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Abstract

Recent advances in experimental methodology enabled studies of the quantum-state- and conforma-
tional dependence of chemical reactions under precisely controlled conditions in the gas phase. Here,
we generated samples of selected gauche and s-trans 2,3-dibromobutadiene (DBB) by electrostatic
deflection in a molecular beam and studied their reaction with Coulomb crystals of laser-cooled Ca+

ions in an ion trap. The rate coefficients for the total reaction were found to strongly depend on both
the conformation of DBB and the electronic state of Ca+. In the (4p) 2P1/2 and (3d) 2D3/2 excited
states of Ca+, the reaction is capture-limited and faster for the gauche conformer due to long-range
ion-dipole interactions. In the (4s) 2S1/2 ground state of Ca+, the reaction rate for s-trans DBB
still conforms with the capture limit, while that for gauche DBB is strongly suppressed. The exper-
imental observations were analysed with the help of adiabatic capture theory, ab-initio calculations
and reactive molecular dynamics simulations on a machine-learned full-dimensional potential en-
ergy surface of the system. The theory yields near-quantitative agreement for s-trans-DBB, but
overestimates the reactivity of the gauche- conformer compared to the experiment. The present
study points to the important role of molecular geometry even in strongly reactive exothermic
systems and illustrates striking differences in the reactivity of individual conformers in gas-phase
ion-molecule reactions.
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Introduction

Gas-phase ion-molecule reactions play a key role in the ionosphere of the earth and in interstellar clouds
[1–3] as well as in the context of catalysis, where gas-phase studies can help to elucidate the mechanisms
of bond activation [4, 5]. As experiments are advancing to probe ever more complex systems [6, 7],
the precise molecular geometry, and in particular the molecular conformation, becomes increasingly
important for the reaction dynamics. Thus, new experimental methods become necessary which are
capable of isolating individual conformers in the gas phase in order to study their specific reactivities.
In this context, we recently developed a new technique for the investigation of conformational effects in
ion-molecule reactions based on trapped and laser-cooled atomic ions forming Coulomb crystals [6, 8].
Coulomb crystals can be considered as reaction vessels in which reactant and product molecular ions can
be co-trapped and cooled sympathetically by the laser-cooled species [9, 10]. The neutral co-reactant
is introduced into the experiment in a molecular beam passing through an inhomogeneous electrostatic
field where molecular conformations with different electric dipole moments in the laboratory frame are
spatially separated [11–17]. This approach recently enabled studies of reactions of ions with individual
conformations [14, 18] and also selected rotational states [19] of neutral molecules, which pointed to the
important role of conformer- and state-specific long-range interactions governing both the dynamics
and kinetics in these systems. In these cases, capture theories [20–22] could be successfully applied to
model rate coefficients.

To gain deeper insight into fundamental mechanisms of conformational dynamics in gas-phase
ion-molecule processes, we here performed kinetic measurements of trapped Ca+ ions reacting with
a molecular beam of 2,3-dibromobutadiene (DBB) molecules using an electrostatic deflector [13] to
separate its gauche and s-trans conformers [17]. Already a number of previous studies focused on
ion-molecule reactions of atomic ions with supersonic beams or thermal samples of neutral molecules,
see, e.g., Refs. [4, 5] for an overview. Studies on singly charged alkaline-earth ions, e.g., Mg+ [23, 24]
and Ca+ [14, 25–29], often found that fast reactions proceeded from excited electronic states of the
metal ion while reactions involving the ground state were found to be kinetically hindered. By contrast,
we showed that for the present system the reaction rate of Ca+ with s-trans DBB is capture-limited
irrespective of the electronic state of Ca+, i.e. (4s)2S1/2, (4p)2P1/2 or (3d)2D3/2. Conversely, for the
gauche conformer we found that the reaction is capture-limited only with Ca+ in its 2P1/2 or 2D3/2

excited states. In the 2S1/2 ground state, however, the reaction rate is strongly suppressed pointing to
a pronounced conformational effect governing the ground-state reaction dynamics.

To rationalize the experimental findings, we modelled the kinetics and dynamics using adiabatic
capture theory [30] and reactive molecular dynamics simulations on a full-dimensional potential energy
surface (PES) of the system trained on the results of ab initio calculations by a neural network (NN).
The theory yields excellent agreement with experiment for the reaction of s-trans-DBB, but overesti-
mates the reactivity of the gauche- conformer by almost an order of magnitude suggesting the presence
of an as yet unaccounted dynamic bottleneck along the gauche reaction pathway. Possible explanations
are discussed. The present study highlights the important role of molecular conformation in gas-phase
ion-molecule reactions of polyatomic species and the role of both long-range and short-range effects in
determining conformational differences in chemical reactivity.

