¥
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lon mobility spectrometry (IMS) (also including IMS—IMS measurements) as well as DFT calculations have
been used to study isomer distributions and isomer interconversion in a range of electrospray-generated
lanthanide chloride cluster anions, Ln,Clz,y1~ (where x = 1-6, and Ln corresponds to the 15 lanthanide
elements (except for radioactive Pm)). Where measurement and structural rearrangement timescales allow,
we obtain almost quantitative agreement between experiment and theory thus confirming isomer predic-
tions and reproducing isomer intensity ratios. Ln,Clsy,1~ structures reflect strong ionic bonding with lim-
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DOI: 10.1039/d4cp04057k ited directionality. Ring and chain motifs dominate for smaller clusters while for larger clusters more

compact three-dimensional structures become favourable. At cluster sizes with two or more closely lying
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1. Introduction

Structural isomers and their thermally activated interconversion
have been of chemical interest at least since Berzelius introduced
the term isomerism almost 200 years ago." Since then, molecular
isomerism has been extensively studied - often in liquid solution.
Probing isomer distributions in the gas phase under high vacuum
conditions helps to better address intrinsic aspects of their thermo-
dynamics and dynamics because most environmental perturba-
tions can be eliminated. Mass spectrometry (MS) based methods
are well suited for this also because they can provide rigorous mass-
selectivity which further reduces complexity. Ion mobility spectro-
metry (IMS) is a particularly powerful MS-based method with which
to probe isomers. It allows us to measure the collision cross-
sections (CCSs) and thus the structure of molecular ions. Recent
technical developments have made CCS resolutions (CCS/delta
CCS) approaching 1000 coupled with a mass resolution of 10°
available in IMS-MS. Thus, two or more structural isomers of large
molecular ions with CCS values differing only slightly can now be
routinely distinguished which opens up increasingly larger regions
of chemical space for gas-phase probes of molecular isomerism.
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isomers, the lanthanide contraction can lead to systematic variations in structure types across the series.

Several different commercial IMS-MS platforms are avail-
able for measuring CCS values. All use some kind of reaction
cell in which the ion of interest is collided with an inert
collision gas and the transmission time through the cell is
measured (similar to the retention time in chromatography).
All such platforms have in common that higher CCS resolutions
require longer measurement times. This characteristic time is
typically on the order of hundreds of microseconds to hundreds
of milliseconds, presently limited at the bottom end by the
required CCS resolution to resolve the small structure changes
of interest and at the top end by the instrumental duty cycle.

To gauge utility for structural characterization of isomers,
this characteristic measurement time has to be related to the
characteristic time for isomer interconversion. It is instructive
to consider this for the simplest possible case of two therma-
lized isomers under high vacuum conditions which we will
assume to be able to interconvert much more rapidly than any
other competing reaction channels such as dissociation. If the
interconversion rates are also much larger than the inverse
measurement time for CCS determination, only one averaged
CCS value is observable - even though two structurally distinct
species are present during a large part of the measurement. By
contrast, if both the forward and reverse unimolecular isomer-
ization rates are significantly smaller than the inverse time
required for CCS determination, the two isomers can be
discriminated by IMS and their differing CCS values (and
structures) determined with the resolution of the instrument.

The corresponding theory of the transport of internally
reacting ions through a collision gas was first developed by
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Gatland in 1974 (for atomic ions undergoing reactions which
“return...” them “to their former species”, ie. electronic
states).” It was later reformulated and applied e.g. to measure-
ments of isomer interconversion in cluster ions®* as well as
more recently to interconverting organometallic complexes.>®
The formalism can be used to fit arrival time distributions
obtained under different experimental conditions, e.g. of varied
transit times and temperatures, to obtain thermal rates for
forward and reverse reactions and from them to gauge relative
activation energies as well as Gibbs free energy differences
between isomers.

50 years since Gatland’s original derivation of the transport
equations governing interconverting molecular isomers, IMS-MS
studies have become routine in many areas of chemistry. It is
therefore surprising that the IMS literature still contains compara-
tively few comprehensive experimental studies of isomer intercon-
version in an ensemble of isolated molecular ions. In part, this is
due to the lack of suitable instrumentation with which to identify
candidate systems — the setup should not only allow to determine
CCS (distributions) at sufficient resolution but also to select,
reinject/activate and probe specific isomers from within the isomer
distribution (IMS-IMS) - ideally at variable vibrational tempera-
tures. Recent advances in commercial IMS technology now allow
routine IMS-IMS probing of ever larger and structurally more
diverse molecules. Thus, new families of interconverting isomers
are being uncovered which interconvert measurably while remain-
ing stable towards dissociation.

In this study, we report such a system, lanthanide chloride
Ln,Clz,; clusters, and study it in detail. Lanthanide halide
Ln, X3, clusters with their relatively high Ln atom counts also
offer an ideal test system to probe the lanthanide contraction both
experimentally in the gas phase and theoretically. Due to their
insoluble nature, it is difficult to experimentally synthesize lantha-
nide fluoride clusters; therefore, we focus on chlorides. Specifically,
isomer distributions and isomer interconversion have been char-
acterized for a range of lanthanide chloride cluster anions,
Ln,Clsyq , x = 1-6, where Ln corresponds to each of the 15 lantha-
nide elements (except for radioactive Pm). From the pioneering
work of Rutkowski et al.,”® it is known that such clusters can be
readily formed from liquid solutions of lanthanide chlorides by
electrospray ionization. They in fact combined gas-phase
(electrospray-ionization mass spectrometry) and density functional
theory computations to assign structures for several such species,
La,Clzys and Lu,Clyyyq~ (x = 1-6). Apart from the consequences of
x-dependent structural isomerism, the full range of Ln,Clyyq—
offers an additional internal knob to influence properties: the
lanthanide contraction. We will show below that this systematic
change in Ln(m) ionic radius by more than 16% from Ln = La to Lu
leads to corresponding changes in the relative stabilities of differ-
ent common isomer types (at a given cluster size). This has
consequences not only for thermodynamic properties but also for
isomer interconversion. We have systematically probed these
effects for Ln,Cls,q (x = 1-6) held near room temperature using
(i) a combination of high resolution IMS-MS (and IMS-IMS-MS),
as implemented on a Waters select cyclic IMS platform, (ii) DFT
calculations (using newly designed polarized effective core potential
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based triple zeta valence basis sets,” Icecp-1-TZVP, developed for 4f-
elements in anticipation of this study) to generate plausible
structural models and (iii) trajectory method calculations to com-
pare the structural models obtained by DFT with mobility measure-
ments. We found isomer interconversion to be faster than our
experimental timescale for x = 2 and at x = 4 and 5 for specific Ln
elements. For x = 6 (and Ln = Sm-Lu), we are able to resolve two
isomers which do not interconvert on the experimental timescale
but which can be cleanly interconverted by moderate collisional
excitation - at overall internal energies still significantly below that
required for dissociation. The Ln-dependence of the isomer ratio
observed for as-prepared hexamers correlates with the Ln-trend
predicted on the basis of relative free energies from DFT calcula-
tions suggesting that near equilibrium conditions are being
probed. On the basis of our measurements and calculations, we
are able to assign isomeric structures for all sizes studied.

