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Abstract

Gas-phase molecular physics and physical chemistry experiments commonly use supersonic expansions through pulsed valves for the
production of cold molecular beams. However, these beams often contain multiple conformers and clusters, even at low rotational temperatures.
We present an experimental methodology that allows the spatial separation of these constituent parts of a molecular beam expansion. Using
an electric deflector the beam is separated by its mass-to-dipole moment ratio, analogous to a bender or an electric sector mass spectrometer
spatially dispersing charged molecules on the basis of their mass-to-charge ratio. This deflector exploits the Stark effect in an inhomogeneous
electric field and allows the separation of individual species of polar neutral molecules and clusters. It furthermore allows the selection of the
coldest part of a molecular beam, as low-energy rotational quantum states generally experience the largest deflection. Different structural
isomers (conformers) of a species can be separated due to the different arrangement of functional groups, which leads to distinct dipole
moments. These are exploited by the electrostatic deflector for the production of a conformationally pure sample from a molecular beam.
Similarly, specific cluster stoichiometries can be selected, as the mass and dipole moment of a given cluster depends on the degree of solvation
around the parent molecule. This allows experiments on specific cluster sizes and structures, enabling the systematic study of solvation of
neutral molecules.

Video Link

The video component of this article can be found at https://www.jove.com/video/51137/

Introduction

Modern gas-phase molecular physics and physical chemistry experiments often use supersonic expansions of target molecules to produce
rotationally cold molecular samples within a molecular beam. However, even at low rotational temperatures of 1 K, which can routinely be
achieved using supersonic expansions, large molecules can still remain in multiple conformations within the beam1. Similarly the production of
molecular clusters in a beam source does not result in a single species, but rather in the formation of a "cluster soup", containing many different
cluster stoichiometries, as well as remaining pure parent molecules. This makes the study of these systems with novel techniques such as
imaging of molecular orbitals2, molecular-frame photoelectron angular distributions3-5 or electron6-10 and X-ray diffraction11-13 difficult, as these
require pure, consistent, and homogenous samples in the gas-phase.

While several methodologies are now available to separate different conformers of charged species in the gas-phase (e.g. ion mobility drift
tubes14,15) and charged clusters are easily separated by their mass-to-charge ratio, these techniques are not applicable to neutral species. We
have recently demonstrated that these issues can be overcome with the use of an electrostatic deflection device16,17, allowing the separation of
molecular conformers as well as clusters and the production of rotationally cold molecular beams.

The use of electrostatic deflection is a classic molecular beam technique, the origins of which go a long way back18,19. First ideas of utilizing
electrostatic deflection for the separation of quantum states were introduced by Stern in 192620. While early experiments were conducted
on small molecules at high temperatures, we demonstrate the application of this technique to large polar molecules and clusters at low
temperatures16,21.

Polar molecules experience a force inside an inhomogenous electric field (E) due to the spatial differences in potential energy. This force  is

dependent on the effective dipole moment, μeff, of the molecule and can be evaluated as

 (1)
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As different molecular conformers typically posses different dipole moments and differing numbers of solvent molecules within a cluster lead to
different cluster masses and dipole moments, these species will experience a different acceleration in the presence of a strong inhomogeneous
electric field. The resulting Stark effect force from an inhomogeneous electric field can therefore be used for the separation of conformers
and quantum states22. This is indicated in Figure 1, showing the calculated Stark curves for the J = 0,1,2 rotational states of the cis and
trans conformers of 3-fluorophenol, respectively. This leads to large differences in μeff, as shown in Figures 1c and 1d, and hence a different
acceleration is experienced by the two conformers in inhomogeneous electric fields. Therefore, an electrostatic deflection device can be used as
a mass-to-dipole moment ratio (m/μeff) separator, in analogy to a mass spectrometer acting as a mass-to-charge ratio (m/z) filter23.

Furthermore, these techniques allow the separation of rotational quantum states24,25. As the ground rotational states (blue curves in Figures
1a and 1b) exhibit the largest Stark shift, these will be deflected most and can be spatially separated from molecules in higher J states17. The
coldest part of a molecular beam can therefore be selected, significantly aiding in many applications, such as alignment and orientation of target
molecules17, 26-28.