Results

Experimental setup

The experimental setup, Fig. 1a, consisted of a molecular beam apparatus interfaced with an ion
trap, see Methods and references [14, 17, 19]. Briefly, an internally cold beam of the neutral reaction
partner DBB seeded in neon carrier gas was formed by pulsed supersonic expansion and passed through
a series of skimmers and an electrostatic deflector before it reached the ion trap. The deflector’s
inhomogeneous electric field allowed the separation of the polar gauche conformer of DBB (dipole
moment µgauche = 2.29 D) from the apolar s-trans conformer (µs−trans = 0). In the ion trap, laser-
cooled Ca+ ions formed a Coulomb crystal [6] and served as a collision target for the molecular beam.
Different conformers of DBB were selectively brought into reaction with the Ca+ ions by vertically
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be CaBr+2 (200 u), which was however not detected (see Sec. S2 in the Supplementary Information).
Excess kinetic energy after the reaction or excitation by the UV cooling laser for Ca+ could lead to its
rapid dissociation to CaBr+. A (H)Br+ fragment was also not detected. Consequently, the reaction
leads to a Br-abstraction from DBB and a localisation of the charge on either CaBr+ or the butadiene
moiety. The observation of C4H

+
n fragments points to H-loss from the expected C4H

+
4 product [32].

The reaction kinetics for the observed products C4H
+
n and CaBr+ can thus be modeled using the

following equations,

Ca+ +C4H4Br2
k(1)
→ CaBr+ +C4H4Br (1)
k(2)
→ C4H

+
n +CaBr2 + (4− n)H (2)

with bimolecular rate coefficients k(1,2). To explore the reaction kinetics, the number of Ca+ and C4H
+
n

ions were determined as a function of reaction time using the TOF-MS in high-resolution mode [31] in
separate experiments (Fig. 2b). The event rate of CaBr+ detection was too low to measure its kinetics
of formation with sufficient statistics. Fig. 2b compares the decrease of Ca+ ions in the crystal due
to reaction with DBB (yellow data points) with the formation of the product fragment C4H

+
n (purple

points). The data of the latter are scaled by a factor of 10 for clarity. For reference, decay of Ca+

caused by background collisions is also shown (grey points). Due to the constant DBB density nDBB

in the molecular beam, the reaction kinetics was modeled using a pseudo-first-order rate law, i.e.

d

dt
nCa+ = −k̃totnCa+ , (3)

d

dt
nC4H

+
n

= k̃(2)nCa+ . (4)

Here, k̃tot = k̃(1) + k̃(2), is the total decay rate of Ca+ and k̃(1,2) = k(1,2)nDBB are pseudo-first-order
rate coefficients. The solutions are

nCa+(t) = nCa+(0) e
−k̃tott, (5)

nC4H
+
n
(t) = nCa+(0)

k̃(2)

k̃tot

(

1− e−k̃tott
)

, (6)

where nCa+(0) is the initial Ca+ density at t = 0. The equations (5) and (6) were independently fitted
to the corresponding data (solid lines in Fig. 2b) to determine k̃tot. From the fit of equation (6) to the
C4H

+
n data, a value k̃tot = 5.4(3)×10−3 s−1 was found. Fitting the Ca+ decay using equation (5) yields

a value of k̃tot = 5.6(4)× 10−3 s−1 after background correction. The good agreement between the two
independently determined values for k̃tot confirms that C4H

+
n is indeed a product of the bimolecular

reaction (2). The small yield of C4H
+
n indicates a small branching ratio k(2)/ktot. The kinetic model

then implies that CaBr+ should be formed in much larger quantities, which is however not observed
in the TOF-MS (Fig. 2a) An explanation could be increased loss of heavier product ions from the ion
trap. The effective rf-trapping potential is inversely proportional to the ion mass, which leads to their
localization further away from the laser-cooled Ca+ core and renders sympathetic cooling less efficient
[33].