2. Experimental methods and results
2.1 ESI mass spectra

To generate the corresponding isolated cluster ions, solutions
of ca. 0.05 mmol 1! LnCl; (Ln = La-Lu, except Pm) in
isopropanol were electrosprayed into a Waters select series cyclic
ion mobility mass spectrometer. Ref. 10 and 11 provide a
detailed description of the setup, measurement principles, and
multi-cycle calibration procedure. In negative mode, clusters
with the composition Ln,Cls,.;~ (n < 6) are formed. A typical
mass spectrum (using LuCl; as an example) is shown in Fig. 1.

Solid LnCl; samples were obtained mostly as hydrate salts
from commercial sources and were used without further pur-
ification: LaCls;, HoCl;, LuClz(H,0)s, and TmCl3(H,0)¢ from
Sigma Aldrich, NdCl;(H,0),, SmCl;3(H,0),, TbCl3(H,0),, and
ErCl;(H,0), from Chempur, CeCl3(H,0);, DyCl3(H,0)s, and
GdCl3(H,0) from Fluorchem, EuCl;(H,0), from Alfa Aesar
and PrCl;(H,0), from Angene.

2.2 Ion mobility measurements

For subsequent ion mobility analysis, the respective cluster
sizes were first isolated in the quadrupole mass filter prior to
the ion mobility cell in order to exclude any contamination of
the mobilograms of the smaller cluster sizes by possible
fragmentations of larger species during the ion mobility
measurement. Furthermore, the mobility analysis is performed
only for a narrow mass window (depending on the isotope
pattern of the respective Ln) selected using instrument software
(MassLynxV4.2). The ion mobility measurement is performed
in a cyclic ion mobility cell (cIM) combined with a pre-storage
device. The effective drift length and accordingly the IMS
resolution can be modified by adjusting the number of cycles.
The resolution (and measurement time) increases with the
number of cycles. The arrival time distributions after 10 cycles
are shown in Fig. 2 for all Ln,Cl;,.;  studied. As a general trend
(at a given x), we observe the peak arrival time decreasing
almost linearly from La to Lu in line with the lanthanide
contraction. There are however some exceptions: for Ln,Cl;3~,
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Fig. 1 An overview ESI mass spectrum of a solution of 0.05 mmol [=* LuCls in isopropanol, negative mode. The small peaks in front of the Lu,Cl,~ and

LU3C[107

signals correspond to Lu,Cly_(OH),~ (x = 1-3) and LuzClyp_»(OH),~ (x = 1-4), respectively. The small peaks after LusClig~ and LusCliz~

correspond to water adducts, i.e. LuzClio(H,O)™ and LusCliz(H,0) ™, respectively. The other LnCls solutions showed analogous overview mass spectra.
The IMS measurements reported below were performed under mass-selective conditions, i.e. results are specific to Ln,Clz,41~, x = 1-6, throughout (no

contribution of —~OH or H,O adducts).

we observe a strong decrease in the arrival time from La to Nd
while from Sm to Lu, the arrival time is almost constant. For
LnsClys , the arrival time decreases from La to Ce, as expected,
but increases from Ce to Nd, and therefore Nd has the largest
arrival time along the series. For all Ln,Clsq™ (x < 5), we
found a single, sharp peak in the arrival time distribution with
the peak width corresponding to the instrumental resolution.
For LneCl,y, the arrival time distribution is bimodal for Ln =
Sm-Lu, with the relative intensity of the first peak decreasing
from 94% (Sm) to 30% (Lu).

Arrival times depend on many instrumental parameters
which need to be taken into account before comparing with
predictions from theory. Furthermore, the arrival time of an ion
consists of the time it needs to pass the cIM and the (mass-
dependent) transfer time to the detector.® We eliminate transfer
time contributions by measuring the arrival time after typically 1,
5 and 10 cycles and determining the time-per-cycle by a linear fit
of the arrival time vs. the number of cycles. This time still depends
on many instrumental parameters such as buffer gas (nitrogen)
pressure, temperature, speed and height of the travelling wave. In
order to obtain a device-independent collision cross-section
(™ CCSy,), we calibrate against the set of “Agilent tunemix” ions
using the CCS values of Stow et al.'* This calibration procedure is
performed each day under exactly the same conditions as the
mobility measurements of the lanthanide chloride clusters. All
measurements were done at least in triplicate on different days.
This workflow resulted in highly reproducible CCS values with
statistical errors in most cases below 0.2%. The values are
summarized in Table 1 and Fig. 3.

