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Cyclic ion mobility—mass spectrometry (IMS—MS) combined with density functional theory (DFT) and
trajectory-method simulations were used to study the structures and isomerization of lanthanide
bromide cluster anions LnBrs,,1~ (x < 6, Ln = La—Lu, except Pm). Overall, seventy different species
were characterized, revealing two regimes: smaller anions (x < 5) mostly exhibit rapid isomer intercon-
= 6) display enhanced rigidity
and much slower interconversion dynamics. DFT-predicted minima agree with IMS data, showing

version on the sub 10 ms timescale of the experiment while hexamers (

essentially ionic bonding with bromide bridging and termination. The isomer space comprises structural
motifs that evolve with cluster size from chain and ring topologies to compact three-dimensional

Received 12th September 2025, frameworks at x = 6. Lanthanide contraction shifts relative isomer stabilities which typically leads to

Accepted 25th November 2025 systematic structure changes across the Ln series. For LngBrig~, at least two long-lived isomers were
DOI: 10.1039/d5¢p03530a observed for all lanthanides. Strikingly, PreBrig™ undergoes spontaneous bidirectional interconversion on

the experimental timescale, permitting direct measurement of unimolecular rate constants (k; = 1.8 s72,
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1. Introduction

Thermally activated interconversion of structural isomers and
the associated breaking and (re)forming of bonds has been
extensively studied in condensed phase using a variety of
different physicochemical methods, see e.g.: G. Egloff et al.,'
R. E. Fuguitt et al.® and references therein and Xu et al’
Investigations of isomer conversion in gas phase are less
common due to their added technical complexity. The mole-
cules of interest must typically first be selected from mixtures
before isomeric composition can be probed (time-dependently)
under conditions ensuring that competing decay processes, e.g.
fragmentation, remain insignificant. A particularly useful
method to study interconversion of charged isomers in gas-
phase, established since the 1990s, is the combination of mass
spectrometry (MS) with ion mobility spectrometry (IMS). After
selection according to their mass-to-charge ratio, relative
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k. = 0.2 s7Y) and consequently an equilibrium constant (K ~ 9 at 300 K).

amounts of isomeric ions can be distinguished according to
their collision cross sections (CCS) via passing them through a
collision cell filled with an inert gas (and measuring the time
associated with drift cell passage).*”® Today IMS-MS is used
routinely to analyse isomer and conformer compositions as
well as to study changes induced by collisional annealing.®™**
Whether or not two isomeric ions can be resolved by IMS
depends not only on their CCS difference and therefore the
instrumental resolution, but also on their forward and reverse
interconversion rates — which are themselves functions of the
internal excitation levels pertaining. An operational criterium is
that the time required to determine isomeric composition at
the CCS resolution necessary to distinguish the isomers should
be significantly shorter than the inverse isomer interconversion
rate constant. Only then can two baseline separated isomer
peaks be observed in the corresponding mobilograms (which
show ion intensity versus drift time/CCS). On the other hand, if
the inverse interconversion rate constant is much faster than
this measurement time, only one sharp peak at the weighted
CCS average of the two isomers is observable. For the inter-
mediate situation: if the inverse interconversion rate constant
becomes comparable to the measurement time, the corres-
ponding mobilograms show partially resolved isomeric peaks
with ion intensity also between the peaks. These phenomena
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can be quantitatively modelled using the transport theory of
reacting ions as developed by Gatland'® (for atomic ions in
different electronic states, initially investigated by IMS without
mass selection). Gatland theory was first applied to molecules
in an IMS-MS study of alkali halide clusters from which
T-dependent forward isomerization rate constants were
inferred.™ Subsequently, some of us also applied this approach
to the T-dependent isomer interconversion of small gold cluster
cations.* More recently the Gatland formalism has also been
used to describe the interconversion of various supramolecular
conformers'® as well as conformer change of crown ethers
complexed with K atoms."®

The recent introduction of next generation commercial IMS—
MS instrumentation platforms, e.g. with cyclic drift cells, has
significantly increased accessible drift time ranges.'” This has
made CCS resolutions (CCS/delta CCS) approaching 1000 rou-
tinely available for studies of ions near room temperature.
These instruments also offer the possibility of isomer selection,
storage and mobility reanalysis which in principle allows to
separately probe the rates of forward and reverse isomerization
reactions - if they fit into the kinetic window of the apparatus.
However, molecular ion systems in which the approach to
equilibrium have been directly studied from both sides of an
isomerization barrier have yet to be described in gas phase.

In this context we have recently investigated the size depen-
dence of structural isomerism in small lanthanide chloride
Ln,Cls,.; clusters held at near room temperature and ranging
in size from x = 2-6 - comparing the behaviour for all 14
accessible lanthanide elements, Ln = La---Lu (except Pm).
Ln,Cls,, clusters are subject to the well-known lanthanide
contraction, see e.g. Jordan,'® which at a given cluster size turns
out to systematically change the relative energies of the lowest
lying isomeric structures (in going across the Ln series from the
4f-element with the largest (La®") to smallest (Lu**) ionic
radius) - oftentimes leading to an inversion of energetic order-
ing of the lowest two isomers in the respective cluster family.
This combined with bonding interactions that are essentially
ionic (and therefore spatially isotropic), and with comparatively
small isomerization but large fragmentation barriers, leads to
interesting phenomenology. We were able to interpret these
experimental results with the help of DFT calculations using
newly designed polarized effective core potential based triple
zeta valence basis sets, lcecp-1-TZVP, developed for 4f-
elements." For many of the Ln,Cls,,; clusters with x < 5
(notably all Ln,Cl,, Ln,Cl;3 (Gd-Tm) and LnsCl;e (Pr and Nd)),
the measured arrival time distributions could only be explained
by fast interconversion between typically the lowest energy
isomers - faster than the experimental timescale needed to
resolve their different CCS values and therefore too fast to
determine rate constants.”® By contrast, we observed for all
LneClyy clusters two base-line resolved isomers that showed
no signs of interconversion even on the longest accessible
experimental timescale (>200 ms). Interestingly, however each
of the two LneClyo~ isomers could be individually converted
into the other isomer by collisional annealing (after appropriate
isomer selection). What’s more, the as-prepared isomer ratio
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could be essentially recovered - following sufficient collisional
annealing (involving energization still much below the thresh-
old for dissociation).