Conformer-specific rate coefficients

To investigate the effect of the molecular conformation of DBB on the reaction kinetics, the electrostatic
deflector was used to prepare samples with well-defined conformational compositions. A density profile
of the DBB molecular beam along the deflection coordinate (a deflection profile) was measured by
vacuum ultraviolet (VUV) ionization of DBB at the position of the ion trap (Fig. 3a) [17]. With the
deflector turned off (deflector voltage 0 kV), the molecular beam contained a thermal 1:3.3 mixture
of the gauche and s-trans conformers of DBB, respectively. At a deflector voltage of 13 kV, the
gauche-DBB conformers were deflected away from s-trans-DBB in the beam and produced a shoulder
at high deflection coordinates in the density profile. A Monte Carlo simulation of deflected DBB
trajectories yielded good agreement with the experimental data for a rotational temperature of 1 K
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that all but one combinations of both conformers of DBB and the electronic states of Ca+ considered,
the kinetics and dynamics of the title reaction can adequately be described by capture theory and are
thus governed by long-range intermolecular forces, in this case ion-dipole interactions. The exception
is the reaction of gauche-DBB with Ca+ in its ground state, which was found to be considerably
slower than the capture limit. Thus, in order to gain a more in-depth understanding of the reaction
dynamics, additional computational studies were carried out including electronic structure calculations
and reactive molecular dynamics simulations.

Potential energy surface and reaction pathways

To gain further insights into conformationally dependent reaction pathways of the title reaction and ra-
tionalize the experimental findings, quantum-chemical calculations of the PES were performed. Recent
calculations at the explicitly correlated coupled cluster level of theory [CCSD(T)-F12] revealed that
gauche-DBB lies 0.049 eV [2.22 kcal/mol] higher in energy than s-trans DBB and that an activation
barrier of 0.18 eV [4.15 kcal/mol] is required to interconvert the two conformers by torsion along the
central C-C bond [17].

Fig. 5 depicts the energetically lowest reaction channels found by a scan of possible chemically
distinct reaction pathways, as well as products, based on the assumption that the formation of the Ca-
Br ionic bond is the driving force of the overall reaction. Fig. S6 of the SI shows all reaction pathways
identified including ones with higher barriers. Intrinsic reaction coordinates (IRCs) and zero-point-
energy corrections have been obtained at the spin-unrestricted B3LYP/TZ level of theory. Electronic
energies of the stationary points have been recomputed at the CCSD(T)-F12/DZ level of theory. All
computational details, including quality checks for the IRCs and single-reference-character checks of
the PES are described in the Methods section and the Supplementary Information. Spin-restricted
Hartree-Fock and B3LYP orbitals of the stationary-point structures were used for a chemical analysis
of the reaction channels (the most important valence orbitals for every stationary state compound are
depicted in Tables S4 and S5 of the Supplementary Information.).

The reaction of Ca+ (4s) 2S1/2 with DBB can initiate via the addition of Ca+ to either the bromine
moieties or to the π-electron system of DBB. The relevant reaction intermediates are shown in Fig. 5
(I2 and I1t/g). For both s-trans-DBB and gauche-DBB, an η4-coordination of a singly occupied orbital
of the π4 system of DBB− to Ca2+ emerges as a stable intermediate (I1t/g) with similar energies. In
these intermediates, a single electron transfer from Ca+ to DBB has occurred and the Ca2+ moiety
is stabilized by strong σ-back-donation from the bromine atoms. Our results suggest that the s-
trans adduct is energetically slightly favoured over the gauche adduct (energy difference ≈ 3 kcal/mol
[0.13 eV]). For gauche-DBB, we also found an adduct intermediate I2 similar in energy to I1g in
which both bromine groups coordinate to Ca+. In this case, the calcium moiety has not undergone
an electron transfer. These intermediates in the three entrance channels stabilize by 23–25 kcal/mol
(1.00–1.08 eV) with respect to their reactant state via a barrier-less reaction path.

From all three entrance-channel intermediates (I1t/g and I2), a Br− migration from the DBB
moiety to calcium over a low-lying transition state (activation energy <3 kcal/mol [0.13 eV]) was found
forming intermediate I3. This intermediate displays a strong energetic stabilisation (≈46.5 kcal/mol
[2.02 eV] with respect to the gauche-DBB reactant state) and exhibits an allene radical structure with
the remaining DBB bromine coordinatively binding to CaBr+. CaBr+ dissociation from I3 yields
the product P1 (CaBr+, C4H4Br) which is energetically stabilized by ≈15.7 kcal/mol (0.68 eV) with
respect to the gauche-DBB reactant state. The ionic product of this pathway, CaBr+, is observed in
the experimental mass spectra (Fig. 2 (a)).

