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Quantum-chemistry-aided identification, synthesis
and experimental validation of model systems for
conformationally controlled reaction studies:
separation of the conformers of
2,3-dibromobuta-1,3-diene in the gas phasef
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The Diels—Alder cycloaddition, in which a diene reacts with a dienophile to form a cyclic compound,
counts among the most important tools in organic synthesis. Achieving a precise understanding of its
mechanistic details on the quantum level requires new experimental and theoretical methods. Here, we
present an experimental approach that separates different diene conformers in a molecular beam as a
prerequisite for the investigation of their individual cycloaddition reaction kinetics and dynamics under
single-collision conditions in the gas phase. A low- and high-level quantum-chemistry-based screening
of more than one hundred dienes identified 2,3-dibromobutadiene (DBB) as an optimal candidate for
efficient separation of its gauche and s-trans conformers by electrostatic deflection. A preparation
method for DBB was developed which enabled the generation of dense molecular beams of this
compound. The theoretical predictions of the molecular properties of DBB were validated by the
successful separation of the conformers in the molecular beam. A marked difference in photofragment
ion yields of the two conformers upon femtosecond-laser pulse ionization was observed, pointing at a
pronounced conformer-specific fragmentation dynamics of ionized DBB. Our work sets the stage for a
rigorous examination of mechanistic models of cycloaddition reactions under controlled conditions in
the gas phase.

organic synthesis, rigorously defined mechanistic pathways are
an important resource for reaction developers. The Diels-Alder

Besides polar and radical reactions, pericyclic processes are one
of the three fundamental reaction types that form the basis of
synthetic organic chemistry. Given their great significance in
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cycloaddition," in which a diene and a dienophile react to form
a cyclic product, is a practical and widely used pericyclic
reaction in organic synthesis. While the broad strokes of its
mechanism are well understood, the detailed reaction manifold
for any given substrate is often extensively discussed.”” Given
its mechanistic subtleties and its importance, the Diels-Alder
reaction has served as a test-bed for establishing new types of
mechanistic analysis.® In case of the “canonical” concerted
pathway, which involves a cyclic transition state and is widely
discussed in the literature,>” only the s-cis conformer of the
diene reacts to form the cyclic product — while in a stepwise
mechanism also the s-trans conformer can contribute to the
reaction. Stepwise pathways become particularly important for
ionic variants of the reaction, i.e., polar cycloadditions, for
which traditional concepts for rationalizing the mechanism
such as the conservation of orbital symmetry break down.*”"%*°
Thus, an experimental investigation of the mechanistic impact
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of individual rotamers is clearly warranted. This, however,
requires a way to probe the reactivities of the individual
conformers of a specific diene, a difficult task under standard
liquid-phase reaction conditions.

In recent years, molecular beams have become an important
tool for the investigation of gas-phase chemical reaction
dynamics under highly controlled conditions."™"* In particular,
the use of inhomogeneous electric fields has enabled the
electrostatic deflection and thus spatial separation of different
molecular conformers and isomers according to their different
electric dipole moments."*"” The combination of such a
“controlled” molecular beam with a stationary reaction target
of sympathetically cooled molecular ions in an ion trap forms a
powerful tool for studies of the kinetics and dynamics of ion-
molecule reactions.'>'®® Recently, this approach has enabled
the measurement of individual chemical reactivities of the cis
and trans conformers of 3-aminophenol with trapped Ca’
ions'®'® and of the two nuclear-spin isomers of water'® toward
trapped diazenylium ions (N,H') in a proton-transfer
reaction.'” Consequently, molecular beams in conjunction with
ion traps offer a direct and precise way to measure conformer-
specific rate constants and thus to investigate the reaction
mechanism of polar cycloadditions. The key challenge is the
identification of suitable model systems amenable to a charac-
terisation under these specific experimental conditions. In the
present context, this means that (i) both reactants, the diene
and the dienophile, need to be volatile enough to enable their
preparation in the gas phase, (ii) the energy difference between
the s-cis and s-trans conformers of the diene needs to be small
enough so that both can be populated in the cold environment
of a supersonic molecular beam, and (iii) the difference of
their permanent dipole moments in the molecular frame needs
to be large enough to enable their efficient electrostatic
separation.''®