In principle, the 5 x 14 different lanthanide chloride cluster
anions studied offered two variables with which to tune their
isomer interconversion dynamics: cluster size and Ln** ionic
radius. However, this tuning raster turned out to be still too
coarse to find a room temperature lanthanide chloride cluster
with forward and reverse interconversion rate constants falling
into the experimental time window. We speculated that this
goal might be achievable by also changing the halide ionic
radius and thus the isomer interconversion barrier. Here we
present results (i.e. IMS-MS experiments and DFT calculations)
for the corresponding lanthanide bromide clusters, Ln,Brs,.;
(Ln = La- - -Lu, except Pm; x < 6) and compare their behaviour
to the chlorides. For the smaller clusters, x < 5, the behaviour
is qualitatively the same (analogous isomer space; faster than
measurable interconversion between the two lowest energy
isomers for most clusters). However, for Ln¢Br;s~ we found
significant differences: while Ln = Nd-Lu, still show no inter-
conversion on the timescale of the experiment, the early
lanthanides interconvert with rates that change measurably
along the series La — Ce — Pr. Notably, both the forward
and reverse isomer interconversion rate constants of PrgBrio—
fall into the experimental time window. Below we present the
results and discuss some of the consequences.

2. Experimental and
theoretical methods
2.1 Cluster anion formation and ESI mass spectra

Isolated cluster ions were generated by electrospray ionization.
For this, solutions of ca. 0.05 mmol 1™ of LnBr; (Ln = La-Lu,
except Pm) in isopropanol were electrosprayed into a Waters
select series cyclic ion mobility mass spectrometer (for a
detailed description of the setup and multi-cycle calibration
procedure, see'>'”). In negative ion mode, salt clusters with the
composition Ln,Brs,.;~ (x < 6) were readily formed. A typical
mass spectrum (using LaBr; as an example) is shown in Fig. 1.
Based on observed concentration dependencies, clusters were
generated during the spray process itself.

LaBr; was obtained from Thermo Fisher. NdBr; and LuBr;
were obtained from ChemPur. The other bromides studied here
were made by reacting the respective carbonates or chlorides
(obtained from various commercial sources) with an excess of
concentrated HBr and evaporating to dryness. The LnBr; pre-
cipitate was dissolved in isopropanol, centrifuged, and diluted
to ca. 0.05 mmol 1.

2.2 Ion mobility measurements

All ion mobility experiments were performed in a Waters select
series cyclic ion mobility mass spectrometer that comprises an
ESI source, a quadrupole mass filter, a radio-frequency ion
trap (PreTrap), a T-wave array, a cyclic travelling wave ion
mobility cell (cIMS) and high resolution time-of-flight mass
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Fig. 1 Overview ESI mass spectrum of a solution of 0.05 mmol [ LaBr3 in isopropanol, negative ion mode. The other LnBrs solutions showed analogous
overview mass spectra. The IMS measurements reported below were performed under mass-selective conditions, i.e. results are specific to Ln,Brz,,1,

x = 1-6, throughout.

spectrometer (ToF). The T-wave array is a switching device that
either directs the ions forward to the ToF (for MS-only experi-
ments), sideways into the cIMS for an arbitrary number of
cycles (for IMS experiments, the resolution increases with the
number of cycles chosen), or back into the PreTrap (for IMS"
experiments), see instrumental setup schematics in.'” The
respective steps can be combined depending on the experi-
mental needs. The ion mobility cell is filled with 1.7 mbar of
nitrogen as drift gas and operated at room temperature.

For the ion mobility measurements, the respective species
were isolated in the quadrupole mass filter prior to the cyclic
ion mobility cell."®'” This procedure effectively removes any
contaminations due to fragmentation in the mobilograms:
otherwise upon injection, larger clusters can undergo fragmen-
tation by LnBr; loss, into the respective mass channel probed.
With mass selection before the cell and mobility analysis
performed at the precursor ion mass only, this contamination
is eliminated.

2.3 Quantum chemical calculations

The energy surfaces of Ln,Brsy.; , Ln = La-Lu and x = 2-6, were
investigated with TURBOMOLE.>' First, a genetic algorithm
procedure®” available within the program package was per-
formed for each x and each Ln, scanning a total of more than
5000 isomers for each Ln using the PBE functional®® with the
28-mwb 3s3p1d basis> (as specified in Section 12 of the SI) and
a corresponding energy-adjusted ECP*” for Br; for lanthanides,
large-core-f* ! effective core potentials®***” (which cover, for
example, the inner shells plus two f electrons for Pr) were used
together with newly designed error-balanced polarized double
zeta basis sets'® Icecp-1-SVP. For a given x, the structure with
the lowest energy and all energetically following structures up
to approx. 100 k] mol ' were collected for all Ln and then
redundant structures were removed. In detail, for each Ln and
x, structures with energies agreeing within ~10 kJ mol™" were
compared by visual inspection. In this way, typically about

This journal is © the Owner Societies 2025

three isomers for each cluster size were obtained. These struc-
ture sets were optimized for all Ln at higher level, i.e. with the
functional and the ECPs specified above, but now employing
def2-TZVP bases for Br and Ilcecp-1-TZVP bases for the
lanthanides'®?® (specified in Section S11 of the SI), and further-
more fine grids (grid size 5)*° as well as tight energy conver-
gence (energy change between iterations below 10° Ey,). The
optimized structures were symmetrized to the highest symme-
try, which was reduced again in the case of imaginary frequen-
cies until their disappearance. Additionally, vibration spectra
were calculated for each species, which yielded real frequencies
throughout. These were used to calculate the free energy within
the harmonic oscillator rigid rotor model at 0 and 300 K.
Finally, the transition paths between the lowest and second
lowest isomers were optimized using a generalized Newton
method®° at the higher level (see above), and the identified
maxima were finally optimized using the corresponding tool in
TURBOMOLE with standard options.