2.3 IMS-IMS experiment

The LngClyo— arrival times show a bimodal distribution for Sm—
Lu, with the relative intensity of the second (larger CCS) peak
increasing smoothly from 6% for SmgCl,~ to 70% for LugClyo ™.
The question that arises is whether this is merely a conse-
quence of the ionisation process (solvent, concentration, and
source voltages), i.e. some kinetic trapping of the solution

This journal is © the Owner Societies 2025

phase composition, or whether it reflects the thermodynamic
stability of the two isomers in the gas phase. In a first step, we
widely varied the source conditions (needle voltage: 2.5-4 kV
and cone voltage: 40-80 V) but could not find a significant
change in isomer compositions (within 5% relative intensity).
A unique feature of the Waters cyclic instrument (among
commercial systems) is the capability to perform IMS-IMS
experiments with a collisional activation step between the first
and second IMS step. The workflow for it is as follows: for the
mass selected LneClyo, we first perform a five-cycle separation
sequence (5 cycles are enough to baseline separate the two
peaks). In a second step, we remove the ions corresponding to
either the first or the second peak by switching the cIM at the
appropriate time. The remaining ion packet is transferred into
the pre-store (an ion trap located prior to the cIM).'® Third,
these ions are reinjected into the cIM with an adjustable kinetic
energy (0-100 eV, lab frame (against N, collision gas)) and
cycled for another 5 cycles. The results are shown in Fig. 4a for
Ho¢Clyy~ as an example. When the first peak “isomer 1” is
selected, then transferred into pre-store, reinjected with nom-
inally 0 eV and separated for another 5 cycles, only the
unchanged peak at 199 ms is observed, corresponding to the
unchanged arrival time of isomer 1. When the injection energy
is increased, a second peak at 203 ms appears that corresponds
to isomer 2. Finally, at 60 eV, this second peak dominates. If the
second peak (‘“isomer 27, Fig. 4b) is isolated first and reinjected
with 0 eV, only the peak at 203 ms corresponding to isomer 2 is
observed. With increasing injection energy, the peak at 199 ms
appears, corresponding to isomer 1. At 60 eV and above, we see
the same intensity ratio, 35% of isomer 1 and 65% of isomer 2,
independent of which isomer is selected in the first place
(Fig. 4c). This is a clear indication that during the annealing
step associated with reinjection, (i) ions become sufficiently
excited to rapidly interconvert multiple times before (ii) cooling
back down to room temperature on a timescale faster than one
cIM cycle, ie. there is no further interconversion in the cIM
(otherwise we would observe a single peak at the weighted

Phys. Chem. Chem. Phys., 2025, 27,1017-1030 | 1019
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Fig. 2 Typical arrival time distributions of Ln,Clz,.1~ anions after 10 cycles (for given x =1-6 as indicated). A travelling wave (TW) speed of 375 m s * was
used in all cases. For x = 2—-6, a TW height of 18 V was used. LnCls~ (x = 1) was measured with a TW height of 14 V (at 18 V the large mobility of this ion
causes undesirable “surfing” on the TW rather than CCS dependent separation).

average of the two isomers, or at least a significant filling of the
baseline in between the two peaks).

For the other lanthanides (Sm-Lu), different equilibrium
isomer ratios are observed, see Fig. 5. In all cases, the isomer
ratio does not depend on the isomer that is selected and
reinjected (Fig. 5, black and red data points). Across the
lanthanide series, there is a clear trend: the relative intensity

of isomer 1 decreases strongly from 70% for Sm to 21% for Lu.

This parallels the observed intensity ratios observed by electro-

1020 | Phys. Chem. Chem. Phys., 2025, 27,1017-1030

spraying the respective lanthanide chloride solution (and by
measuring the ‘“‘as-prepared” isomer composition with mini-
mal injection energy (Fig. 5, green data points)).

However, the ratios are slightly different quantitatively,
probably due to the fact that the two different experimental

This journal is © the Owner Societies 2025
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Table 1 Experimental travelling wave TWCCSN2 values for Ln,Cls,,1~ anions (in A%). For LngClis™ (Ln = Sm—Lu), we observe two peaks corresponding to
two non-interconverting isomers. The relative intensities of the two isomers are given in brackets

LnCl,~ Ln,Cl,~ LnsClyy~ Ln,Cly;~ Ln;Clyg LneClyg ™

La 116.8 150.3 176.5 196.6 216.0 228.7 (100%)

Ce 116.4 149.1 174.8 194.9 214.3 226.2 (100%)

Pr 116.0 148.3 173.8 193.6 215.3 224.4 (100%)

Nd 115.7 147.8 173.2 192.5 217.4 223.0 (100%)

Sm 115.1 146.3 171.5 190.7 216.8 220.5 (94%) 225.5 (6%)
Eu 114.8 145.8 170.9 190.2 215.7 219.5 (89%) 224.3 (11%)
Gd 114.6 145.5 171.0 189.7 215.1 218.8 (80%) 223.6 (20%)
Tb 114.2 144.7 169.8 189.6 214.0 217.6 (69%) 222.4 (31%)
Dy 114.0 144.1 169.2 189.6 213.0 216.7 (55%) 221.4 (45%)
Ho 113.9 143.8 169.0 189.4 212.3 215.9 (47%) 220.6 (53%)
Er 113.7 143.6 168.8 189.5 211.7 215.5 (42%) 220.1 (58%)
Tm 113.5 142.8 167.7 189.0 210.7 214.4 (38%) 219.0 (62%)
Yb 113.3 142.4 167.4 188.8 210.2 214.1 (33%) 218.7 (67%)
Lu 113.1 142.7 167.5 188.8 209.5 213.4 (30%) 217.8 (70%)

workflows are associated with different excitation, cooling and
detection histories.

3. Theoretical methods and results
3.1 Quantum chemical calculations

The energy surfaces of Ln,Cl;,+; , Ln = La-Lu and x = 2-6, were
investigated with TURBOMOLE" in the following way. First, for
each x and each Ln, a genetic algorithm procedure™ was
carried out, scanning in total more than 5000 isomers for each
Ln at the level PBE/lcecp-1-SVP, ie. employing the PBE
functional'® with def2-SVP bases'® for Cl; for lanthanides,
large-core "' effective core potentials'’'® were employed
(covering, e.g. for Pr, the inner shells plus two f electrons)
together with newly designed error-balanced polarized double