The selection of an optimal model system is, therefore, a
multi-dimensional optimization problem. Traditionally, the
choice would be guided by chemical and physical insight.
Nowadays, numerical simulations of reactions can provide
meaningful atomistic insights to support experimental
efforts.®® In the context of designing experiments, virtual
screening has proven to be a powerful approach for suggesting
compounds matching the physical and chemical properties of
interest. Computational screening has already been success-
fully applied in protein, materials and catalytic design.>'"**
Here, we apply this approach to identify optimal dienes suitable
for controlled gas-phase polar cycloaddition reactions.

This article combines methods of theoretical, organic, and
physical chemistry to lay the foundations for a subsequent
experimental characterization of conformational effects in
polar cycloaddition reactions. Quantum-chemical calculations
were performed to screen the reactant space for a diene with
physical properties optimized toward its use in conformer-
selected reaction-dynamics experiments in the gas phase.
A synthesis for the theoretically identified optimal diene,
2,3-dibromobutadiene (DBB), was then developed. Finally, the
physical properties of the compound were validated in a
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molecular-beam experiment separating the two conformers by
electrostatic deflection.

2 Theoretical and
experimental methods
2.1 Theoretical screening

We applied the concept of computational screening towards
the problem of exploring chemical space from first principles®*
in order to find a polar diene for conformer-selective Diels-
Alder cycloadditions. The chemical role of polar dienes in
Diels-Alder reactions was already explored computationally in
various preceding studies, see, e.g., ref. 10 and 25. Efficient
electrostatic separation necessitates a certain difference in
electric dipole moments Ay between the s-cis and s-trans
conformers of the diene.'"** Moreover, a small energy difference
AE between the ground states of the conformers is required to
ensure a significant thermal population of both species in the
molecular beam. For a successful experiment, a suitable diene has
to be identified which satisfies both of these conditions.

High-throughput based virtual design of novel compounds
typically starts from an initial scaffold, which can easily be
modified at multiple sites through functionalization by sub-
stituting atoms or functional groups.>” Theoretical screening
then yields the best mutated combinations selected according
to their proximity to the desirable physical or chemical target-
property values.

In the present work, we computationally searched the
chemical space of butadiene derivatives for which the s-cis
and s-trans isomers exhibit maximal and minimal differences
in dipole moments and energies, respectively. Substituting CH,
in positions 1 and 4 by NH, or O, and substituting the hydrogen
attached to carbon in position 2 and 3 by halogens (F, Cl, Br, I),
a preliminary density functional theory (DFT) based scan of
144 candidates, not accounting for symmetrically redundant
species, resulted in the identification of di-halogen substituted
butadiene as a promising series of candidates for experiments.
Due to the chemical reactivity of iodine-substituted compounds,
potentially hampering subsequent synthetic efforts, we have only
included the difluoro, dichloro, and dibromo 2,3-substituted
butadienes for further in-depth theoretical analysis.

Torsional energy profiles were subsequently calculated for
all three species using DFT with the double-hybrid functional
DSD-PBEP86-D3BJ*® and a large basis set (def2-QZVPP)*°
which was previously shown to give good performance for the
prediction of torsional potential energy surfaces of similar
molecules.*® For the torsional profiles, the geometry optimiza-
tions were restricted by keeping the torsional angle @ = Oy;c.
cc-y constant, imposing achirality. The entire range of 0° <
© < 180° was scanned in steps of A@ = 20°. Note that due to
the applied constraints for the torsional angles throughout the
geometry optimization, the torsional profile is symmetric
[E(360° — @) = E(O®)]. Calculations were carried out with the
Gaussian09 program package.*"
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2.2 Stark-energy and trajectory simulations

To theoretically assess the behaviour of DBB in an electrostatic
deflection experiment, Stark energies and effective dipole
moments of individual rotational states of DBB were calculated
using the CMiIstark software package.’”> The calculated rota-
tional constants and dipole moments as listed in Table 2 were
used as input parameters. The Stark energies served as input
parameters for simulating state-specific deflection profiles of
the molecular beam by the electrostatic deflector with a home-
made software package based on CMifly.'!