2.4 CCS calculations: calibration of the Lennard-Jones
parameters

Candidate structures predicted by quantum chemical methods
such as DFT can be ruled out or confirmed by comparing their
calculated CCS (termed "*°CCSy,) with experimental values,
™CCSps (the prefix TW indicates that the measurements were
performed in a travelling wave device, the suffix N2 indicates
the drift gas, nitrogen).’ For the CCS calculations, we use
the trajectory method as implemented in IM0S1.09.>*?% In
this method, the interaction between the drifting ion and the
nitrogen buffer gas is modelled by a combination of Lennard-
Jones, ion-induced dipole and ion-quadrupole interactions
with element specific Lennard-Jones parameters. However, only
the parameters for C, H, O, N and F are optimized in IMoS, all
other elements are treated with default values, ¢ = 3.5 A and ¢ =
2.6 meV. In our previous study on lanthanide chloride
clusters,?® we optimized the parameters for Ln (oy, = 3.0 A
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and &, = 2.6 meV, keeping the same parameter for all lantha-
nides) and Cl (o¢; = 3.87 Aandeq =26 meV). Test calculations
with these parameters for the Ln,Br;,.; clusters show that the
calculations underestimate the CCS - as expected, since the
ionic radius of the bromide anion is larger than chloride (1.96 A
vs. 1.81 A).** Keeping this 0.15 A difference, we set op, = 4.02 A
and adjusted &g, to closely match the experimental CCS. As
“calibration points” we chose a small and a large cluster with
well-known structures based on the DFT calculations (see
below). Our choice fell on the smallest anion, LuBr, (a tetra-
hedron), and LusBr;s because here, according to the calcula-
tions, only one isomer is relevant since it is clearly favoured by
more than 70 kJ mol ™" relative to the next lowest isomer (see
below). The best fitting eg, that we obtain is &g, = 3.12 meV, with
this value we slightly underestimate the experimental CCS for
LnBr, (by 0.8%) while we overestimate it by 0.7% for LnsBry¢ ,
similar to our findings for the Ln-chloride clusters.?® As in this
previous study we calculate the partial charges on each atom
with the ESP-fit.*> The non-perfect fit obtained reflects the
limitations inherent in the simple picture of Lennard-Jones-
type interactions with element specific parameters between
buffer gas and drifting ion and localized partial charges. For
the following we should keep in mind, that based on our
calibration, we expect a slight underestimation of the experi-
mental CCS for small clusters (LnBr,, Ln,Br; ), and a slight
overestimation (ca. 1%) for large clusters (LnsBrye , LngBrig ).
The intermediate sizes (Lns3Bry, , Ln,Bry3 ) should match
within 0.5% or better.

3. Results and discussion
3.1 Mobilograms

Typical mobilograms (arrival time distributions obtained for 10
cycles) are shown in Fig. 2 for all Ln,Br;,.;  studied. In most
cases single, essentially Gaussian peaks are observed. The
LneBryo~ clusters are an exception, where in most cases two
peaks are observed. Based on mobilograms for 1, 5 and 10
cycles we determined the drift time per cycle for each species by
fitting Gaussians to the respective mobilograms. This multi-
cycle procedure efficiently removes end effects such as transfer
times to the time-of-flight mass spectrometer and thus leads to
highly reproducible results.'® In a second step, collision cross
sections (termed "™CCSy, in the following) were obtained by
calibration with highly accurate drift-tube based CCS values for
the set of ions in Agilent tune mix.*® For details of the calibra-
tion procedure see ref. 10. The resulting ™ CCSy, are summar-
ized in Table 1 and Fig. 3, the relative statistical error (standard
deviation of the mean for at least three separate measurements)
is in all cases below 0.5%. The corresponding ™CCSy, of the
chlorides Ln,Cl;,;  are shown in Fig. S1 and Table S1 for
comparison.

3.2 Structural inferences

Next, we compared predicted ™°°CCS values (based on struc-
tural models from our DFT calculations and corresponding
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trajectory method simulations) with calibrated collision cross
sections, ™VCCSyy, SO as to make inferences concerning struc-
tures, isomer composition and isomer interconversion - for
each x (starting with the smallest species studied).

LnBr, . The experimental ™CCSy, of LnBr,” decrease
monotonically from 127.6 A* (for LaBr, ) to 123.2 A? (for
LuBr, ). This finding parallels our observation for the respec-
tive chlorides where we observed a decrease from 116.8 A to
113.1 A% The ca. 9% CCS-difference (see Table $2) reflects the
larger ion radius of Br~ vs. Cl". The calculated "°°CCSy,, based
on the DFT-optimized structures and the trajectory method
(with oy, = 3.0 A, &1, = 2.6 meV, o, = 4.02 A and &g, = 3.12 meV,
see above) reproduce the trend of decreasing CCS from La
(125.5 A%) to Lu (122.2 A%) but systematically underestimate the
experimental values by 1.6% (La) to 0.8% (Lu, one of our
calibration points). Note that we use the same Lennard Jones
parameters for all lanthanides - varying them within reason-
able limits (while keeping the respective DFT derived Ln-Br
bond lengths constant) does not change the calculated cross
sections significantly since the central metal atom is basically
shielded by the four surrounding bromides. In effect, in the
trajectory calculations the buffer gas (nitrogen) molecule inter-
acts with the bromide LJ-potential only (Fig. 4).

Ln,Br; . For the dimers, Ln,Br;”, we observe a monotonic
™CCSy, decrease from 164.7 A% for La,Br,” to 156.4 A for
Yb,Br,”. Lu,Br,” has a slightly larger ™CCSy, of 157.2 A
According to our DFT geometry optimizations, there are three
isomers to be considered: the first, isomer A, consists of three
bridging bromides (u,-Br) and two terminal bromides on each
lanthanide (Fig. 5, red data points and corresponding struc-
tural schematic). The second isomer, B, consists of only two
bridging bromides (11,-Br) and two terminal bromides on one of
the lanthanides and three on the other (Fig. 5, green data
points). The third isomer, C, has three p,-Br as for A, but three
terminal bromides on one of the lanthanide atoms and one on
the other (Fig. 5, blue data points). The calculated "°°CCSy, are
only ca. 1% smaller than the experimental values for A and
agree even better for C, see Fig. 5(a). The B isomers have
calculated °°CCSy, that are between 3% and 4% higher than
the experimental values. The relative energies (0 K, ZPE not
included) clearly disfavour isomers C - they are always at least
20 kJ mol ™" above the respective global minima (Fig. 5(b)). The
isomers A and B however, are very close in energy: A is favoured
for the early lanthanides (La: 5.5 k] mol '), while B is favoured
for the late lanthanides (Lu: 2.7 k] mol "). These differences,
AE, refer to the electronic energies, i.e. at 0 K, without zero-
point energies. In a second step, we also calculated the free
energy differences at 300 K, AG3q0, taking into account harmo-
nic vibrational frequencies, see Fig. 5(c). It turns out, that their
impact is rather small, i.e. variations of AE and AG;,, between
pairs of isomers are generally similar for all Ln. Note however,
that we often found lowest harmonic vibrational frequencies to
be below 10 cm™ ', reflecting the low reduced masses and
relatively floppy structures of Ln,Brs,.; . In particular these
low frequency modes are in fact likely to be highly anharmonic
and are therefore difficult to accurately calculate. Thus, for the
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Fig. 2 Typical arrival time distributions of Ln,Brs,,,~ 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. LnBr4~ (x = 1) was measured with a TW height of 14 V (peak height of the travelling wave that
propagates the ions through the cell). At 18 V the large mobility of this ion causes undesirable “surfing” on the TW rather than CCS dependent separation.
Note, that a second isomer of LagBrig™ is observable in experiments with less than 5 cycles only (cf. Table 1, Fig. 3 and Fig. 10(a)).