230 -
L] 1]
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R
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210 4
= [l
| |
. 190 - i — tnClis
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O 180 -
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Fig. 3 Collision cross-sections TWCCSN2 of Ln,Clsys1 . X = 1-6, Ln = La—
Lu except Pm (see Table 1).
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zeta basis sets” lcecp-1-SVP. For a given x, the structure lowest in
energy and all energetically following, up to ca. 100 kj mol ™", were
collected for all Ln, and then redundant structures were removed.
In this way, typically about three isomers for each size were
obtained. These sets of structures were optimized for all Ln at
the level PBE/Icecp-1-TZVP® with fine grids (grid size 5'°) and tight
convergence (energy to 10~° Ey,). The optimized structures were
symmetrized to the highest symmetry, which in the case of
imaginary frequencies was again lowered until their disappear-
ance. For estimating the consistency with other methods, the
resulting structures were additionally re-optimized at the level
TPSS*°/lcecp-1-TZVP and for x = 2 additionally PBE0*'/Icecp-1-
TZVP and PBEO/lcecp-1-QZVP,’ and further with the all-electron
scalar relativistic X2C method**?* with the PBEO functional and
x2¢c-TZVPall** as well as x2c-QZVPall*® basis sets. Structure para-
meters for all these methods were compared for the monomer.
Furthermore, for each species, vibrational spectra were calculated,
which yielded real frequencies throughout and served for the free
energy calculation within the harmonic oscillator rigid rotor
model at 0, 300 and 600 K. Finally, transition pathways between
the lowest and the second-lowest isomer were optimized with a
generalized Newton-method® at the level PBE/lcecp-1-TZVP and
the identified maxima were fine-optimized employing the corres-
ponding tool in TURBOMOLE with default options.

3.2 Comparison of experimental and calculated CCS

The experimental TWCCSN2 can be used to rule out or confirm the
quantum chemically determined candidate structures by compar-
ison with calculated theoCCSNZ. This is done by trajectory method
calculations as implemented in IM0S1.09.>”*® The interaction
potential between the drifting ion and a nitrogen buffer gas
molecule is modelled (atom by atom) by a combination of
Lennard-Jones, ion-induced dipole and ion-quadrupole interac-
tions with the following assumptions: the Lennard-Jones para-
meters ¢ and o) are treated as element specific, the ion-induced
dipole is modelled with the polarizability of nitrogen («y,) and the
partial charges ¢ (from ESP-fit) on each atom. For the ion-
quadrupole interaction, the quadrupole moment of nitrogen is
modelled by 3 partial charges ¢g; located at appropriate

Phys. Chem. Chem. Phys., 2025, 27,1017-1030 | 1021
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transferred into the pre-store, reinjected with variable kinetic energy and separated for another 5 cycles. (b) The same workflow with the second peak

selected (isomer 2). (c) The isomer distribution as a function of injection energy. It should be noted that this is the same for either prehistory (a) or
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While for H, C, O, N and F the respective Lennard-Jones para-
meters have been optimized in IMoS using a test-set of small
(covalently bound, organic) molecules;* for other elements, only
the default values of ¢ = 2.6 meV and ¢ = 3.5 A are implemented in
IMoS. With these values, we obtain theoCCSN2 that are ca. 7% too
small; therefore, a further calibration process is needed. In test
calculations, it turns out that the influence of 1, on the calcu-
lated CCS is ca. ten-fold smaller than o, (see Fig. 6). We therefore
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Fig. 5 IMS—IMS experiment for LngClig~, Ln = Sm-Lu. The observed

relative intensities at 50 eV reinjection energy are independent of the
choice of the isomer stored and reinjected (red and black data points). For
comparison, the isomer ratios observed directly from the source are
shown as green data points. See the text.
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opt to use the same values for all Ln while optimizing the
parameters for Cl. ¢ and ¢ are correlated, i.e. several combina-
tions thereof give similar CCS. In order to stick as close as possible
to the IMoS default parameters, we have kept ¢ constant at its
default value of 2.6 meV and have only adjusted o

In the following, we have used our ™CCSy, values for
LaCl,, LasClyy , LayCly3~ and LacClyy~ as calibration points
to iteratively find an optimal value for o because, based on the
DFT calculations (see Section 3.1 and also below), there is little
doubt about the respective energetically favored structures:
LaCl,™ is a tetrahedron, La;Cl;,~ and La,Cl;3~ are ring struc-
tures and LasCyo is an octahedron; other isomers are energe-
tically significantly less favorable. The tabulated ionic radii
of CI™, La*" and Lu** (in coordination number 6) are 1.81 A,
1.032 A and 0.861 A,*! respectively, i.e. on average the Ln** ion
is expected to be 0.8-0.9 A smaller than the CI~ ion. Keeping
this difference in mind we find for o = 3.87 A and a7, = 3.00 A
a close fit (within 1%) between the experimental (196.6 A*) and
calculated (195.0 A%*) CCS of La,Cly;~. If we calculate theoCCSN2
of monomer LaCl,” with these parameters, we find that it is
1.9% below the experimental value (114.5 A% vs. 116.8 A%). For
the trimer LazCl;, , the deviation is —1.4%. For the hexamer
LagClyo , the order is reversed, and the theoretical CCS is 2.1%
larger than the experimental value (233.4 A vs. 228.7 A%). While
a deviation of 2-3% is not uncommon for CCS calculations
based on DFT-optimized structures, a better fit for the four
calibration points would be desirable. However, with just
element-specific parameters, we clearly cannot achieve a per-
fect fit for all four calibration points simultaneously: if we
adjust parameters to perfectly match the theoretical and experi-
mental CCS of La,Cly3~, LaCl,™ is always slightly (ca. 2%) too
small while LagClyo~ is slightly (ca. 2%) too large (see Fig. S1,
ESIt for plots of theoCCSN2 as a function of o). The problem
most likely arises from the use of element specific, but charge-
independent L-]J parameters in IMoS. This is more critical in
highly polar systems like the clusters considered here: the
overall charge per atom is larger in the smaller ions like LaCl, ™
and therefore their effective van der Waals radii are larger.
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Rather than taking the somewhat questionable step of also adjust-
ing this parameter for each cluster size we decided to keep the ¢
constant at 3.87 A (a value which minimizes the overall error)
unless otherwise noted. Therefore, for the following, we have to
keep in mind that with this parameter choice, the theoCCSN2 of the
smaller cluster sizes will be slightly underestimated and the larger
cluster sizes will be slightly overestimated.