Another pathway originating from I3 via its conformer I4 was found to feature a second Br−

migration to CaBr+ via TS4 to I5. In I5, perpendicular π4 and π2 systems have formed with the
singly occupied molecular orbital (SOMO) being the HOMO of the π4 system (for depictions of the
orbitals see Table S4 of the SI). Strong σ-back-donation from CaBr2 stabilizes the uncommon electronic
structure of the C4H+

4 species . Dissociation of CaBr2 then results in the energetically most favoured
product P2 (CaBr2, C4H+

4 ) where the SOMO exhibits a spiral π-system, typical for cumulenes. P2 is
energetically stabilized with respect to the gauche-DBB reactant state by ≈23.6 kcal/mol (1.02 eV).
The ionic product of this pathway, C4H+

4 , and fragmentation products thereof are observed in the
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a few 10 K.[36].
On the other hand, molecules in low rotational states states can display significant weak-field-

seeking behaviour which leads to anti-orientation of the dipole in the electric field [37]. This effect is
entirely quantum mechanical in nature and in the present case it is expected to be particularly im-
portant for intramolecular geometries between the long-range electrostatically dominated regime and
chemical bonding. From simple estimates and for the relevant ion-molecule distances of a few nanome-
ter to a few 100 picometer, both the translation time and the re-orientation time of the molecular
dipole in the field of the ion are on the order of some picoseconds. In the most obvious way, this would
lead to "inverted" approach geometries and thus reduce the reaction rate for gauche DBB, but more
generally this effect indicates that intricate details of the PES could be very relevant with respect to
modified entrance-channel geometries and dynamics. In the present experiment, low rotational states
for DBB are most prevalent and neglect of this in the MD simulations is potentially critical for cor-
rectly describing the reaction dynamics. Full dimensional quantum dynamics simulations for systems
of this size are currently unfeasible, but a possible alternative is to precompute geometry-dependent
Stark-effect-corrected effective interaction energies and add those to the energy function used in the
MD simulations. This, however, is beyond the scope of the present work.

Lastly, multi-reference and non-adiabatic effects could influence the dynamics in the present sys-
tem. Checks for a possible spin contamination of the stationary points displayed in Fig. 5 remained
inconspicuous, see Tables S3 and S2 in the Supplementary Information. Thus, while these tests did
not reveal any obvious multireference effects in the present system, a possible role of non-adiabatic
dynamics cannot be ruled out until the lowest excited states of the system and potential crossings be-
tween them have been thoroughly explored which, however, is outside the scope of the present study.
Along similar lines, the trajectory calculations do not explicitly account for long-range charge trans-
fer. All electronic effects are "only" accounted for within the concept of a Born–Oppenheimer PES.
It is conceivable that electronic structure calculations at almost all levels of theory are incapable of
capturing such effects.

Finally, we note that an isomeric effect was also observed in Ref. [38] where the reaction of N+ ions
with s-cis-dichloroethylene (C2H2Cl2) was found to be considerably slower than predicted by capture
theory while the rate coefficient of the s-trans species agreed very well with the theoretical predictions.
In that study, it was speculated that the reason for this discrepancy for s-cis-C2H2Cl2 is a mismatch
between the direction of most favoured attack for short-range charge transfer and the direction of
the long-range approach of the collision partners along the axis of the molecular dipole. While this
explanation is in line with the finding in the present system that the attack of Ca+ occurs exclusively
along the direction of the molecular dipole of the gauche conformer of DBB leading to the formation
of intermediate I2, it does not rationalize the reduced reactivity in the present case according to our
trajectory calculations.

Summary and Conclusions

We performed reaction experiments with conformer-selected 2,3-dibromobutadiene from a molecular
beam with trapped and laser-cooled Ca+ ions. TOF mass spectra identified C4H

+
n and CaBr+ as

the main ionic reaction products. An analysis of the reaction-rate dependence on both the molecular
conformation of DBB as well as the electronic-state population of Ca+ revealed two kinetic regimes.
With Ca+ in either of the 2P1/2,

2D3/2 excited states, the kinetics were capture-limited for both DBB
conformers and the rate coefficient of gauche-DBB was enhanced compared to the s-trans conformer
due to the interaction of its permanent electric dipole moment with the ion. For reactions with Ca+

in its 2S1/2 ground state, the rate coefficient with s-trans-DBB was also found to be capture-limited.
However, reactions of gauche-DBB were strongly suppressed to about one tenth of the capture limit.