following we choose to restrict our discussion to the differences isomers are quickly interconverting, much faster than our
in electronic energy AE. experimental timescale (10 ms). Therefore, we also calculated
It is clear that isomers A and B are energetically close and - the interconversion barrier between A and B and find it to be
assuming thermodynamic equilibrium - should be present in  very low, below 10 k] mol " (see Fig. 5(d)). As the experimental
comparable intensities. Furthermore, since their calculated TWCCSy, values are in between the theoc sy, values calculated
CCS differ by ca. 4% they should be easily resolvable in our for A and B, we favour the fast interconversion scenario -
instrument - already after a few cycles of separation. However, consistent with our previous inferences for Ln,Cl, . For a
we observe in all cases only one sharp peak, see Fig. 2. This simulation of the peak shape as function of the interconversion
could mean that either only isomer A is present (it agrees much rate see Fig. S8. Isomer C might also be contributing but only in
better with the experimental CCS than isomer B) or that both small amounts since it is energetically strongly disfavoured.
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Table 1 Experimental travelling wave ™WCCSy; values for Ln,Brs,,;~ anions (in A?). For LngBris~ we observe two peaks. The relative intensities of the two
isomers are given in brackets. The statistical error (standard deviation of the mean) of the TWCCSNZ is below 0.5%

LnBr, Ln,Br; Ln;zBryg LnyBry;— Ln;Brig LngBrio
La 127.6 164.7 195.7 218.8 248.7 259.1 (100%)” 272.6 (<5%)"
Ce 127.1 163.4 193.6 217.6 248.9 256.6 (100%)*
Pr 126.9 162.3 191.9 217.3 247.3 254.6 (79%)“ 259.5 (21%)*
Nd 126.1 161.7 191.4 217.0 246.2 253.1 (46%) 258.1 (54%)
Pm
Sm 125.7 160.4 190.1 216.6 2441 250.9 (26%) 255.9 (74%)
Eu 125.4 159.7 189.3 216.0 243.4 250.2 (27%) 255.0 (73%)
Gd 125.3 159.6 189.5 215.5 242.6 249.6 (19%) 254.4 (81%)
Tb 124.9 159.0 188.5 214.4 241.5 248.4 (16%) 253.3 (84%)
Dy 124.5 158.0 187.5 213.4 240.4 248.0 (13%) 252.7 (87%)
Ho 124.1 157.8 187.4 212.9 239.6 246.3 (11%) 251.3 (89%)
Er 124.0 157.6 186.7 212.5 238.7 245.6 (10%) 250.3 (90%)
Tm 123.7 156.9 185.5 211.9 237.9 244.8 (8%) 249.6 (92%)
Yb 123.5 156.4 184.4 211.0 237.4 244.1 (8%) 248.9 (92%)
Lu 123.2 157.2 184.0 210.7 237.0 243.8 (7%) 248.5 (93%)

“ Intensity ratio varies with the number of cycles (see text). Note that the second peak of LagBryo~ with <5% intensity quickly decreases with the

number of cycles (see Fig. 10(a)), therefore it is not visible in the 10 cycles measurements shown in Fig. 2.

280 ~ |
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260 ~ D — + ) Lng 'lt'*' 19
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240 : —
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> |
8 200 A i
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120 }
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 3 Experimental collision cross sections "WCCSy» of LnBray,1~, X = 1-6, Ln = La—Lu except Pm (see Table 1). The relative statistical error (standard
deviation of the mean) is in all cases below 0.5% corresponding roughly to the size of the data points.

Ln;Br,, . For all of the trimers we always observe one sharp
peak in the arrival time distributions (see Fig. 2) and an
essentially monotonic "™WCCSy, decrease from 195.7 A* for
LasBryo~ to 184.0 A2 for LusBry,~, Le. by 6% (see Fig. 6(a), black
circles and error bars). In the calculations we find three relevant
isomers A, B and C. Isomer A consists of a Ln;Br;-ring with 3 pi,-
Br and two central bromides, above and below the ring, and
coordinated to all three Ln-atoms (us;-Br). The remaining 5
bromides are terminal, i.e. each is coordinated to only one
Ln-atom, resulting in C,, symmetry, see Fig. 6(a). The next
isomer, B, with C;, symmetry is a variant thereof, with one
central (p5-Br) and six terminal bromides. It is between 23 kJ
mol ' (Lu) and 19 k] mol ™" (La) higher in energy, see Fig. 6(b).

Phys. Chem. Chem. Phys.

The barrier height between A and B is ca. 28 k] mol " for all Ln
(with isomer A as reference), see Fig. 6(c) and Fig. S2, which is
possibly low enough for interconversion on the timescale of the
experiment. The third isomer C that we find is a linear chain
with six bridging (u,-Br) and four terminal bromides. It is also
energetically disfavoured, between 25 and 18 kJ mol " above
isomer A. The ™°°CCSy, of A agree with the experimental
T™CCSy, within the experimental uncertainty (0.5%), while
the ¢°CCSy, of B and C are 2.5-5% above the experiment.
Based on these results, it is clear that isomer A is the dominant
species contributing to the experimental observation, i.e. we do
not need to invoke fast isomerization in this system (but cannot
completely exclude it).

