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Trapping and Sympathetic Cooling of Conformationally Selected Molecular Ions
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We report the generation, trapping, and sympathetic cooling of individual conformers of molecular ions
with the example of cis- and trans- meta-aminostyrene. Following conformationally selective photoioni-
zation, the incorporation of the conformers into a Coulomb crystal of laser-cooled calcium ions was
confirmed by fluorescence imaging, mass spectrometry, and molecular dynamics simulations. We deduce
the molecules to be stable in the trap environment for more than ten minutes. The present results pave the
way for the spectroscopy and controlled chemistry of distinct ionic conformers in traps.
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Conformational isomers, or conformers, are molecules
with different spatial orientations of the constituent atoms
which interconvert through rotation around a single bond.
For complex molecules, conformers often represent the
dominant isomers responsible for their different possible
shapes. Different conformations can exhibit markedly
distinct physical and chemical properties, e.g., spectral
fingerprints [1], photodissociation dynamics [2—4], and
reactivities [5-8]. However, chemical studies unraveling
characteristic conformational effects are scarce due to the
challenges associated with their selective preparation. This
requires specific conformers either to be separated from a
mixture [9] or selectively generated [2] in an environment
which prevents their isomerization over experimental time-
scales. The spatial separation of neutral conformers based on
their effective dipole moments has recently enabled the
characterization of their specific reactivities in a range of
reactions [5,7,8]. However, to date, there is still a lack of
methods addressing individual conformers of molecular
ions.

Coulomb crystals represent an attractive environment for
the manipulation and control of ionic species [10,11].
These are ordered ensembles of ions held at millikelvin
temperatures in radio frequency (rf) traps in ultrahigh
vacuum. Typical experiments employ a laser-coolable
atomic species which can sympathetically cool molecular
ions into the crystal [12—14]. Molecular Coulomb crystals
have been employed in chemical experiments focussing on
state-specific [15—18] and isomer- and isotope-dependent
[19-24] reactivities. These studies yielded new insights
into reaction mechanisms and, importantly, proved that
Coulomb crystals represent a suitable environment in
which individual structural isomers [14,21] and even
isolated quantum states [16,25,26] can be preserved.

The present study aims at the control and preservation of
ionic conformers within a Coulomb-crystal environment.
Selective preparation of the cis and trans conformers
of the prototypical organic meta-aminostyrene (mAS) ion
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[Fig. 1(c)] was achieved by resonantly ionizing individual
conformations of the neutral slightly above their relevant
ionization thresholds inside an ion trap containing a
Coulomb crystal of laser-cooled calcium ions. The sym-
pathetic cooling of the conformationally selected ions into
the crystal was observed by imaging, probed by time-
of-flight mass spectrometry, elucidated using molecular
dynamics (MD) simulations, and verified by altering the
photoionization scheme. Trapping times exceeding 15 min
were achieved without significant fragmentation of the
mAS™ conformers. Quantum-chemical calculations indi-
cate that the conformers are stable in the Coulomb crystal
environment. The present methodology renders possible the
full conformational control of ion-molecule reactions and
the spectroscopy of individual trapped ionic conformers.
The details of the experiment have been described pre-
viously [27,28]. Briefly, the setup consisted of a molecular-
beam machine combined with a linear-quadrupole rf ion trap
coupled to a time-of-flight mass spectrometer (TOF-MS)
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FIG. 1. (a) Schematic of the experiment. (b) Separation be-
tween the trapping and loading regions: the REMPI lasers
intersected the pulsed molecular beam (red and blue spheres)
below the center of the ion trap containing a Coulomb crystal
(Ca' in gray, mAS™ in green). (c) Energy level diagrams for the
cis (blue) and trans (red) conformers of mAS (in cm™!). See text
for details.
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[Fig. 1(a)]. Meta-aminostyrene (Sigma-Aldrich, 97% purity)
was heated to 80°C in a sample holder, seeded in neon
gas at 2 bar and supersonically expanded into the beam
machine through a pulsed gas valve at 20 Hz repetition rate.
The resulting molecular beam contained a mixture of
both conformers [29]. Generation of either the cis or trans
conformer of mAS™ was achieved by selective resonance-
enhanced multiphoton photoionization (REMPI) via the first
electronically excited states (S;) of the neutral [Fig. 1(c)]
using one or two Nd:YAG-pumped dye lasers, respectively.
REMPI spectra were recorded by operating the ion trap as a
Wiley-McLaren TOF-MS repelling molecules ionized from
the beam towards a detector [27].