Trajectory simulations were carried out for gauche-DBB with
10° molecules for each rotational state up to a maximum
rotational quantum number of J,.x = 20. For the apolar
s-trans-DBB, only a single quantum state, J = 0, needed to be
simulated with a total number of 10° trajectories. In all cases,
initial positions were uniformly sampled across the cross
section of the orifice of the gas nozzle generating the molecular
beam. The initial velocities of the molecules were sampled from
a normal distribution. The velocity distribution was matched to
the experimentally determined mean longitudinal velocity
of 843 m s ' with a longitudinal velocity spread of 10%.
A transverse velocity spread of 4 m s~' was chosen to match
the divergence of the beam to the acceptance angle of the
skimmers in the assembly. According to the theoretical energy
difference between the ground states of gauche- and s-trans-DBB
in Table 2, the ratio of their thermal populations at room
temperature iS pgauche/Perans = 0.30, taking into account the
two-fold degeneracy of the gauche structure, see Fig. 2. This
ratio was used to scale the simulated deflection profiles of the
two species.

In order to calculate thermally averaged deflection profiles
n,7(y), i.e., the beam density n at a specific deflection coordi-
nate y, for each conformer (¢ € {gauche,s-trans}) at a specific
rotational temperature 7, we followed a similar procedure as
before."”** For each rotational quantum state | Jx x M), histo-
grams of the arrival positions n. x m(y) normalized by the
initial sample size were extracted from the simulated trajec-
tories. Here, J is the quantum number of the angular momen-
tum neglecting nuclear spin, i.e., for the rotation, K, and K, are
pseudo-quantum numbers for the projection of the angular
momentum onto the a and ¢ molecular axes, and M is the
quantum number for the projection of the rotational angular
momentum onto the external quantization axis. Thermal
averaging was performed using the relation

Jmax J

ner(y) = Z—GZ Z X:OgMe_E’K“K"/kBT Nejkkem (¥), (1)

7 J=0 Kq,Kc M=

with the partition function

Jmax

J=0 Ky K. M=0

N, =

Here, kg denotes the Boltzmann constant, p, are the popula-
tions of the conformers at room temperature and Ej x_are the
field-free rotational energies. The degeneracy factor g, takes
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values gy, = 1 for M = 0 and gy, = 2 for M > 0. The total thermal
deflection profile was calculated from the sum of the deflection
profiles of the gauche- and s-trans-conformers,

ntot,T(y) = ngauche,T(y) + ns-trans,T(y)' (3)

2.3 Synthesis of DBB

Since DBB is an unstable compound which is not commercially
available, we needed to devise a synthesis that delivered the
material in sufficiently high purity and quantity for molecular-
beam experiments. Prior to this work, stewart Jr. et al>*
reported a synthesis of DBB from 1,4-dihalo-2-butyne and a
cuprous halide which formed activated halide ions present in
solution. DBB was obtained through continuous distillation
during the reaction. After extensive screening of potential
conditions, we found that the elimination reaction of 1,2,3,4-
tetrabromobutane (TBB) with the sterically hindered base
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) primarily delivered
the elimination product DBB. The most effective conditions
involved adding DBU to a solution of TBB in diethyl ether under
a constant stream of nitrogen, with Nal as an additive to
accelerate the substitution. Under these conditions, near com-
plete conversion to DBB was observed after 1 hour of reaction
time. The purified sample was directly used in the molecular
beam apparatus. Further information on the synthesis can be
found in the ESIL.t

2.4 Experimental setup for conformer separation

A schematic of the experiment is depicted in Fig. 1. Details of
the experimental setup have also been described in our earlier
Work.16718,35