This journal is © the Owner Societies 2025
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Fig. 5 (a) Experimental (black circles with error bars, "WCCSy,) and calculated (red, blue and green circles, "*°CCSy.) collision cross sections for the
three calculated isomers A, B, C of Ln,Br;~. (b) Calculated (electronic) energy differences, taking isomers A as references, zero-point energies not
included. (c) Free energy differences, calculated within the harmonic oscillator model, taking isomers A as references. (d) Transition state and energy

barriers between isomers A and B, taking isomers A as references.

Ln,Br,; . For all of the tetramers, we again observe only one
sharp peak in all cases and a monotonic ™WCCSy, decrease,
from 218.8 A for La,Br,;~ to 210.7 A* for Lu,Br,; ", see Fig. 7(a).
This corresponds to a ca. 3.7% reduction in average size along
the series which is significantly less than the 6% decrease
observed for LnzBry,” and suggests an overall structural
transition.

This journal is © the Owner Societies 2025

In the lowest energy isomer that was found for La,Br;;~ by
DFT, the four La atoms form a ring structure with two bromides
on each edge (8 p,-Br), four terminal bromides, a central
bromide (1 p,-Br) and C4-symmetry (Fig. 7(a), structure A). Its
calculated "*°CCSy, of 219.1 A% perfectly matches the experi-
mental value of 218.8 A For La, this isomer is preferred by
3 kJ] mol™' over B, where the La atoms form a butterfly
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structure, with edges and planes bridged by bromides (1 p4-Br,
2 uz-Br, 4 p,-Br), and additionally two terminal Br each at two of
the La atoms and one each at the two others. For all other
lanthanides, isomer B is increasingly favoured over A, by up to
29 kJ mol~* (for Lu,Bry; "), see Fig. 7(b). The "°°CCSy;, of B are
always 3-4% larger than the corresponding values for A, see
Fig. 7(a). We also find two closely related isomers with C,
symmetry, C and D. However, they are more than 40 k] mol™*
above the respective lowest energy isomer (A or B) and can be
ruled out.

If we compare experiment and calculation, we find that the
experimentally observed 3.7% CCS decrease between La and Lu
cannot be explained by a single isomer. For both A and B, the
decrease is much larger (5.5% and 6.2%, respectively). Further-
more, we find that for the early lanthanides T™(CCSy, and the
calculated °°CCSy, of A closely match while for the late
lanthanides, the experimental values approach ™*°CCSy, pre-
dicted for B. On the other hand, we always observe one sharp
peak in the corresponding arrival time distributions (see Fig. 2),
Therefore, we conclude that we observe a dynamic equilibrium
between A and B with quick interconversion on the 100 ms
timescale (otherwise we should observe a peak broadening,
which we do not see. For a simulation of the peak shape as
function of the interconversion rate see Fig. S8). This is
associated with an increasing share of B in going from La to
Lu. We note in passing, that the calculated barrier height
between the isomers decreases form 77 k] mol * to 41 kJ mol *
(when referenced to A) in going from left to right in the
lanthanide series (or remains constant at ca. 75 k] mol ! when
referenced to B), see Fig. 7(c).

LnsBrys . The ™VCCSy, of LasBrys~ and CesBr;s~ are essen-
tially identical, 248.7 A% and 248.9 A respectively. For the rest
of the series ™CCSy, decreases from 247.3 A% for PrsBrys  to
237.0 A? for LusBrys , see Table 1 and Fig. 8(a). In the calcula-
tions we find three relevant isomers: a ring-type isomer A with
C,, symmetry is always lowest in energy (1 ps-Br, 10 p,-Br, 5
terminal). Two other more compact isomers (B and C, with C,,
and C, symmetry, respectively) are for La only 15 k] mol™"

This journal is © the Owner Societies 2025

higher in energy than A. This energy difference quickly
increases and for Lu both B and C are strongly disfavoured by
70 and 92 kJ mol ™" respectively, see Fig. 8(b). Based on the
calculations it is clear that only A is relevant for the late
lanthanides. For this reason, we have chosen LusBr;s as a
second calibration point to adjust the LJ-parameters used in the
trajectory calculations (see above). Consequently, experimental
and theoretical CCS (for A) closely match (within 1%) for the
late lanthanides, while ®*°CCSy, for B and C are 4% and 3%
smaller than ™WCCSy,. For the early lanthanides, with decreas-
ing energy difference the experimental CCS approaches the
values for B and C. The flattening of the ™VCCSy, curve with
almost identical values for La;Br;s and CesBry¢ is in line with
larger fractions of isomers B and/or C being present for La.
Since we observe in all cases only one sharp peak in the
mobilograms, we again reach the conclusion that a dynamic
equilibrium with quick interconversion must be present.

For comparison, in the case of the chlorides*® we observed a
clear "WCCSy, minimum for the cerium cluster and an increase
between cerium, praseodymium and neodymium (see Fig. 3
and Table S1 in that paper). In this case, according to the
calculations, the three strictly analogous chloride isomers are
even closer in energy for the early lanthanides and conse-
quently the relative amounts of isomers B and C were
larger.”®

LngBr;, . The hexamer clusters reveal a behaviour that does
not show in any of the other clusters. As can be seen from Fig. 2
for most Ln we observe two peaks in the arrival time distribu-
tions that differ in cross section by ca. 2%. For the early
lanthanides the first peak dominates. Both peaks are seen for
Pr¢Brio but with a unique (dynamic) behaviour which we will
return to in a more specific discussion below (also of minor
additional features in the LagBr;,- and Ce¢Bry,  measure-
ments, see chapter 3.3.2 and Fig. 10(a) and (b)). For Nd¢Bryo
both peaks are comparable in intensity, and from Sm¢Br;o~ to
LueBryo~ the relative intensity of the first peak decreases from
26% to 7%. Qualitatively this is in line with our finding for the
chlorides (i.e we observe two peaks with 2% CCS difference for
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both halides), however there is a significant difference in the
relative intensities as function of the lanthanide: for the
chlorides, the relative intensities of the two isomers cross later
in the series, between dysprosium and holmium (see Table S1).
So, while the isomer intensity ratio is 26% to 74% for Sm¢Bryo
it is 94% to 6% for SmgCl;y .