4. Discussion

Next, we discuss the inferences which can be made by comparing
TWCCSN2 with DFT derived model structures (following the proce-
dure described in the previous section) in order of increasing
oligomer size.

4.1 Calculated structures and CCS

LnCl, . According to our DFT calculations, isolated LnCl, ™
is tetrahedral with Ln-Cl distances ranging from 2.674 A (La) to
2.483 A (Lu). Differences in values obtained with larger bases,
other functionals and all-electron relativistic X2C treatments
are very systematic, see Fig. S3 (ESIt), and may be summarized
as follows: d(TZVP) = d(QZVP) — 0.3 pm, d(PBE) = d(PBEO) +
0.8 pm = d(TPSS) — 0.8 pm, and d(ECP) = d(X2C) + 2.1 pm. This
slight overestimation when using ECPs instead of all-electron
relativistic methods is also visible from the comparison with
the numbers obtained by Rutkowski et al.® in their all-electron
(ZORA) DFT calculations for La and Lu, 2.669 A and 2.467 A,
respectively. Our experimental TWCCSN2 values decrease mono-
tonically from 116.8 A” for LaCl,~ to 113.1 A? for LuCl,". This
overall trend of decreasing CCS is reproduced in the DFT +
trajectory calculations: theOCCSNZ (calculated with ¢ = 3.87 A
and oy, = 3.00 A for all Ln) ranges from 114.5 A* to 112.0 A%, see
Fig. 6 (red line and symbols). As discussed in the previous
section, these values are systematically slightly (ca. 1-2%)
smaller than the experimental values. If we adjust og to
3.96 A in order to match the experimental CCS for LaCl,”, we
in turn slightly overestimate the CCS for LuCl,~ (caled: 113.9 A
vs. exp. 113.1 A% Fig. 6, blue line and symbols), i.e. we can
reproduce the experimental trend qualitatively, but not per-
fectly. If we furthermore decrease oy, linearly from 3.0 A for
Ln = La to 2.8 A for Ln = Lu, in line with the tabulated ionic
radius decrease due to lanthanide contraction, we obtain
almost the same values (Fig. 6, green line and symbols). This
shows that the van der Waals radius oy, of the lanthanide that
is used in the IMoS calculation has basically no effect on the
calculated CCS. This is not unexpected since the central atom is
surrounded by a shell of chlorine atoms ie. the buffer gas
scatters mostly from the chlorine atoms and not from the
lanthanide - thus supporting our decision to use the same
radius for all lanthanides in the following. With these para-
meter choices, we can reproduce the experimental trend of
decreasing CCS from La to Lu to within 1% for all LnCl, .

Ln,Cl,". For the dimer Ln,Cl,”, the experimental TWCCSN2
values decrease from 150.3 A2 to 142.7 A2 In the calculations,
we find two isomers within 10 k] mol* of each other for all Ln:
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in isomer A with C; symmetry, three chlorine atoms bridge the
lanthanides while isomer B (Cs; symmetry) has two bridging
chlorine atoms (Fig. 7). A third isomer (C, with C;, symmetry)
with the lanthanide coordinated to 4 and 6 chlorine atoms,
respectively, is more than 25 kJ mol " higher in energy. Of note
is that for simplicity we here discuss only the electronic
energies at the PBE/lcecp-1-TZVP level. Differences in other
methods of calculation are systematic and may be summarized
as follows (for both minima and barriers). Changes when using
X2C instead of ECPs amount to ~5 kJ mol ™!, which is in the
range of those when using different functionals (PBE/PBE0/
TPSS) or that of considering AG(300 K) instead of AE; the
difference between TZVP and QZVP bases is ~1 k] mol™*; all
these data for all lanthanides are displayed in Tables S1 and S2
(ESIt) as well as Fig. S4 and S5 (ESIt). Therefore, the disfavoring
of isomer C by more than 25 kJ mol™" is significant; it cannot
be expected to contribute significantly to an equilibrium dis-
tribution and is thus ruled out. For the early lanthanides,
isomer A is significantly lower in energy than isomer B; for
the later lanthanides, both isomers become close in energy and
finally their energy ordering inverts. It should be noted that this
finding is in line with the DFT calculations of Rutkowksi et al.®
who found isomer A for La,Cl;,” and isomer B for Lu,Cl, . The
calculated theoCCSN2 value of isomer A ranges from 146.7 A% (La) to
139.8 A% (Lu), ie. they are 2.5% to 2.0% smaller than the
experimental values - somewhat more than the ca. 1-2% differ-
ence we expect for the small cluster sizes (see above, LnCl, ™). For
isomer B, the *°CCSy, value ranges from 152.1 A” to 145.3 A,
1-2% larger than the experimental value. For a given Ln, isomers
A and B are predicted to differ from each other in CCS by ca. 3.5
4% which should be easily resolvable in our experiment if both
were simultaneously present in significant amounts and non-
interconverting. However, we observe in all cases only one narrow
peak (with a peak width corresponding to an experimental
resolution of >200) pretty much between that expected for
A and B. This finding can be explained by an equilibrium and a
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quick interconversion between the two isomers A and B, which is
much faster than the experimental time scale (ca. 6-7 millise-
conds per cycle). Based on the DFT calculation, the barrier
between isomers A and B is only between 6 and 16 kJ mol *
(relative to isomer A). Therefore, we conclude that in our ion
mobility experiment we most likely observe an interconverting
mixture of isomers A and B. For an arrival time simulation of
interconverting isomers, see Fig. S2 (ESIf).

LnzClyo . For the trimer Ln;Cly, , the experimental TWCCSN2
value decreases from 176.5 A% to 167.5 A% In the lowest energy
isomer that we obtained consistently for all lanthanides (isomer 4,
C,, symmetry, the structure that has also been found for La;Cl;,
and Lu;Cly,~ by Rutkowski et al.®), the lanthanide atoms form a
triangle where each edge is bridged by one chlorine atom, and two
additional chlorine atoms are located centrally above and below the
triangular plane. Isomer B with Cz, symmetry is a variant of this
structure with one central chlorine atom and each Ln atom further
having two terminal Cl atoms. It is 15-18 k] mol ™" higher in energy
than isomer A. The chain-type isomer C, 21-27 k] mol™" higher in
energy than A, corresponds to a consistent structural extension of
the most stable isomer for Ln,Cl,  (see Table S4 and Fig. S6, ESIt).
Based on the relative energies, this isomer can be excluded.