The experimental findings were analysed using adiabatic-capture-theory calculations and reactive
molecular dynamics simulations on a full-dimensional, machine-learned PES. For both isomers the
abstraction reaction for forming CaBr+ is direct with rare formation of an intermediate with lifetimes
longer than 1 ps. For the s-trans conformer, the simulations yielded near-quantitative agreement with
experiments for the rate coefficient. This is consistent with findings for reactive atom+diatom systems
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using similar computational approaches.[36] On the other hand, the computations overestimated the
reaction rate for the gauche conformer, which features two possible reaction pathways, by an order
of magnitude compared with experiment. Again, this has been found, for example, for the MgO+

+ CH4 reaction, for which the computed rate differed from experiments by one order of magnitude
but showing the correct temperature dependence.[39] The reason for the discrepancies in both cases
may be limitations in the electronic structure methods that can be applied to the systems of interest
given their size, omitting non-adiabatic effects, or neglect of purely quantum-mechanical re-orientation
effects of the cold polar molecule in the electric field of the ion. Further studies are required to clarify
these possibilities.

The present study highlights the important role of molecular conformation in gas-phase ion-molecule
reactions already in moderately complex polyatomic systems. While previous studies of conformer-
selected ion-molecule reactions [14, 18] mainly uncovered conformational dependencies due to differ-
ences in long-range interactions, the current results suggest that short-range conformational effects
strongly suppress the reactivity of the gauche-conformer, which still needs to be explained.

Moreover, although the actual – time-resolved – elementary dynamics of similarly controlled molec-
ular systems were experimentally observed [40], unravelling the underlying dynamics of bimolecular
reactions such as the present one for now seems a formidable task, especially regarding problem of
defining the starting time of the individual reactions but also the low occurrence statistics of ongo-
ing reactions. The current combination of measuring time-averaged rates and molecular dynamics
simulations consistent with experimental findings is a meaningful starting point for disentangling the
chemical dynamics.
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Methods

Molecular beam

The molecular beam was generated from DBB vapour at room temperature seeded in neon carrier
gas at 5 bar. The gas mixture was expanded through a pulsed cantilever piezo valve (MassSpecpecD
ACPV2, 150 µm nozzle diameter) with a repetition rate of 200 Hz. Before entering the reaction
chamber the molecular beam passed the electric deflector [13, 14]. We measured a gas-pulse duration
of 250 µs at the position of the center of the ion trap and the propagation velocity of the resulting
molecular beam of vbeam = 843(58) m/s [19].

Ion trap and TOF-MS

The radio frequency (RF) linear quadrupole ion trap was operated at a peak-to-peak RF voltage of
VRF,pp = 800 V and a frequency of ΩRF = 2π×3.304 MHz. Laser light at the frequencies of the cooling
and repumping transitions of Ca+ at 397 nm and 866 nm, respectively, was delivered by frequency-
stabilized external-cavity diode lasers [9]. The Ca+ fluorescence generated during the laser cooling was
imaged onto a camera to obtain fluorescence images of the Coulomb crystals (see Fig. 1b).

The ion trap was radially coupled to a TOF-MS orthogonal to the molecular-beam propagation
axis for the mass and quantitative analysis of reactant and product ions [31]. Two different modes of
operation were used for the TOF-MS. For the determination of mass spectra of the reaction products,
a low-resolution mode was used to extract ions into the TOF-MS by applying a 1 µs long pulse of
4.0 kV to the repeller electrode. For the rate measurements, additional high-voltage pulses, delayed
by 0.45 µs, were applied to the extractor electrodes to selectively enhance the resolution for the Ca+

and C4H
+
n species [31]. Ions were detected using a microchannel plate detector (MCP, Photonis USA)

operated at a voltage of typically 2.3 kV placed at the end of the flight tube.

Ionization methods

Calcium atoms were ionized with femtosecond laser pulses from a Ti:Sapphire femtosecond laser (CPA
2110, Clark-MXR, Inc.) at a wavelength of 775 nm and pulse duration of 150 fs focused to a diameter
of ≈ 30 µm at the center of the ion trap. A standardized procedure was used to ionize Ca atoms and
ensure a constant size and composition of the ion Coulomb crystals as verified by TOF-MS. A pulsed
vacuum-ultraviolet (VUV) light source at 118 nm, focused down to a spot size of roughly 100 µm, was
used for soft ionization of the DBB molecules and to measure the deflection profiles [17].