For the trapping experiments, the trap was operated
at rf frequency Q =2z x 3.29 MHz with amplitude
Vop =720 V and a static voltage V4. ~7 V applied to
the end caps. A camera was used to observe resonance
fluorescence of the laser-cooled calcium ions. Doppler laser
cooling of Ca™ was achieved by scattering photons on the
(45)2S1/, <> (4p) 2Py )2 < (3d)*D;), optical cycling tran-
sitions using diode laser beams at 397 nm and 866 nm [11].

Ionization of mAS was performed by focusing the
REMPI laser(s) with a cylindrical lens (f =400 mm) to
a beam size of ~10 mm x 0.3 mm into the supersonic
expansion for 2 min, equivalent to accumulating ions over
240 laser shots. The lasers intersected the molecular beam
~1.4 mm below the trap center to separate the ionization
and trapping regions, thus avoiding fragmentation of the
trapped ions through exposure to the REMPI laser beams.
This was achieved by tilting the molecular beam (with
diameter ~1.5 mm at the trap center) and it also prevented
collisions between the trapped ions and the pulsed flux of
incoming neutral mAS molecules [Fig. 1(b)]. To character-
ize the ions in the trap, TOF mass spectra were collected by
ejecting all trapped ions towards the TOF-MS.

The two-photon resonance-enhanced ionization of mAS
from the neutral (S) to the ionic (D) electronic ground state
via the first electronically excited state (S;) of the neutral
[Fig. 1(c)] was achieved with either a one-color [(1 + 1)-
photon] or a two-color [(1 + 1’)-photon] scheme, as dem-
onstrated in Ref. [29]. Figure 2(a) shows the one-color
REMPI spectrum recorded by monitoring the yield of mAS™
photoionized from the molecular beam as a function of the
laser wave number. The origin bands, i.e., the vibrationless
(v =0) S, « § transitions, of cis- and frans-mAS were
identified as the excitations marked blue and red in Fig. 2(a)
based on the assignments of Ref. [29] and the photoioni-
zation experiments reported below. Other features in the
spectrum correspond to transitions to excited vibrational
levels in the S; state of both conformers [29]. From
the spectrum, the wave number for the origin bands
were determined to be 30922 cm~! and 31126 cm™!
for cis- and trans-mAS, respectively. These values are in
agreement with the results of Ref. [29], with a ~15 cm™!
discrepancy across all remeasured one- and two-photon
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FIG. 2. Photoionization of meta-aminostyrene (mAS) conform-
ers: (a) (1 + 1)-photon REMPI spectrum with the S; (v = 0) «
So (v = 0) transitions of the two conformers highlighted. Sym-
bols (right y axis): Integrated mAS™ ion signal at different
REMPI lasers wave numbers for the cis (cyan circles) and trans
(orange squares) conformers after sympathetic cooling and
ejection of the Coulomb crystal into the TOF-MS. The
(1 + 1) and (1 + 1) contributions to the loaded ion signal are
represented by filled and empty symbols, respectively, when
fixing the ionization laser wave number to 30340 cm™! for cis
and 30360 cm™! for trans [black arrows in (b)]. (b) (1 +1/)
photoionization spectra (ion yield as a function of the total two-
photon wave number) for the cis (blue) and trans (red) conformer
with the excitation laser wave number fixed to the transitions
indicated in (a). Symbols (right y axis): Integrated mAS™ ion
signal at different ionization laser wave numbers after sympa-
thetic cooling and ejection of the Coulomb crystal into the TOF-
MS. Error bars represent the standard deviation of three mea-
surements. See text for details.

transition wave numbers probably stemming from differences
in laser calibration.