The theoCCSNz value for isomer A is in the range of 174.2—
164.0 A%, ie. 1.0-2.1% below the experimental value and that
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for isomer B is 2.9-4.9% above, see Fig. 8. The linear chain,
isomer C, is between 1.0% and 2.1% above the experimental
value. Among the three possibilities, isomer A is in best agree-
ment with the experiment, especially as we expect the CCS
calculated for smaller clusters like Ln;Cly, to be slightly below
the experimental value (based on our calibration procedure, see
above). Isomer interconversion on the experimental timescale
does not need to be invoked here. The closest higher lying
isomers are uniformly 15-18 k] mol ™" less favorable and would
therefore not be expected to contribute significantly to a room
temperature equilibrium distribution.

Ln,Cl;; . The trend of experimental TWCCSN2 values vs. the
Ln element observed for the tetramers differs qualitatively from
that observed for the smaller clusters. After a steep decrease for
the early lanthanides (La - 196.6 A% to Gd - 189.7 A%), the CCS-
decrease is much smaller for the late lanthanides (Gd - 189.7 A
to Lu 188.8 A?).

In the lowest energy isomer A for La,Cl;;~, the four Ln atoms
form a square with two bridging CI atoms on each edge. Each
Ln atom has a terminal Cl atom, and the last Cl atom is in the
centre. For La, this isomer is preferred by 16 k] mol " over B,
where the Ln atoms form a butterfly structure, with edges and
planes bridged by Cl, and additionally two terminal CI each
at two of the Ln atoms and one each at the two others.

B(C3v) . s .
10 o e =
P
5 4 &
oA e
A(CZV) ¢ L ¢
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La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 8 Left: Experimental (black) with error bars and calculated CCS (red, blue, green) for LnsClyo . Right: Calculated energy differences (with respect to

isomer A) (AE, no ZPE correction).

1024 | Phys. Chem. Chem. Phys., 2025, 27, 1017-1030

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04057k

Open Access Article. Published on 22 November 2024. Downloaded on 4/1/2026 8:05:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
205 1
a Foet
200 \@\\S ¢ Vo \- - o
\\O\\ ¢ : ¢ B(C)
&‘S
. 195 @, ~~e.
5 N red
»n A e
Q AN e
© 190 1 . :G‘M_@
I/ Gegq.
»~ & &\&
185 1~ 4+ O~eug
e * A (C4v) .O."e
180 g

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

View Article Online

Paper

20 -

15 4

10
g 51
2
w0 1 ©
= . ~

5 1 P

o @ ¢ 9 o
-10 4 & <
b A(C4v)
-15 -

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 9 Left: Experimental (black) with error bars and calculated CCS (red, blue) for Ln4Cly3~. Right: Calculated energy differences (with respect to isomer

1); AE, no ZPE correction.

The preference for A continuously decreases, and from the
element Tb onwards isomer B is preferred (by up to 12 k] mol™*
for Lu, see Fig. 9). It should be noted that Rutkowski et al. found
isomer A for both La,Cl;;~ and Lu,Cl;;~. Other isomers are
more than 50 k] mol " higher in energy and can be ruled out (see
Table S5 and Fig. S7, ESIY). The ""*°CCSy -curve for A (Fig. 9, red
curve) has a basically constant slope and closely follows the
experimental CCS curve from La to Gd. The theoCCSNz curve of B
(Fig. 9, left, blue curve) parallels the curve of A (but shifted to
larger CCS by 5-7 A%). It meets the experimental data in the range
from Tm to Lu. This suggests that a structural transition from
isomer A to isomer B occurs along the series, which is perfectly in
line with the predicted relative energies: the energy difference
between isomer B and isomer A decreases from La to Gd and for
Tb-Lu isomer B becomes favored (Fig. 9, right).

It is interesting to note that we always observe only one
sharp peak in the arrival time distribution (see Fig. 2), even in
the intermediate region from Eu to Tm. This can most likely be
explained by a quick interconversion between the two isomers
in this region (the barrier height is ca. 60 k] mol™", see Table S8,
ESIt). This leads to an averaged collision cross-section which is
weighted by the relative amounts of isomers A and B in the Ln-
dependent equilibrium distributions (in turn reflecting free
energy differences which correlate with AE’s as shown in
Fig. 9).>
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Ln;Clys . The experimental ™ CCSy, vs. the Ln plot for the
pentamers differs drastically from the curves of the smaller
clusters (see Fig. 10, black): first, from La to Ce, the ™ CGCSy,
values decrease as expected (LasClys : 216.0 A% to CesClys:
214.3 A%), but between Ce and Nd the "™ CCSy, value increases
again (PrsClye : 215.3 A%, Nd5Cly6: 217.4 A%). Thereafter, from
Sm to Lu, we observe an expected monotonic decrease
(Sm;sClys : 216.8 A% to LusClyg : 209.5 A%).

According to the calculations, the lowest energy isomer A
shows Cs, symmetry, from Ho to Lu and thus is a straightfor-
ward structural extension of the most stable isomer for x = 4.
For the lighter lanthanides, it is slightly distorted to C,, (in-line
with the calculations of Rutkowski et al.,® who considered this
isomer only for La and Lu). Also, isomer C is a ring-type isomer,
but here only three atoms reside in the plane. At the last corner
of an imaginary square, there is one Ln atom above and one
below the plane. For the remainder, the Cl bridges are similar
to isomer A, and, like there, one Cl is in the middle of the ring.
Isomer B may be regarded as the next step in this structural
development. One corner of an imaginary triangle is occupied
with one Ln atom, the two others each with one Ln atom above
and one below the plane. In total, there are ten bridging ClI
atoms, further one terminal Cl per Ln, and one Cl in the
middle. Whereas for La, isomers A-C are practically degenerate,
B and C become progressively less favourable across the Ln

AE [kJ/mol]

A (CZV)
©

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 10 Left: Experimental (black) with error bars and calculated CCS (red, blue, green) for LnsClig . Right: Calculated energy differences (with respect to

isomer 1) (AE, no ZPE correction).
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Fig. 11 Left: Experimental (black) with error bars and calculated CCS (red, blue, green) for LngClyo~. Right: Calculated energy differences (with respect to

isomer 1) (AE, no ZPE correction).

series to reach 53(71) k] mol " for B(C) at Lu (see also Table S6
and Fig. S8, ESIT).