The bimodal arrival time distributions are in line with the
DFT calculations that predict two LngBr;o~ isomers A and B
within 5 kJ mol™" of each other. For the early lanthanides A is
preferred, for the late B, see Fig. 9. Both isomers are very
compact and consist of a central bromide surrounded by a
shell of six Ln atoms (1 pe-Br, 12 ,-Br, 6 terminal), A is of Oy
symmetry, B is of Cs, symmetry. The *°CCSy, of A is ca. 1-2%
above the first experimental peak, while theoc sy, of B agrees
within 1% with the ™ CCSy;, value of the second peak (note that
based on our LJ-parameter calibration we expect a slight over-
estimation in the calculations, see above). A third isomer C is
17 kJ mol " above A for La, but the energy difference increases
along the series to more than 30 k] mol " for Lu. This isomer
might be responsible for the small extra peak at 272.6 A> that
we observe for La, see Fig. 9 and 10(a) and more detailed
discussion in 3.3.2 below.

3.3 Tracking isomer interconversion in LngBryg~

A closer look at the hexamers reveals, in addition to the
different relative intensities of the two isomers, further differ-
ences depending on the respective lanthanide. This can be seen
when looking at the shape of the arrival time distributions as a
function of the number of cycles, Fig. 10. Except for Ln = La, Ce
and Pr, we were able to base-line resolve the two isomers of
LneBryo~ after more than 5 cycles of IMS separation. In addi-
tion we observed that their relative intensities did not change
upon further cycling up to the maxmium accessible experi-
mental timescale of ca. 400 ms (at larger timescales the faster
isomer packet overtakes the slower isomer).

By contrast, for = La, Ce and Pr the relative isomer inten-
sities vary with the number of cycles as can be seen by the
decreasing intensity of the second peak (see Fig. 10(a)-(c) and
Section 3.3.2).

Phys. Chem. Chem. Phys.

We stress that for LngBryg, (Ln = Nd-Lu) and for the
complete series of all previously studied LngClys~ clusters
showing two baseline separable isomers, the relative intensities
do not substantially vary with the number of cycles. In the
following, we will discuss these differences for each lanthanide
in more detail.

3.3.1 Nd¢Bryg , SmgBryy , EugBryo and late lanthanides.
We start our discussion with Nd-Lu, where the two isomers can
be resolved within 5 cycles and for which the relative intensities
then remain unchanged. We first address the question whether
the isomer ratios (see Table 1) reflect their relative thermo-
dynamic stabilities or are consequences of their ionisation/
formation kinetics. To answer this, we used the IMS-IMS
capabilities of our instrument - as in our previous lanthanide
chloride cluster study. The experimental sequence was as
follows: first the mass selected packet of ‘“‘as-prepared” clusters
underwent 5 cycles of IMS separation (in the cyclic trap = cIM
stage of the apparatus) sufficient for base-line separation of the
two isomers. Then, one of the isomers was pulse extracted from
the cIM and transferred back into the pre-store (an RF-ion trap
upstream from the cIM). Meanwhile the other isomer was
discarded (ejected from the cIM). Thereafter, the first isomer
(isomer A) was reinjected into the cIM with adjustable injection
energy and the resulting isomer distribution was analysed for
another 10 cycles. The result is shown in Fig. 11 for Nd¢Br;9~ as
an example. Upon isolating and reinjecting isomer A at
nominally 0 eV injection energy, more than 95% of its
relative ion intensity (versus isomer B) was still retained after
nearly 400 ms. If we increase the injection energy to 50 eV,
the relative intensity of isomer A drops to ca. 28% as isomer B
is correspondingly formed (see Fig. 11(a) and (c)). If we
isolate isomer B instead, its relative intensity drops from
>95% at 0 eV injection energy to ca. 72% at 50 eV (Fig. 11(b)
and (c)). With sufficient injection energy, we observe that the
isomer ratio becomes independent of the choice of the
isomer that is selected and reinjected - suggesting that a
close to thermodynamic equilibrium situation has been
attained. Note that up to ca. 60 eV injection energy, fragmen-
tation (via loss of neutral LnBr;) is negligible. In Table 2 and
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Fig. S3 we summarize the results for the other LngBrig~
clusters (Nd-Lu) and compare them with the “as-prepared”
isomer ratio emanating from the cluster ion source: in all
cases, isomer B dominates the distribution, independent of
the prehistory. The numbers vary slightly (between ‘from
source” and “isomer selected”), implying that thermody-
namic equilibrium at a common vibrational temperature is
almost, but not perfectly reached.
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3.3.2 Early lanthanides: LagBr;o , CesBris and PreBryo .
Next, we focus on the early lanthanides La, Ce, Pr - for which
relative isomer intensity of as-prepared clusters changes with
the number of cycles (without collisional excitation).

LagBrio . As can be seen in Fig. 10(a), the 1 to 5 cycle
mobilograms obtained for as-prepared LagBr;o  resolve a small
additional peak that is initially present in the 1-cycle
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Fig. 10 Arrival time distributions of LngBrig~ anions (Ln = La, Ce, Pr, Nd, Sm, Eu) after 1 (black), 2 (red), 3 (blue), 4 (green) and 5 (purple) cycles,

respectively. (a) La, (b) Ce, (c) Pr, (d) Nd, (e) Sm and (f) Eu.
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Table 2 Relative intensity of isomer A, either obtained directly from the
ESI source or via selection of either isomer A or B and reinjection from pre-
store with 60 eV of injection energy

From source (%) Isomer A selected (%) Isomer B selected (%)

Nd 46 28 28
Sm 26 19 18
Eu 27 19 17
Gd 19 17 16
T 16 16 13
Dy 13 17 11
Ho 11 14 9
Er 10 19 9
Tm 8 12 7
Yb 8 16 6
u 7 12 6

measurement but no longer observable after 10 cycles, Fig. 2. In
contrast to all other LngBry4 , it is readily separable in just one
cycle, ie. its CCS is much larger than that of the main peak
(assigned to isomer A, see Fig. 9). After calibration, we obtain a
T™CCSy, of 272.6 A% i.e. 5% larger than the ™YCCSy, of the
main peak (259.1 A%). We assign this minor peak to isomer C,
see Fig. 9. Interestingly, its relative intensity quickly decreases
with the number of cycles, from 3.6% (1 cycle) to 0.8% (5 cycles)
(see Fig. 10(a)) to immeasurably small (10 cycles). Furthermore,
the main peak also shows some tailing to longer arrival times,
in line with an isomer with ca. 2% larger CCS having <2%
relative intensity (most likely isomer B). Together these find-
ings suggest that three isomers are originally present, one (A)
clearly dominates and the other two (B and C) convert into the
dominating isomer on a 100 ms time scale. As a corollary, our
observations suggest that the isomer distribution is still evol-
ving upon insertion of the corresponding as-prepared ion
packet into the cIM stage.