Figure 2(b) displays conformationally selected photo-
ionization (PI) spectra, i.e., the photoion yield as a function
of the total (1 + 1’) two-photon wave number, for the cis
and trans species in the blue and red traces, respectively.
The PI spectra were taken via resonant excitation of the
S| (v =0) state of each conformer, i.e., the transitions
marked blue and red in Fig. 2(a). From the different onsets
of the ionization signals, it can be seen that the two
conformers have distinct ionization thresholds and can
clearly be distinguished in ionization. Here, the assignment
of the bands discussed and adopted by Ref. [29] was
followed, noting that part of the calculations performed in
Ref. [29] and in this work (see theory results below) point
towards a reversed stability of the two isomers in the D,
state. High-resolution spectroscopic studies on the ions
would be required to resolve this incongruity. The ioniza-
tion wave numbers corresponding to the transitions [D,
(v =0) « Sy (v = 0)] were estimated from the steep slope
of the ion signal in the PI spectra to be 61249 cm~! and
61469 cm™! for cis- and trans-mAS, respectively [vertical
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FIG. 3. Experimental [(a),(b)] and simulated [(c),(d)] Cou-
lomb crystal images before [(a),(c)] and after [(b),(d)] loading
trans-mAS™. Color code: Ca' (m/z = 40 u)—blue, mAS™
(m/z =119 u)—green, C¢H4,NH;  (m/z = 92 u)—yellow,
H;0% (m/z = 19 u)—white. The gray scale bar represents
100 pm. (e) Experimental (top trace) and simulated (bottom
inverted trace) time-of-flight mass spectra of Coulomb crystals
after loading. Numbers are atomic mass units of the species.

dashed lines in Fig. 2(b)]. These estimations are in
reasonable agreement, within ~25 cm™!, with the previ-
ously reported values [29].

Subsequently, the cis and trans conformers of the mAS
ion were selectively generated in the ion trap by conformer-
selective (1 + 1) REMPI slightly above the ionization
threshold of the relevant species [black arrows in
Fig. 2(b)]. The generation of Coulomb crystals and
sympathetic cooling of the mAS™ conformers was moni-
tored by imaging the laser-cooled calcium ions. Starting
from an initially pure Ca™ Coulomb crystal [Fig. 3(a)], the
sympathetic cooling of nonfluorescing molecular ions
became visible as dark regions in the center and at the
extremities of the crystals in the images [Fig. 3(b)].

The various species present in the crystals were identified
and quantified by mass spectrometry. Figure 3(e) shows a
TOF mass spectrum averaged over three typical Coulomb
crystals after the ionization of frans-mAS displaying a
number of different mass species. For the interpretation
of the spectra, MD simulations of the trajectories of the
ejected ions were performed using SIMION [30]. A simulated
TOF mass spectrum is displayed in the lower inverted trace
in Fig. 3(e). The double peaks observed are due to the radial
separation of ions heavier than Ca™ in the trap, as discussed
in Ref. [27]. From comparison with experiments, it could be
established that besides the parent ion mAS™ (CgHgN™,
m/z =119 u), the crystals also contained C¢H,NH;
(m/z =92 u) resulting from bond cleavage between the
ring and the vinyl group. The remaining peaks were
attributed to impurities: “*Ca™ (m/z = 44 u) present in an
amount consistent with the 2% natural abundance of this
calcium isotope and H,O" and H;0" (m/z = 18, 19u)
attributed to the ionization and reactions of water impurities
in the vacuum and molecular beam.

The number of mAS™ ions loaded into the crystal in
Fig. 3(b) was inferred to be =400 by comparing exper-
imental and simulated mass spectra. The identity and

number of ions established by mass spectrometry were
then used as input for MD simulations of the crystal images
[Figs. 3(c) and 3(d)] following Ref. [31]. For the example in
Fig. 3, the initial Coulomb crystal was simulated using
1600 Ca® ions [Fig. 3(c)], with the addition of 425 mAS™,
50 C¢H,NH, and 36 H;O™ ions after loading [Fig. 3(d)].
The MD simulations elucidate the changes in the crystals:
ions lighter than Ca™ accumulate at the center of the crystal
forming a dark core, whereas heavier species surround it
annularly. The nonfluorescing molecular ions were made
artificially visible in the simulated image [Fig. 3(d)].
The simulations yield secular temperatures of =25 mK
and <50 mK for the Ca™ and mAS™ ions, respectively.