The theoCCSNZ for isomer A closely matches the experimental
TWCCSN2 for Sm-Lu (see Fig. 10). For La and Ce, however it is
much (>5%) larger than the experimental values and can
therefore be ruled out in the experiment. On the other hand,
the quasi-degenerate isomers B and C match the experimental
CCS almost perfectly (within 1%) in this region (see Fig. 10,
left). So, from the experimental point of view, it is clear that
isomers B and/or C are dominant for La (unlike the prediction
by Rutkowski et al.®) and Ce, while isomer A dominates for Sm-
Lu. This is in line with the relative energies: for the early
lanthanides, all three isomers are close in energy (within
10 k] mol™" or lower); for the late lanthanides, isomer A is
strongly favored (by >30 kJ mol™", see Fig. 10, right). For the
intermediate region (Pr and Nd), the situation is less clear: the
experimental CCS are in between the calculations for isomers 4,
B, and C. On the other hand, the arrival time distributions for
Pr and Nd are not significantly broader than the curves for the
other lanthanides (Fig. 2) - we observe only one narrow peak.
Therefore, we conclude that we observe a dynamical intercon-
version in this region, similar to what we have inferred for the
intermediate region of Ln,Cl;;~ (the barrier height is again ca.
60 kJ mol ', see Table S9, ESIf).

LneClyy . For the hexamer, we observe arrival time distribu-
tions with a single peak from La to Sm and bimodal distribu-
tions from Sm to Lu. For Sm, the first peak dominates, while
for Lu the second peak is stronger in intensity (see Fig. 2). The
corresponding "™CCy, are shown in Fig. 11 (black).

In the Op-symmetric isomer A, the Ln atoms form an
octahedron, whose edges are bridged by two Cl atoms each.
Each Ln has one terminal Cl, and one CI resides in the centre.
In Cz,-symmetric B, all corners of an imaginary triangle are
occupied each with one Ln atom above and one below the
plane; it is thus closely related to isomer B for x = 5, also
concerning the positions of the Cl atoms. C is a Cl double-
bridged six-membered Ln ring with one more terminal Cl at five
of the Ln atoms. At the sixth Ln atom, the ring is bent inwards.
There is no terminal Cl here; instead, there are two Cl inside
the ring. For La, B(C) is higher in energy by 21(34) k] mol ™"
(see Table S7 and Fig. S9, ESIf). Whereas the energetic dis-
favouring of C increases somewhat towards Lu, it decreases for
B. If we compare the calculated CCS for isomer A (La: 233.9 A2,
using the “standard” o¢ value of 3.85 A, see above), it is the
isomer that fits best (within ca. 2%) to the experiment (228.7 A?)
for La. Isomers B and C overestimate the CCS by ca. 4 and 11%,
respectively, and it is clear that the single peak in the arrival
time distribution of LacClys~ corresponds to isomer A. For the
other lanthanides, isomer A parallels the experimental curve,
and it is always ca. 2-3% too large (see Fig. 11, left, red and
lower black curve). Isomer B corresponds to the second peak
that we observe in the arrival time distribution of LngCl,o~ for
Ln = Sm-Lu (see Fig. 2). Again, its CCS is ca. 2% larger than the
experiment (Fig. 11, left, blue and upper black curve). Further-
more, the intensity increase of the second peak is in line with
the decrease of energetic disfavoring of B (vs. A). Isomer C can
be clearly ruled out both on the basis of relative energy and
CCS. Rutkowski et al.® predicted for LagCl;s~ a ring of 5 La

Table 2 Relative intensities of LngClys~ isomer A based on calculated energies, rotational constants and vibrational frequencies (for both isomers A and

B). Vibrational frequencies are unscaled

Temperature [K] La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
200 100 100 100 100 100 99 99 98 97 95 93 89 84 75 66
300 94 91 90 89 87 83 79 72 65 60 53 45 40 31 26
400 65 57 56 55 53 49 43 37 32 29 25 21 19 15 13
500 34 28 28 29 28 26 23 20 17 16 14 12 11 9 8
1026 | Phys. Chem. Chem. Phys., 2025, 27, 1017-1030 This journal is © the Owner Societies 2025
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Fig. 12 Comparison of observed ion intensities of the first isomer in the arrival time distribution (assigned as isomer A) with predictions based on DFT

calculated relative energies, rotational constants and vibrational frequencies.

atoms with a La atoms in the center and for LugCl;s~ a Lu-6-
ring with a central Cl atom. These structures are more than
50 k] mol~* above isomer A and can be ruled out. Note that the
calculated barrier height between A and B is in the range of
100 kJ mol~* (Sm) to 130 kJ mol " (Lu), see Table S8 (ESIt).

At this point, we should remind the reader that our calcula-
tions are performed at 0 K and do not include zero-point energy
(zPE), while the experimental arrival time distributions are
determined in a measurement that is performed on cluster
anions that are thermalized to near room temperature. Since
we experimentally observe two base-line separated peaks in this
measurement, it is clear that there is no significant intercon-
version on the experimental time-scale (10-100 ms) of the CCS
determination. Therefore, the relative intensities of the two
peaks as determined for the as-prepared clusters must reflect
an elevated temperature, that is accessed somewhere upstream
from the cIM for long enough to approach an equilibrium ratio
(perhaps in the ESIt source or in the Stepwave ion guide).
Clusters at this elevated temperature then quickly cool at latest
after injection into the cIM cell.