Briefly, a supersonic jet of DBB seeded in neon was gene-
rated using a pulsed gas valve and passed through two skimmers
before entering the electrostatic deflector. The resulting molecular
beam contained a mixture of the gauche and s-trans conformers of
DBB. The inset of Fig. 1 depicts the inhomogeneous electric field
in the deflector with a cross marking the nominal molecular beam
axis. Here, the two conformers were angularly dispersed and thus
spatially separated according to their different dipole moments."*
Behind the deflector, the molecular beam was directed at a linear-
quadrupole ion-trap (LQT) coupled to a time-of-flight mass
spectrometer (TOF-MS). The entire molecular beam setup can
be tilted vertically with respect to the TOF-MS, which allows
probing different regions of the dispersed molecular beam. The
tilting angle thus defines a deflection coordinate y. When entering
the TOF-MS, the DBB molecules were ionized by either pulsed
vacuum-ultraviolet (VUV) radiation or femtosecond (fs) laser
pulses and accelerated onto a microchannel-plate detector
(MCP) using high-voltage electrodes.

2.4.1 Molecular beam. The molecular beam was generated
from DBB vapor at room temperature seeded in neon carrier
gas at 5 bar. The gas mixture was pulsed through a cantilever
piezzo valve (MassSpecpecD ACPV2, 150 um nozzle diameter) at
a repetition rate of 10 Hz and a gas-pulse duration of 250 ps at
the position of the LQT. The velocity of the molecular beam in
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the direction of propagation beam was measured in the
same way as described in Kilaj et al.’” and yielded a value of
843(58) m s~ . To determine the density of DBB in the mole-
cular beam, we first calibrated the absolute sensitivity of the
TOF-MS by loading Coulomb crystals of defined ion number in
our ion trap.*® Then, following ref. 37 and 38, we measured
the total ion yield of DBB from the molecular beam using
ionization with 150 fs, 775 nm laser pulses. Observing the
logarithmic increase of ion yield with laser intensity*® allowed
us to estimate a DBB peak density of 7.8(5) x 10" cm >. For
deflection experiments, a voltage of 13 kV was applied between
the two 15.4 cm long deflector electrodes, held at a distance
of 1.4 mm, to generate the required vertical electric field
gradient.'"'7'%3% By comparison of the measured deflection
profiles with Monte-Carlo simulations,'®'”** a rotational
temperature of 1.0 K could be estimated.

2.4.2 Ton trap and TOF-MS. The LQT is connected to a
time-of-flight mass spectrometer (TOF-MS) orthogonal to the
molecular-beam propagation axis for quantitative mass
analysis.*® To enable a better mass selection in the TOF-MS, a
voltage of 500 V was applied to the four end caps of the trap. For
extraction of the ionized species, a permanent voltage of 4.0 kv
was applied to the repeller electrode. A microchannel plate
detector (MCP, Photonis USA) operating at a typical voltage of
2.3 kV was placed at the end of the flight tube.

2.4.3 Femtosecond and VUV ionization. Non-resonant
multi-photon ionization of the DBB molecules was performed
with 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 um in the sample.
In addition, a vacuum-ultraviolet (VUV) light source was used
for soft ionization of the DBB molecules. Similar to other
work,**"*! pulses of 118 nm light were generated using third-
harmonic generation (THG) by focusing the third harmonic
output beam of a Nd:YAG laser (Quantel Brilliant, 355 nm,

13434 | Phys. Chem. Chem. Phys., 2020, 22, 13431-13439

View Article Online

PCCP
Molecular beam
|
Piezo valve
Electrostatic
deflector 2
' -_ &
: - | Skimmers

2 4 150
m
2 =
gauche-DBB 5 \2 z 100 i’
_23D = E O =
i Br & vuv ~ =
. ) N
~ optics detector [}
Br)%‘/ . - —4 0 32
s-trans-DBB -4 -2 0 2 4
u=0 X (mm)
. McP

Fig. 1 Overview of the experimental setup.