To verify that the ions sympathetically cooled into the
Coulomb crystals were indeed conformationally selected,
the amount of trapped mAS™ ions was analyzed as a
function of the REMPI laser wave numbers. This was
accomplished by integrating the mAS™ TOF signal follow-
ing loading of the crystal at different combinations of
excitation and ionization laser wave numbers.

Fixing the ionization laser wave number above thresh-
old, an appreciable ion signal was only observed when the
laser for the excitation to the S; state was resonant with a
transition in a specific conformer while being negligible
when it was slightly off resonance [filled symbols in
Fig. 2(a)]. With the excitation laser on resonance, blocking
the ionization laser dramatically decreased the observed ion
signal [empty symbols in Fig. 2(a)], demonstrating that
the ionization mainly occurred via (1 4+ 1’) REMPI, with
the residual (1 + 1) contribution only amounting to
~10%-20%. Fixing the excitation-laser wave number at
the respective resonance for each conformer, an appreciable
signal was only obtained when the total laser wave number
was set above the ionization threshold, while below thresh-
old the remaining ion signal level corroborates the con-
tribution from the (1 + 1) REMPI process [cyan and orange
symbols in Fig. 2(b)]. This contribution (i.e., the generation
of ions by the excitation laser alone) was carefully mini-
mized by decreasing the laser intensity, but attempts to
further reduce it resulted in inefficient loading due to poor
population of the S, state.

The stability of the mAS™ conformers within our
experimental environment was verified by examining the
number of ions retained in the trap after a variable period of
time. The integrated mAS* signal was not found to
decrease significantly over trapping times up to 16 min
for both conformers [Fig. 4(a)] indicating negligible loss.

Furthermore, to assess the possibility of isomerization of
the conformers in the trap, density-functional theory (DFT),
Mgller-Plesset (MP), and coupled cluster (CC) quantum-
chemical calculations were carried out using GAUSSIAN 16
[32] to estimate the energy required for cis-trans intercon-
version through rotation about the bond between the vinyl
and aminophenyl moieties in the molecule. The energy
profile along the interconversion coordinate [Fig. 4(b)] was
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FIG. 4. (a) Normalized integrated mAS™ ion signal following

(1 + 1') REMPI as a function of the trapping time before ejection
into the TOF-MS for cis- (blue circles) and frans-mAS™ (red
squares). Error bars represent the standard deviation of three
measurements. (b) Relative energy of mAS™ as a function of the
interconversion coordinate, i.e., the torsional angle between the
vinyl group and the aminophenyl ring plane. Angles of 0° and
360° (180°) correspond to cis- (frans-) mAS™. See text for details.
(c) Pseudo-first-order rate coefficients for the reaction of calcium
atoms with cis- and trans-mAS™, with error bars representing the
standard deviation of 11 and 8 measurements, respectively.

computed by performing a geometry optimization at
fixed values of the torsional angle using DFT at the M06-
2X level [33] with GD3 dispersion correction [34] and the
aug-cc-pVTZ basis set [35,36]. For comparison, the isomer-
ization energies were also calculated using a series of
alternative DFT methods with the same basis set (aug-cc-
pVTZ) from the energy difference between optimized
structures (including zero-point energy corrections) of
cis- and trans-mAS™ and the transition state between them.
Dispersion corrections were included for all DFT calcula-
tions: GD3 for M06-2X, D3BJ for DSD-PBEP86 [37,38],
and GD3BJ [39] for UB3LYP [40] and PBEO [41]. Similar
calculations of the isomerisation barriers performed with the
MP2 method [42,43] gave comparable results when using
different basis sets: 6-311++G(2df, 2pd) [44,45] (shown
in Table 1), cc-pVTZ [35,36] and def2-TZVPP [46,47]
(not shown). The optimized DSD-PBEP86 geometries were
also used for single-point CCSD(T) calculations [48,49]
with the aug-cc-pVTZ basis set. The results are collected in

TABLE 1. Calculated isomerization barriers (in meV).
Method cis to trans trans to cis
UB3LYP 203 251
PBEO 192 239
MO06-2X 161 198
DSD-PBEP86 129 176
CCSD(T) 108 114
MP2 346 410

Table 1. Depending on the method, the calculated barriers
range between 108 meV and 410 meV and agree favorably
with previous calculations reported in Ref. [29].