Quantum-chemical calculations

The PES presented in Fig. 5 was computed with spin-unrestricted Kohn-Sham density functional theory
(UKS-DFT) using the B3LYP [41, 42] and MPW1K [43] functionals with the def2-TZVPP [44] basis
set and the Stuttgart effective core potential (ECP) [45] for the 10 inner shell electrons of bromine
accounting for scalar-relativistic effects using the Gaussian09 software package [46]. The functionals
were chosen based on earlier studies for similar systems [5, 26, 47]. With both functionals the same
topology of intermediates, transition states, and intrinsic reaction coordinates (IRCs) was obtained.
Minor differences between these methods are shown in an extended PES in Fig. S6. Intrinsic reaction
coordinates (IRCs) were found to connect all intermediates and transition states, barrierless reaction
pathways connecting reactant and product states with the respective intermediates were found in all
cases. Zero point vibrational energies were computed for all stationary points. Single point energies for
all reaction paths were recomputed with spin-unrestricted (for doublet states) or spin-restricted (for
singlet states) CCSD(T)-F12b/VDZ-F12 [48, 49] using a spin-restricted HF/VDZ-F12 reference wave
function with the Molpro program package [50, 51].

Intrinsic bond orbitals (IBOs) [52] of restricted open-shell B3LYP/def2TZVPP and HF/VDZ-F12
wave functions of the stationary point structures were computed for the chemical analysis. Orbitals
depicted in Tables S4 and S5 of the SI has been visualized by the IboView program package [53]. The
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spin contamination of the wavefunctions for the stationary points were found to be low (See tables S2
and S3 of the SI).

Machine-Learned PES and Molecular Dynamics Simulations

Machine Learning of the PES: A deep NN of the PhysNet type [35] was used to learn a full-
dimensional representation of the PES for the collision reaction up to intermediates I3, I4 and I5 (see
Fig. 5). PhysNet predicts energies, forces, dipole moments and partial charges of structures based on
a descriptor that represents the local chemical environment of each atom [35]. Provided that PhysNet
is trained on suitable ab initio data, it can be used for MD simulations with high accuracy instead of
computationally much more expensive ab initio MD simulations at a given level of electronic structure
theory.

Reference data including energies, forces and dipole moments was calculated at the B3LYP/def2-
TZVPP using Orca[54]. Relevant geometries for the collisions of Ca+ with both gauche- and s-trans-
DBB were obtained by running Langevin dynamics using the semiempirical tight binding GFN2-xTB
method [55]. Random momenta drawn from a Maxwell-Boltzmann distribution corresponding to 300 K
were assigned to DBB (note that the resulting DBB configurations also contain configurations relevant
to lower temperatures[56]). Diverse collision angles for the reaction were obtained by choosing the Ca+

position randomly on a sphere around DBB before accelerating it towards DBB. After training Phys-
Net on this initial data set, new geometries were generated using adaptive sampling[57, 58]. Adaptive
sampling is used to detect regions on the PES which are underrepresented in the reference data set
using an ensemble of PhysNet models. The final data set contained 191 982 structures covering the
separated fragments and reaction products.

PhysNet was trained following the procedure outlined in Reference 35 and using the standard hyper-
parameters as suggested therein. The resulting PES of the studied system is given by

V =

N
∑

i=1

Ei + ke

N
∑

i=1

N
∑

j>i

qiqj
rij

. (7)

Here, N and Ei correspond to the total number of atoms and the atomic energy contribution of atom i,
ke is Coulomb’s constant, qi is the partial charge of atom i and rij is the interatomic distance between
atoms i and j. Note that the partial charges are corrected to guarantee charge conservation and the
electrostatic energy is damped to avoid instabilities due to the singularity at rij = 0.[35]

Molecular Dynamics Simulations: Initial configurations for the reactive collision of DBB and
Ca+ were generated as follows: The center of mass (CoM) of DBB was placed at the origin of the coor-
dinate system with space-fixed orientation and positions of Ca+ generated by Fibonacci sampling[59]
the unit sphere. Then, the separation between the CoM of DBB and Ca+ was increased to 75 Å .
Fibonacci sampling was used to generate evenly distributed points on the unit sphere, see Fig. S8. A
center-of-mass velocity of v = 843 m/s, consistent with experiment and corresponding to a collision
energy of 2.86 kcal/mol (0.12 eV), was assigned to DBB whereas the Ca+ cation was at rest. The
impact factor b was sampled uniformly in non-overlapping intervals (i.e. [0, 1], [1, 2], . . . , [14, 15]Å)
by displacing Ca+ perpendicularly to the collision axis. 1 000 trajectories were run per impact-factor
interval for b = 0 Å. The convergence of the opacity function (w.r.t number of trajectories per impact
factor) was tested for gauche-DBB and impact factors between b = 7 to 10 Å. Comparing the reaction
probability obtained from 10 000 (denser Fibonacci lattice) and 1 000 initial configurations yielded the
same results within 1.5 %.