Phys. Chem. Chem. Phys.

CesBrig . For CegBryo , the well separated peak with 5%
larger CCS is missing, but the tailing of the main peak is more
obvious (see Fig. 10(b)) than for LagBryo . The shoulder in the
1-cycle measurement accounts for ca. 23% relative intensity. It
decreases to below 10% after 5 cycles (as quantified by fitting
two Gaussians to main peak and shoulder, see Fig. S4). At
10 cycles the shoulder has vanished within the background. Based
on the position of the shoulder, we obtain a CCS of 260.5 A
ca. 4 A% (1.5%) larger than the main peak, as expected for isomer
B. Again, these findings suggest an interconversion from isomer B
to A during the ion mobility measurement and we estimate the

B — A isomerisation rate constant to ca. 10 s~ *.

PreBrio . Isomer (inter)conversion on the measurement
timescale is even more obvious for praseodymium. As can be
seen in Fig. 12, the second peak in the arrival time distribution,
isomer B, slowly decreases in relative intensity from ca. 85% of
the main peak, isomer A, after 1 cycle to ca. 30% after 15 cycles.
Furthermore, even after 15 cycles the two peaks are not base-
line resolved, although the instrumental resolution is more
than sufficient for this.

There was no significant fragmentation to charged ionic
products under these conditions. Electron autodetachment
would require surmounting prohibitively high electron affi-
nities of more than 300 kJ] mol ' and is therefore highly
unlikely. Also, ion scattering loss during cIM passage is minor
and in particular it is non-specific for ions having close lying
CCS like the isomers studied here (ca. 2% loss per cycle has
been reported in ref. 17). Consequently, the relative intensity
decay of isomer B must be due to it slow transformation into
isomer A. The overall shape of the arrival time distribution,
especially the filling of the gap between the two peaks is due to
ions that spend a part of their drift time as isomer A and some
of the rest of their time as isomer B, resulting in an

This journal is © the Owner Societies 2025
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Fig. 12 Arrival time distributions of PrgBrig~ after 1-15 cycles. Note that at around 15 cycles the arrival time distribution fills the complete cycle and the

faster isomer A starts to pass the slower isomer B.

intermediate drift time. In order to disentangle the interconver-
sion kinetics, we used the capability of the Cyclic instrument to
remove a slice of the arrival time distribution from the cycle
without perturbing the isomer ion of interest. The experimental
workflow is as follows: first, after injection, we performed 5
cycles of separation sufficient to resolve both isomers, then we
removed the intermediate ions as well as isomer B, i.e. we kept
only the narrow slice corresponding to those isomer A species
which had not yet undergone any isomerization. Next, we
performed another 1, 2, ... 15 cycles of separation. With
increasing number of cycles a tailing behind the peak develops
that corresponds to ions that have transferred into isomer B
during the drift time. (Note that even if some of these species
would then convert back to isomer A before detection they
would still arrive in the tail). The reverse reaction (isomer B —
isomer A) was analysed in a similar manner, by removing the
drift time slice corresponding to isomer A after 5 cycles of
separation. The mobilograms obtained with the two experi-
mental sequences are shown in Fig. 13(a) and (b) respectively
(note that this procedure was not possible for CesBr;s~ due to
the fast decay of isomer B, it disappeared before it could be
resolved). As can be seen from the tailing in Fig. 13(a) isomer A
reacts to isomer B, the growing leading shoulder observed in
Fig. 13(b) corresponds to the reverse reaction. The slow reap-
pearance of the initially removed isomer is also illustrated in
Fig. S5 with the arrival time distributions shifted to match the
position of the respective selected isomer.

To determine the isomerization rate constants, the data can
be analysed quantitatively, by comparing the relative areas of
the peak and the respective shoulder. The peak corresponds to
ions that have not isomerized during the drift time while the
shoulder corresponds to ions that have isomerized at least
once. A simple kinetic analysis (see Fig. S6 and Table S8) reveals

This journal is © the Owner Societies 2025

first order rate constants of ks . g = 0.2 s * for A - B and
ks . a=1.8s"" for B - A (i.e. more than fivefold slower than
the B — A isomerisation rate constant of ca. 10 s~ ' estimated in
the CegBrio case). For Ndg¢Br;y the interconversion was
basically absent on the time-scale of our experiment (see
Fig. S7).

This raises the question of why we see isomer interconver-
sion during the IMS separation for the early lanthanide bro-
mide hexamers LagBr;o , CecBryo and PrgBry , but not for the
other LngBr;y clusters and not at all for the lanthanide
chloride hexamers LngClio ? As can be seen in Fig. S2 the
energy barrier between hexamer isomers A and B strongly
increases along the lanthanide bromide series from 75 k] mol
for LagBryo~, 76 k] mol™" CegBr;o~, 83 k] mol™" for PrgBryy,
86 k] mol ™" for Nd¢Bryo~ to finally 121 k] mol ™" for LugBryo ™ (in
this case reverse barriers are roughly the same as forward
barriers because isomers “A” and “B” are calculated to be
within 5 k] mol ™" of each other). The barrier heights for the
lanthanide chlorides are all higher, starting at 83 k] mol " for
LagClyo . So, for a 25-atom LngBrjs at room temperature,
barrier heights around 80 kJ mol " appear to correspond to a
unimolecular isomerization time scale that is very near to the
lower limit but still within the overall time window of our
experiment (ca. 1 s).