5 ns) into a gas cell containing a phase-matched gas mixture of
xenon and argon (ratio 1:10, total pressure 100 mbar). The
pump laser was operated at a repetition rate of 10 Hz and the
pulse energy was set to 25 m] such that a UV to VUV conversion
efficiency of approximately 10> was achieved. The VUV beam
was re-focused (spot size ~100 um) into the trap chamber at
the center of the ion trap with a single MgF, lens (Thorlabs,
f =200 mm) at a distance of 120 mm from the UV-laser focus
(spot size ~15 pm). Owing to its stronger index of refraction in
the VUV, the MgF, lens also served as an optical element to
separate the pump-laser beam from the VUV beam. A LiF
window was used to seal off the ultra-high-vacuum chamber
housing the ion trap from the VUV-generation chamber. In
order to block the 355 nm pump-laser beam and prevent it from
entering the interaction region or damaging the UV sensitive
LiF window, a MACOR-protected pinhole was installed in front
of the LiF window. The VUV detector was fabricated from two
copper electrodes with a typical bias voltage of about 1 kv and
the VUV-induced photocurrent was measured through the
resulting voltage across a 50 Q resistor.

3 Results and discussion
3.1 Torsional profiles of the 2,3-dihalobutadienes

A graphical representation of the calculated torsional profiles
of the 2,3-difluoro-, dichloro-, and dibromobutadienes is shown
in Fig. 2a. The global minimum was found to be the s-trans
structure (at @ = 180°) in all cases. Local minima were found to
be near gauche (rather than s-cis) structures at torsional angles
varying from © = 50° to 60° depending on the specific molecule.

Subsequently, differences in potential energy and absolute
dipole moment between the local and global minima were
calculated including harmonic and anharmonic thermal correc-
tions of zero-point vibrational energy and Gibbs free energy.

This journal is © the Owner Societies 2020
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Fig. 2 (a) Cuts through the potential energy surface of 2,3-dibromo-

1,3-butadiene  (CH,=C(Br)-C(Br)=CH,), 2,3-dichloro-1,3-butadiene
(CH,=—C(Cl)-C(Cl)=—CHy), and 2,3-difluoro-1,3-butadiene (CH,—C(F)—
C(F)=CH,) along the torsional coordinate © calculated using the DSD-
PBEP86-D3BJ functional. Due to the symmetry of the molecules, the
torsional profiles are symmetric with respect to mirroring at ©® = 180°. The
figure shows relative energies AE referenced to the energies of the s-trans
structures at @ = 180°. (b) Potential energy of 2,3-dibromo-1,3-butadiene
as a function of the torsional angle @ calculated at CCSD(T)/VTZ-F12 and
DSD-PBEP86-D3BJ/def2-QZVPP levels of theory. The lowering of the
energy at the local minima due to the zero point vibrational energy (AZPE)
and the Gibbs free energy (AG) is illustrated for the gauche structure. Due
to its symmetry, the molecule exhibits two equivalent gauche structures.

The harmonic and anharmonic frequency calculations were per-
formed using DSD-PBEP86-D3B]J as implemented in Gaussian09
using the relevant symmetries. No specific parameters were
applied. The DFT results for the torsional potentials and dipole
moments were in very good agreement with CCSD(T)-F12/
cc-pVTZ-F12,**™*® calculations (Table 1). We additionally checked
if including Douglas-Kroll-Hess (DKH) scalar relativistic effects

This journal is © the Owner Societies 2020
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on the DFT calculations would effect the results. The dipole
moments reduced to 1.9369 D for dibromo-butadiene, 1.9946 D
for dichloro-butadiene, and 2.0113 D for difluoro-butadiene,
and no change was observed in the cis-trans energy differences
upon including DKH corrections. Since DSD-PBEP86-D3B]
results without DKH scalar relaxation effects are closer to the
CCSD(T)/VTZ-F12 reference, these corrections were not applied
for the results presented here. Furthermore, relaxation at the
CCSD/cc-pVTZ-F12 level resulted in geometries identical to
those found with DSD-PBEP86-D3B]J/def2-QZVPP with a root-
mean-square deviation (RMSD) of 1.9 pm between the final
geometries, confirming the reliability of our DFT predictions.