Simulations were run in the NV E ensemble using the Velocity Verlet integrator as implemented in the
atomic simulation environment[60] with a time step of ∆t = 0.25 fs. The simulations were terminated
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based on two distance criteria, i.e., for r(C− Br) > 3 Å and r(Ca− Br) < 3 Å a reaction was con-
sidered to have occurred. Additionally, the simulations were stopped and considered "nonreactive" if,
after initial approach, DBB and Ca+ were separated by more than 30Å without satisfying the criteria
for a "reactive" trajectory. At the beginning of the simulation, the structure of DBB was optimized
and remained vibrationally cold.

Two sets of simulations were carried out: The first was run without assigning any rotational energy
to the DBB molecules. This is justified by the low temperature (few K) of DBB in the experiment.
The second set included rotation of the DBB molecule to study the influence of classical rotation in
general. For this, the moments of inertia IA, IB, IC together with the three principal axes of rotation
were determined and a rotation was assigned to the principal axis with lowest IA. Simulations were
carried out at different rotational energies ER = j(j + 1)B where B is the rotational constant around
the principal axis with lowest IA.

Reaction Rates: The opacity functions in Fig. 6 represent the fraction of reactive trajectories, i.e.
P =

Nreac,b

Ntot,b
at a given impact factor b. Note that in Fig. 6 b = 0 corresponds to the simulations run

with b = 0, while b = 1 corresponds to simulations run with b = [0, 1]. The reactive cross section σ,
from which the reaction rates were obtained, was calculated according to[61]

σ = 2πbmax
1

Ntot

Nreac
∑

i=1

bi (8)

where bmax is the largest impact factor at which reactive events were observed, Ntot is the total
number of trajectories, Nreac the number of reactive trajectories and bi is the impact factor of the
reactive trajectory i. The reaction rate k is then determined from

k = σ · vrel (9)

with vrel = 843 m/s as in the experiments.
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Table S1: Assignment of molecular compounds to the TOF spectra based on the MD simulation

Mass (u) Possible compounds
50, 51, 52 C4H

+
n , n = 2, 3, 4

57 CaOH+

72 CaO+
2

120 CaBr+

200 CaBr+2

charge-induced dipole and charge-permanent dipole couplings. Figs. S2a and b show these long-range
potentials for collisions of Ca+ with gauche- and s-trans-DBB, respectively. Each set of curves cor-
responds to a different value of the total collisional angular momentum quantum number J . With
increasing J , a centrifugal energy barrier emerges. The individual curves for each value of J belong
to all rotational quantum state |j, τ,Ω〉 of DBB with angular momentum quantum number j = 4,
which is calculated to have the strongest population at T = 1 K. The quantum numbers τ and Ω
refer to the asymmetric rotor quantum number and the quantum number of the angular-momentum
projection onto the ion-molecule distance vector, respectively. Given these long-range potentials, AC
theory assigns unit reaction probability to any collision with J < Jmax, for which the centrifugal
energy barrier lies below the experimental collision energy Ecoll = 124(17) meV (black solid line in
Figs. S2a,b). For each rotational state |j, τ,Ω〉 of gauche/s-trans DBB (g/t), the corresponding value
of Jmax,g/t(j, τ,Ω, Ecoll) was determined numerically leading to a collisional cross-section [30]

σg/t(j, τ,Ω, Ecoll) =
π~2

2µEcoll

[

Jmax,g/t(j, τ,Ω, Ecoll) + 1
]2 (S1)

where µ is the reduced mass of the two collision partners. The rate coefficient was then calculated by
averaging over all rotational states of DBB assuming a thermal distribution, i.e.

kg/t(Ecoll, T ) =

√

2Ecoll

µ

∑

j,τ,Ω

pg/t(T, j, τ,Ω) σg/t(j, τ,Ω, Ecoll) (S2)

Here, pg/t(T, j, τ,Ω) is the thermal population of a given rotational state at the rotational temperature
T .

Figs. S2a,b show that the centrifugal barrier increases faster with J for s-trans-DBB than for
gauche-DBB such that the maximum collisional angular momenta for a reactive encounter at the
experimental collision energy are Jmax,t ≈ 308 and Jmax,g ≈ 427, respectively, implying a larger
cross-section ∝ J2

max for gauche-DBB. For the lowest values of J , one notices a steeper slope of the
ion-molecule potential for gauche-DBB. This points to a stronger attractive interaction between the
ion and the permanent dipole of gauche-DBB as opposed to the apolar s-trans conformer and explains
the calculated difference in conformer-specific reaction rates. The anisotropic charge-permanent dipole
interaction of gauche DBB, which is absent for s-trans DBB, also leads to a stronger dependence of its
rotationally adiabatic potential on the rotational state. This appears as a larger spread between the
different potential energy curves for a given value of J .