4. Summary and conclusions

Cyclic IMS-MS measurements together with DFT calculations
and trajectory method simulations of collision cross sections
has been used to explore the structures, energetically low-lying
isomer space and isomer interconversion of isolated Ln,Brsy.1
for x < 6 and all Ln = La--- Lu (except Pm). We probed primarily

Phys. Chem. Chem. Phys.
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Fig. 13 Arrival time distributions of PrgBrig™ after isomer separation. Experimental sequences (a) 5 cycles separation — removal of isomer B — 1 to
15 cycles separation, (b) 5 cycles separation — removal of isomer A — 1 to 15 cycles separation.

mj/z-selected species thermalized to near room temperature
although collisional annealing was also applied in several
cases. Similar to our recent work for Ln,Cls,;~ (x < 6),>° the
70 Ln,Brs;q anions studied can be categorized into two
groups: small clusters (x < 5) many of which show isomer
interconversion on a faster than experimental timescale (nota-
bly all Ln,Br,, all Ln,Br;3 and Ln;Br;¢ (La and Ce)) and larger
species (all x = 6) showing enhanced structural rigidity on the
experimental timescale and correspondingly slower isomer
interconversion dynamics.

For all Ln,Br;,.; the lowest energy structures predicted in
DFT calculations were consistent with the IMS experiments.
Much like Ln,Clsq , these structures reflect ionic bonding
with very limited directionality. They consequently comprise
Ln(m) centres bridged (and terminated) by multiple bromides.
Ring and chain motifs are observed to be the lowest energy
forms for the smaller clusters. These give way for larger clusters
to more compact three-dimensional structures. At cluster sizes
with two or more close lying isomers, the lanthanide contrac-
tion again leads to systematic changes in structure types across
the Ln series. However, the corresponding crossing points (at

Phys. Chem. Chem. Phys.

which the energetic ordering of isomers inverts) vary between
lanthanide bromide and chloride cluster anions - due to the
different ionic radii and polarizabilities of Cl™ versus Br™.

The phenomena observed experimentally for LneX;o , dif-
fered in two decisive aspects between halides:

(i) For as-prepared LneCl;5 , only one isomer was seen for
Ln = La-Nd whereas Sm-Lu showed two baseline-separable
isomers. By contrast, for LngBr;o  the presence of at least two
isomers could be inferred for all Ln.

(ii) In the case of LngClyy~, baseline separable isomers
(which showed no interconversion on the 100 ms timescale at
room temperature) could be interconverted by collisional
annealing. By contrast for LngBr;o , Ln = La, Ce and Pr, we
observed spontaneous isomer (inter)conversion occurring on
the experimental timescale without any additional excitation.
In the case of PrgBr;,~ we were able to measure the corres-
ponding forward and reverse unimolecular isomerization rate
constants.

An experimental determination of (different) forward and
reverse thermal isomerization rate constants for a compara-
tively large isolated molecular ion as shown here for PrgBrio  is
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very unusual and perhaps the first of its kind. Admittedly, it is a
fortuitous result which reflects the choice of a system with a
fine enough intrinsic tuning raster (of cluster size and Ln/X
composition) such that a cluster can be prepared with isomer-
ization rate constants fitting well enough into the experimental
time window of 100-300 ms such that their absolute values can
be determined to reasonable accuracy. From these unimolecu-
lar isomerization rate constants for Pr¢Br;o,~ we can calculate
an equilibrium constant: K = Nisomer a/NisomerB = kB — A/14 — B =
1.8 s7'/0.2 s7' = 9 for the reaction Isomer A < Isomer B
(assuming no other competing processes). At a temperature of
300 K, this corresponds by way of RT In K = AG to a free energy
difference between the two interconverting Pr¢Br;o  isomers of
ca. 5.5 k] mol™'. Interestingly, this number is close to the
energy difference of 4.9 k] mol ' between isomers A and B
from our DFT calculations (as outlined previously we do not
compare to the calculated 300 K free energy difference because
it is subject to large errors due to anharmonic low energy
vibrations). This in turn supports the argument that the ions
being probed under our experimental conditions have a com-
mon temperature.

Have they also reached an equilibrium isomer distribution?
For this we return briefly to Fig. 12. After one cycle, the earliest
time at which we can resolve isomers, the isomer ratio is nearly
one, iLe. still a good distance away from the expected equili-
brium ratio, K = Nigomer a/Nisomer = 9- With increasing numbers
of cycles the isomer ratio does develop exponentially towards a
consistent limiting value - but apparently isomerization equili-
brium has still not been completely reached before isomer A
begins to overtake isomer B in the ring (and the measurement
window closes). Presumably a different (higher?) effective
source region temperature and/or the kinetics/thermodynamics
of desolvation have contributed to an isomer starting ratio
differing from that expected for the room temperature reaction
equilibrium. In future work it would be interesting to study how
spray conditions modify the initial ratio. It would also be
informative to systematically vary the effective temperature of
isolated PreBrio~ (on a different instrumental platform allow-
ing for T-dependent IMS measurements). Heating to 400 K
should for example measurably shift the PrgBrio~ equilibrium
constant from 9 to 5.2.

Of course, a finite number of isolated LngBris~ anions
isomerizing back and forth under several mbar of N, collision
gas can strictly speaking never be in thermodynamic equili-
brium with a heat bath at 300 K. At this temperature a small
fraction of the ion ensemble has enough internal energy to
fragment (which is a common problem in mass spectrometry
for studies of ions over long time scales).

One note in closing: it is amusing and perhaps instructive to
relate the isomerization behaviour of Ln,Br;,,;  clusters to the
Deborah number used to describe slow structural changes
associated with several condensed phase phenomena, e.g. in
the structural glass or polymer rheology fields.>” Borrowing
from their terminology, we define the “internal” timescale
on which isomerization occurs in our isolated anions as

isom

e and the minimum “external” timescale on which an
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IMS measurement can determine changes to isomer composi-
tion as Tey. The ratio of internal to external timescales corre-
sponds to the Deborah number,*® D = Ti¢™/T.... In our study we
find D « 1 for many if not all clusters with n < 5, whereas the
LneBryy~ hexamers present a bouquet of Deborah numbers,
having values ranging from near unity for Ln = La, Ce and Pr to
D > 1 for Ln = Sm-Lu. The latter hexamers (like the lanthanide
chlorides) only visit a subset of the overall phase space available
to them during the experimental time window which can range
up to 1s. It will be interesting (but challenging) to perform
accurate multiscale molecular dynamics simulations of such
systems which will need to describe both the individual mole-
cular vibrations as well as their collective funnelling into
isomer (inter)conversion over time ranges sufficiently long to
ensure ergodicity.
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