While still exhibiting non-negligible energy differences
between the conformers, see Table 1, the large dipole moment
differences among the 2,3-di[halogen]buta-1,3-diene conformers
appeared promising, motivating its selection for subsequent
experimental investigations. For instance, the dipole-moment
difference for 2,3-dibromo-1,3-butadiene was computed at the
CCSD(T)/cc-pVTZ-F12 level of theory (neglecting all relativistic
effects) to be A = 2.13 D.

As the main result of the theoretical screening, 2,3-dibromo-
buta-1,3-diene (DBB) was identified as an optimal diene for the
envisaged experiments that possesses both a sufficiently small
energy gap between the gauche and s-trans ground states as well
as a large enough difference in the electric dipole moment of
the two species (Fig. 2b and Table 2). For gauche-DBB, a dipole
moment of p = 2.29 D was calculated at the DSD-PBEP86-D3B]/
def2-QZVPP level of theory, while the s-trans isomer is apolar
on grounds of its inversion symmetry. Table 2 summarizes
the calculated energy difference as well as the absolute values of
the dipole moments and the rotational constants for both
conformers.

3.2 Simulations of the electrostatic deflection of DBB

Based on the molecular properties obtained from the com-
putations, we predicted trajectories of gauche- and s-trans-DBB
molecules through the electrostatic deflector. In Fig. 3, calculated
Stark energies (a) and effective dipole moments (b) for rotational
states with angular momentum quantum numbers up to J = 2 of
the gauche and s-trans conformers of DBB are shown as a function
of electric field strength. In the applied electric fields, all rota-
tional states of the gauche conformer are strong-field seeking with
negative Stark shifts, whereas the s-trans conformer does not
exhibit a DC Stark effect because of its vanishing dipole moment
in the molecular frame. In Fig. 3c, rotational state populations for
gauche- and s-trans-DBB at a rotational temperature of 1.0 K are
shown. At this temperature, rotational states up to J = 14 are
significantly populated and can be expected to contribute to the
beam-deflection profiles for both conformers.

The density profiles of the molecular beam along the
deflection coordinate at the position of intersection with
the probe laser (deflection profiles) are plotted in Fig. 3d for
the gauche conformer. The color-coded curves show the con-
tributions from the individual rotational states with angular
momentum up to J = 20, while the thick black line corresponds
to the total thermally averaged deflection profile at a rotational
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Table1l Differences in potential energy AE and dipole moment Au between the local and global torsional minimas of DBB including thermal corrections
at T = 298.15 K (zero-point and Gibbs free energy) for selected 2,3-dihalogen-substituted butadienes

Method

CH,—C(Br)-C(Br)=CH,

CH,—C(Cl)-C(Cl)=CH,

CH,—C(F)-C(F)—CH,

CCSD(T)/cc-pVTZ-F12
DSD-PBEP86-D3BJ/def2-QZVPP

DSD-PBEP86-D3BJ/def2-QZVPP + harm. therm. corr.
DSD-PBEP86-D3BJ/def2-QZVPP + anharm. therm. corr.

CCSD(T)/cc-pVTZ-F12
DSD-PBEP86-D3B]J/def2-QZVPP

AE (eV)

0.097 0.117 0.151
0.097 0.114 0.155
0.050 0.069 0.142
0.049 0.068 0.139
Ay (Debye)

2.1266 3.1001 2.5380
2.2963 2.3837 2.5938

Table 2 Differences in energy, dipole moments and rotational constants
of gauche- and s-trans-2,3-dibromobuta-1,3-diene (DBB) calculated at
the DSD-PBEP86-D3BJ/def2-QZVPP level of theory including anharmo-
nic thermal corrections

Rotational
constants (GHz)

Dipole

Energy moment

AE = Ecis — Etrans (eV) n (D) Ae Be Ce

gauche-DBB  0.049
s-trans-DBB

2.29
0.00

2.3526 0.8793 0.7097
4.6077 0.5997 0.5306

temperature of 1.0 K. For clarity, the contributions of the
individual rotational states have been multiplied by a factor
of 4 in the figure. The inset contains the same curves with
heights normalised to 1 to allow for a better comparison. The
grey area in the main plot is a simulation of the undeflected
beam profile, at a deflector voltage of 0 kv, which also corre-
sponds to the profile of the apolar s-trans conformer with
the deflector turned on. The rotational states of the gauche

conformer with largest deflection correspond to small J quantum
numbers. Consequently, significant spatial separation of the
gauche and s-trans conformers can only be achieved experimen-
tally for samples with a sufficiently low rotational temperature.*®