We observe a decrease in the relative intensity of the first
isomer in the arrival time distribution (experimental: isomer 1,
calculation: isomer A) decreasing from 90 to 70% for Sm to 20-
30% for Lu (depending on whether the ion intensities are
measured directly by IMS or in IMS-selection-activation-IMS
mode, see above, Fig. 5). In order to compare experiment and
theory, we determined the equilibrium constants and relative
ion intensities as a function of temperature (i.e. from relative
free energies) expected for DFT-calculated relative energies,
rotational constants and vibrational frequencies. The results
are shown in Table 2 and Fig. 12. It turns out that isomer B is
favored entropically for all LngCl,s~ and should therefore
dominate the distribution at room temperature for Ho-Lu,
which is very close to our experimental findings. It should be
noted, however, that the predicted intensities are very sensitive
to the parameters used in the calculation such as temperature,
vibrational frequencies and relative energies, so the agreement

This journal is © the Owner Societies 2025

might be fortuitous. For comparison, we include in the ESI} the
relative energies obtained with TPSS and PBEO functionals. The
values are similar but they differ by 2-3 k] mol~" with respect to
the PBE values - which is enough to shift the intensity ratio
significantly.

Conclusions

We have characterized the structures and isomer distributions
of isolated Ln,Clz,.,, X = 1-6, for all Ln = La-Lu (except Pm).
Clusters were generated by ESI from isopropanol solutions.
Based on observed concentration dependencies, they are likely
being formed during the spray process itself rather than being
present in solution. To probe Ln-dependent structural charac-
teristics of these clusters, we have used cyclic IMS which can
determine CCS to high precision (better than 0.2%) and resolu-
tion (significantly better than 200) by probing near room
temperature ion ensembles during measurement times which
range from 10 to 100 ms in length. In some cases, we have also
used IMS-IMS to study isomer interconversion. Comparison of
experimental results to comprehensive DFT calculations across
the complete Ln series together with trajectory method model-
ling of the observed collision cross sections allows the studied
anions to be categorized into two groups:

(a) those showing interconversion between two or more
isomeric structures on a much faster than the experimental
timescale (Ln,Cl, ", Ln,Cl;3~ (Gd-Tm) and LnsClys  (Pr and
Nd)) thus yielding an averaged CCS value and

(b) structurally rigid species which do not show significant
isomeric interconversion during the measurement. Of special
interest in this regard is the LngCl;s~ system. For Sm-Lu, two
baseline separable isomers are observed whose relative ratios
are strongly dependent on Ln. While they are rigid on a 100 ms
timescale, each of these two isomers can be converted to the
other structure by moderate collisional excitation - at energies
still well below that required for dissociation. The Ln-dependent

Phys. Chem. Chem. Phys., 2025, 27,1017-1030 | 1027
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Fig. 13 Energetically most favourable isomers of Ln,Cls,4,~ for each x
and energy differences relative to isomer A (left) for La/Lu in kJ mol™.
Straight purple arrows show calculated transitions within a given x and the
energies for the optimized transition states for La/Lu relative to isomer A.
Dotted lines indicate structural relationships between clusters of sizes x
and x + 1 (via addition/insertion of LnClz™ units). The ESIt contains the top
and side views of all structures shown.

isomer ratios observed correlate with the equilibrium ratios
predicted from DFT based relative free energies calculated for
the two lowest energy LngCl,o~ structures.

For all Ln,Cls,, studied, measurements are consistent
with the lowest energy structures predicted in DFT calculations.
In fact, where measurement and structural rearrangement
timescales allow, we obtain an almost quantitative agreement
between experiment and theory thus confirming isomer pre-
dictions and reproducing isomer intensity ratios.

Overall, the structures of Ln,Cls., reflect strong ionic
bonding with limited directionality. They comprise Ln(m) cen-
tres bridged (and sometimes terminated) by multiple chlorides.
This gives rise to ring and chain motifs for smaller clusters

1028 | Phys. Chem. Chem. Phys., 2025, 27,1017-1030

View Article Online

PCCP

while for larger clusters more compact three-dimensional struc-
tures become favourable. At cluster sizes with two or more close
lying isomers, the lanthanide contraction can lead to changes in
structure types across the series. Interestingly, there is a con-
densed phase analogue to the Oy isomer A of LngClyg : W. P.
Kretschmer et al. have reported the crystal structure of
[CpeYbsCly5] with 6 terminating Cp rings instead of chlorides
as in our case (and [Cp;Yb;Cls(thf);]" counterions).® It is also
instructive to consider how the gas-phase cluster structures can be
related to each other in terms of a hypothetical assembly sequence
involving sequential addition of LnCl;~ units (bearing in mind
that our experiments are consistent with the formation of thermo-
dynamically favored isomeric structures even though the clusters
must be growing in the presence of solvent molecules). This is
shown in Fig. 13 which also summarizes the results from theory
(structures and relative energies) for all species/cluster sizes.

We have begun to computationally address the daunting
problem of multidimensional barrier surfaces and associated
interconversion pathways (see Fig. S10-S13, ESIt). It would
clearly also be interesting to experimentally study the T-
dependence of isomer interconversion (on a different instru-
mental platform), e.g. to make interconversion slower by cooling
the ion ensemble down sufficiently and thus to hopefully resolve
the contributing isomers. Similar experiments with ESI sprayed
ions in a T-variable drift cell have recently been performed by
one of the groups contributing to this study.® Along the same
lines, we expect that interconversion of LngCl; isomers A and B
should become measurable by moderate heating.

A further direction for future work will be to extend this
study to other lanthanide halides. For example, preliminary
measurements on the LngBris  system indicates analogous
isomerism but interestingly the interconversion becomes fast
enough to cause broadening along the lines of the ATD’s
observed in ref. 4. Such data would allow fits of the intercon-
version kinetics to yield forward and reverse reaction rates
(perhaps even as a function of Ln). This could be modelled by
statistical rate theory to obtain effective activation energies
which could be compared with DFT prediction.

Data availability

Most of the experimental data have been reported in the main
text. Details of the collision cross-section and quantum chemical
calculations including employed basis sets as well as coordinates
and vibrational frequencies of the relevant species have been
included as part of the ESI} (as separate files).
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