The stability of the conformers within the Coulomb
crystal environment can be affected by various factors:
(i) Laser absorption: Interaction with laser light can
potentially lead to fragmentation or isomerization of the
conformers. Once either cis- or trans-mAS™ ions were
generated, further absorption of the REMPI laser light was
prevented by segregating the loading and trapping regions,
as outlined above. The cooling laser beams were focused to
the crystal center and only partially overlapped with the
trapped mAS™ ions since their 1/e? beam waist diameter
(~400 pm) was smaller than the radial displacement of the
mAS™ ions, which accumulated in the range ~510-560 pm
from the trap center according to the MD simulations
[Fig. 3(d)]. The lack of interaction between the trapped
conformers and the cooling light is substantiated by the
negligible fragmentation of the mAS™ ions [Fig. 4(a)].
(i) Collisions: Sympathetic cooling involves elastic colli-
sions between ions which decrease the kinetic energy but
do not change the internal energy of the trapped molecular
ions [11]. Moreover, separating the molecular beam from
the trap center minimized collisions of trapped ions with
neutral mAS and neon seed gas. The former would
probably have lead to reactions and can be excluded based
on the absence of reaction products in the TOF spectra. The
latter could have resulted in elastic and inelastic energy
transfer, but the collision energy (=80 meV) would have
been insufficient to cause isomerization of the conformers
(Table I) even in the unlikely event of a total energy transfer
from collisional to internal energy of the mAS™ ions.
Lastly, collisions with background-gas molecules (such
as residual H,, H,O, N,, and O,) could also be inelastic
but are deemed to be negligible because they were low-
energetic and infrequent in the ultrahigh vacuum envi-
ronment (~1 x 107!9 mbar). (iii) Black-body radiation:
Although cis- and frans-mAS™' were initially generated
in the D, (v = 0) state by threshold ionization, absorption
of black-body radiation (BBR) emitted by the room-
temperature environment could lead to the population of
excited rovibrational states on the timescale of trapping
experiments [25,50]. However, as the isomerization barriers
(Table I) are considerably higher than the thermal energy
available in the present case (kz7T = 26 meV), intercon-
version of the conformers through optical pumping by BBR
is expected to be slow.

We thus surmise that the conformation of the sympa-
thetically cooled mAS™ ions is stable over the current
experimental timescales in the Coulomb-crystal environ-
ment. This can be put into context with previous evidence
that even single molecular quantum states can be retained
for minutes under these conditions [25,26].

To illustrate the utility of the present method for studying
conformer-specific chemical processes, first results on the
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kinetics of the reaction of mAS* with neutral calcium
atoms are presented in Fig. 4(c). The data indicate a
conformational effect with trans reacting faster than cis.
The different rate constants measured for the two species
also imply that the individual conformers are indeed stable
in the trap. A detailed analysis of these results will be
presented in a future publication.

In summary, conformationally selected mefa-aminostyrene
ions were successfully generated and sympathetically
cooled into a Coulomb crystal. This was achieved by
spatially separating the loading and trapping regions which
proved crucial to minimize fragmentation of the trapped
conformationally selected ions. The methodology demon-
strated here is widely applicable and can straightforwardly
be extended to the trapping and cooling of other large
molecules whose conformational isomers can be selectively
ionized. The number of trapped mAS™ conformers realized
in the present work and their stability to the experimental
environment is sufficient for future reaction and spectro-
scopic studies with conformationally selected trapped ions.
In particular, combined with the capability to select the
conformation of the neutral counterpart [5], fully conforma-
tionally controlled ion-molecule reaction studies now come
within reach.
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