3.3 Experimental deflection profiles

In order to measure the spatial profiles of the DBB beam
emanating from the electrostatic deflector, the molecules were
ionized by laser pulses and ejected into the TOF-MS. The choice
of the ionization method turned out to be crucial. In Fig. 4a,
typical TOF-MS traces obtained using fs-laser-pulse ionization
(top trace) and VUV ionization (lower inverted trace) are shown.
While fs-laser ionization yielded a large quantity of fragmenta-
tion products of the parent DBB molecule, VUV ionization
produced a clean mass spectrum with a single peak originating
from DBB at 212 u. The inset shows an extended mass range
around the DBB peak, illustrating that other species or clusters
with larger mass cannot be observed under the present experi-
mental conditions.

0.2
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Fig. 3 Simulations. Calculated Stark energies (a) and effective dipole moments (b) vs. electric field strength for individual rotational states with J = 0,1,2
of the gauche and s-trans conformers of DBB. (c) Rotational state populations, summed over all levels with the same angular momentum quantum
number J, for gauche and s-trans DBB at a rotational temperature of 1.0 K. (d) Simulated deflection profile of the gauche conformer (black line) with its

different rotational-state contributions in color. The contributions of the
undeflected beam profile is shown by the gray area.
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different J states are color-coded according the color scale indicated. The
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Fig. 4 Deflection profiles. (a) Representative TOF-MS trace obtained
using fs-laser-pulse ionization (top trace) and VUV ionization (lower
inverted trace) of DBB. (b) Molecular-beam profiles measured using both
ionization methods at deflector voltages of 0 kV and 13 kV together with
corresponding simulations. For fs-laser-pulse ionization, the profiles for
the fragment C4H,,™ are shown. Error bars represent standard errors of at
least five independent measurements.

Analysis of the different fragment-ion signals obtained from
fs-laser ionization, Fig. 5a, revealed that most of the fragments
show distinct deflection profiles. Intriguingly, the mass signal
corresponding to the parent molecule does not seem to exhibit
deflection. This signal could in principle be generated by the
break up of larger DBB-containing clusters which may possess
only very small dipole moments, similar to the situation
observed in the deflection of H,0.'” However, DBB cluster ions
are not observed in the TOF spectra, Fig. 4a, and hence we can
essentially rule out that the lack of deflection observed for the
DBB" mass peak measured by fs ionization is due to breakup of
molecular aggregates. The different deflection profiles recorded for
ion signals of the individual fragments are caused by the fs-laser-
induced breakup of the parent DBB molecule. It is possible that the
electric field of the relatively long laser pulses drives different
dynamics for the polar gauche conformer than for the apolar s-trans
conformer, thus leading to distinct conformer-specific fragmenta-
tion patterns;”” these are further discussed on the next page.
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Fig. 5 Deflection curves of a molecular beam containing DBB probed at
different ionic fragment masses produced by fs-laser-pulse ionization.
(a) lon counts of four molecular fragments and the mass of the parent DBB
molecule vs. deflection coordinate. (b) Measured imbalance of fs-laser
jonization products between the two points A and B in (a). See text
for details. Error bars represent standard errors of six independent
measurements.