S3 Determination of Ca+ electronic state populations

The polarization of the 866 nm repumping laser was adjusted to optimize the repumping efficiency.
First, the polarization was cleaned with a polarizing beam-splitter and then rotated using a half-wave
plate. Then, the 866 nm beam was combined with the 397 nm light on a dichroic mirror and directed
at the ion trap. The polarization of the 397 nm laser was not controlled, since the OBE simulation was
found to be insensitive to it. The Ca+ fluorescence was then measured while varying the polarization
angle of the 866 nm repumping laser (Fig. S3). The fluorescence data were fitted using the OBE
prediction for the P-state population. At a 90◦ polarization angle relative to the magnetic field axis
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Fig. S3: Polarization scan of the repumper. Ca+ fluorescence measurement as a function of the
866 nm laser beam polarization angle (data points) and simulated curve from the OBE model. Error
bars correspond to one standard deviation.
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Fig. S4: Fluorescence dependence on laser detunings. Ca+ fluorescence measurement (data
points) as a function of the 866 nm repumping laser detuning (a) and the 397 nm cooling laser detuning
(b). The solid lines are fits to the data based on the OBE model. Error bars correspond to one standard
deviation.
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Fig. S5: Ca+ state population dependence on the repumper detuning. State populations
calculated using the OBE with fit parameters from Fig. S4a as function of the 866 nm repumping laser
detuning.

27





Table S2: Comparison of single-point energies and squared-spin-operator expectation values 〈S2〉 for
MPW1K/def2-TZVPP+ECP.

Name
MPW1K/

def2-TZVPP
MPW1K/

def2-TZVPP+ECP
〈S2〉

gauche 0.00 0.00 -
s-trans -2.19 -2.04 -

I1g -33.12 -30.84 0.7652
I1t -36.77 -34.31 0.7697
I2 -26.15 -22.50 0.7503
I3 -54.12 -50.32 0.7920
I4 -54.46 -49.55 0.8121
I6 -60.89 -57.02 0.7854

TS1g -31.39 -27.51 0.7789
TS1t -32.82 -28.88 0.7699
TS2 -24.95 -21.41 0.7504
TS3 -53.06 -48.45 0.8053
TS4 -42.82 -39.46 0.7988
P1 -22.13 -17.70 0.8113
P2 -31.38 -28.00 0.7928
P3 -22.89 -18.95 0.7946

Table S3: Comparison of single-point energies for spin-unrestricted B3LYP and spin-restricted open-
shell B3LYP (ROB3LYP) as well as squared-spin-operator expectation values 〈S2〉 for B3LYP/def2-
TZVPP+ECP.

Name
B3LYP/

def2-TZVPP
B3LYP/

def2-TZVPP+ECP
〈S2〉

ROB3LYP/
def2-TZVPP+ECP

gauche 0.00 0.00 - 0.00
s-trans -1.85 -1.79 - -1.77

I1g -27.58 -25.43 0.7551 -24.64
I1t -31.05 -28.92 0.7566 -28.05
I2 -26.19 -23.23 0.7503 -23.14
I3 -54.26 -51.56 0.7685 -49.68
I4 -54.01 -50.50 0.7776 -48.08
I5 -59.51 58.27 0.7643 -57.16
I6 -60.58 -58.16 0.7670 56.37

TS1g -26.40 -23.36 0.7588 -22.40
TS1t -29.35 -26.41 0.7622 -25.29
TS2 -23.87 -20.88 0.7503 -20.74
TS3 -52.73 -49.48 0.7746 -47.22
TS4 -49.92 -46.49 0.7739 -44.31
TS5 -56.78 -54.52 0.7624 -53.51
P1 -23.20 -20.22 0.7769 -17.83
P2 -39.20 -37.59 0.7649 -36.36
P3 -24.39 -21.98 0.7713 -19.92
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S5 PhysNet potential energy surface

Fig. S8: Fibonacci lattice mapped onto the surface of a sphere generating a homogeneous point
distribution on the unit sphere.
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Fig. S9: Histogram of the DBBCoM - Ca+ distances for all trajectories run for gauche-DBB at fixed
time intervals. Compare to Fig. 7 of the main text.
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