The complexity of the observed fragmentation dynamics
prevented us from unambiguously determining the deflection
profile of the DBB parent molecule using fs-laser ionization.
Therefore, we implemented soft VUV ionization, which is
capable of ionizing DBB without fragmentation as apparent
from Fig. 4a and the corresponding molecular-beam profiles in
Fig. 4b. While the data points measured with VUV (purple
triangles and circles, respectively) probe DBB directly, the data
shown for fs-laser-pulse ionization corresponds to the accumu-
lated signal for the fragments C,H," (n = 0...4) (blue triangles
and squares, respectively) produced under these conditions.
The experimental data points for VUV ionization agree very well
with the simulated thermally averaged beam profiles, which are
shown as grey dotted (0 kV) and black solid (13 kV) lines.
Corresponding individual contributions from the gauche and
s-trans conformers are depicted as the blue and orange shaded
areas, respectively. The deflection profile at 13 kv shows a tail
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towards higher deflection coordinates where simulations
indicate the presence of pure gauche-DBB. The overall very
good agreement between the measured and simulated deflec-
tion profiles allows us to confirm the successful separation
of the DBB conformers and validates the accuracy of the
theoretical calculations.

Further evidence for the separation of the gauche and s-trans
conformers can be found in the measured fragmentation
products due to fs-laser-pulse ionization of the molecular
beam. Fig. 5a shows normalized profiles of four representative
fragment families Br', C4H,", C,H,Br’, C,;H,Br" and the parent
molecule DBB" as a function of the deflection coordinate.
Clearly, the tail of the profile towards large deflection coordinates,
where one expects the contribution from gauche-DBB, varies
strongly among the different fragments, with Br' showing the
largest and DBB' almost zero amplitude. In the region around
y =~ —1 mm, this behavior is inverted. At this location, our
trajectory simulations predict a predominance of s-trans-DBB.
In order to quantify the imbalance of the observed fragment
yields for the gauche and s-trans conformers, we selected the data
points at the locations labeled A and B in the figure. From our
simulations, we estimate that the populations are pgsgans & 1
at A and pgyans & 0 at B. We evaluate the imbalance between
gauche and s-trans for any fragment X as the relative difference
ax = (nk — n)(nk + n%) with ng® = N&®/Ny5, being the fragment
counts Ng'® normalized by the total DBB beam density Nyg, at the
respective point as measured by VUV ionization. The imbalance
ax takes values in the range [—1, +1], corresponding to a strong
correlation with s-trans or gauche DBB, respectively. Fig. 5b shows
the obtained imbalance values which range from —0.9(1) for DBB*
to 0.60(7) for Br'. All fragments show a tendency of increasing
imbalance towards gauche with decreasing fragment size, thus
suggesting that gauche DBB is more likely to break up into smaller
parts during the interaction with the fs laser pulse. A rationaliza-
tion of this phenomenon requires further study.

4 Conclusions

Driven by the motivation to gain a precise understanding of the
effects of molecular conformation in cycloaddition reactions, a
quantum-chemical screening was performed to identify diene
candidates suitable for conformer separation in a molecular-
beam apparatus. As an optimal diene, 2,3-dibromobuta-1,3-
diene was found to exhibit the desired large difference in
electric dipole moments and small energy difference between
the two conformers. Since this particular dihalogenated diene
cannot be purchased, mainly due to its intrinsic tendency to
undergo polymerization, a synthesis was developed to produce
the compound in adequate purity. Experimental validation of
the calculated properties was achieved by seeding DBB in a
molecular beam and separating its gauche and s-trans confor-
mers in an electrostatic field gradient. A deflection profile of
DBB was measured by subsequent ionization and ejection into
a time-of-flight mass-spectrometer. The implementation of
a vacuum-ultraviolet light source achieved ionization of the

13438 | Phys. Chem. Chem. Phys., 2020, 22,13431-13439

View Article Online

PCCP

parent diene without fragmentation and therefore made it
possible to directly measure its deflection behavior. Spatial
separation of the two conformers was then confirmed by
a close agreement of the observed deflection profiles with
Monte-Carlo simulations based on the theoretical molecular
properties. Comparison between ion yields from VUV and non-
resonant fs-laser-pulse ionization suggests different fragmenta-
tion patterns for the gauche and s-trans conformers during
ionization in the strong field. The polar gauche conformer
showed an enhanced tendency to fragment in comparison with
the apolar s-trans conformer. The successful separation of the
gauche and s-trans conformers of this tailor-made diene paves
the way toward studies of conformer-selected polar cyclo-
addition reactions in a cold and controlled environment.
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