In this contribution we show how an electrostatic deflection device can be used to spatially separate different species of large polar molecules
and clusters. Example data is presented for the production of a pure beam of an individual conformer and of a solute-solvent cluster of well-
defined size and ratio. Specifically we present data on 3-fluorophenol, where a pure beam containing only the trans conformer is produced, and
on indole-water clusters, where the indole(H2O)1 cluster can be spatially separated from water, indole, indole(H2O)2 , etc.

Protocol

1. Description of the Experimental Setup

A schematic of the gas-phase molecular beam setup and deflector is shown in Figure 221. It consists of

1. A pulsed Even-Lavie valve29 containing the molecular sample. Other pulsed molecular beam valves can be used equally well as long as
a cold molecular beam (O(1 K)) is formed. The following parameters are specific for the employed Even-Lavie valve. In the experiments
presented here the valve is operated at 20 Hz repetition rate with high backing pressures (helium at ~50 bar) and expanded into a vacuum
chamber evacuated to <10-6 mbar.

2. A molecular beam skimmer (2 mm diameter) is placed 22 cm downstream from the valve, collimating the molecular beam and leading to
differential pumping conditions between the pulsed valve and the rest of the vacuum system.

3. Immediately after the skimmer the molecules enter the electrostatic deflection device. This consists of a rod (radius 3.0 mm) and a trough
(radius of curvature 3.2 mm), each 24 cm long. The vertical gap between the electrodes in the center of the device is 2.3 mm. A potential
difference between 0-26 kV is applied between the rod and trough, producing a strong inhomogeneous electric field with a nearly constant
field gradient30, as indicated in the inset of Figure 2.

4. Directly after the deflector molecules enter the interaction region through a second skimmer, providing a further differential pumping stage.
5. The interaction region (evacuated to pressures <10-9 mbar) contains a standard Wiley-McLaren time-of-flight (TOF) setup. Molecules are

ionized by focused laser pulses in the center of the extraction region, between the repeller and extractor electrodes. Produced ions are
accelerated towards a multichannel plate (MCP) detector, where a mass spectrum is recorded.

6. Laser pulses are derived from an Nd:YAG pumped dye laser, providing typical output wavelengths around 283 nm (indole experiments) or
272 nm (3-fluorophenol experiments) and pulse energies of a few mJ. Pulse durations are on the order of 10 nsec and pulses are focused
with a f = 750 mm lens to a spot size of ~100 μm in the interaction region.

7. The timing sequence is controlled by a digital delay generator providing the master clock. This triggers the Nd:YAG laser (flash lamps and Q-
switch), the pulsed valve, and the digitizer card used to record mass spectra.

8. Mass spectra are recorded on a digitizer card, triggered at the same time as the laser Q-switch. Molecular beam densities are extracted from
appropriate mass gates in the recorded time-of-flight spectra.

2. Production and Characterization of a Conformer Selected Molecular Beam

1. A cold molecular beam of the target molecules is created via supersonic expansion and characterized using spatial (x, y directions) and
temporal (z direction) profiling. 

2. Load the sample reservoir of the pulsed valve with the chemical sample. Dissolve solid samples in an appropriate solvent and place a few
drops on a small piece of filter paper which is inserted into the sample cartridge. Place liquid samples directly on the filter paper.

3. Produce the supersonic expansion, using a high-purity high-pressure backing gas. Adjust the temperature of the sample reservoir within the
valve such that the partial pressure of the sample is approximately 10 mbar.
 

Note: For liquid samples typically no heating is necessary. The valve opening time depends on the exact model of pulsed valve used, for the
experiments presented here the Even-Lavie valve is operated with an electric pulse duration of 10 μsec.

4. Characterize the produced molecular beam with the electrostatic deflector turned off. Set the ionization laser to a known wavelength for
resonance-enhanced multiphoton ionization (REMPI) of a particular conformer of the sample. Record a temporal profile of the molecular
beam pulse by monitoring the total parent ion yield on the MCP detector as a function of valve-laser delay.

5. Fix the valve-laser delay at the position of maximum intensity for all subsequent measurements.
6. Record a transverse spatial profile of the molecular beam by monitoring the total parent ion yield as a function of the y position of the laser

focus. Do this by moving the focusing lens perpendicular to the laser propagation direction, such that the focus moves in the y direction
relative to the molecular beam.

7. Repeat the temporal and spatial profiling for all conformers of interest in the beam.
 

Note: These typically have distinct REMPI resonances, such that each conformer can be probed separately. In the absence of a deflection
field however, the temporal and spatial profiles are identical for all conformers.

8. Characterization of the deflected beam. Turn on the high voltage supply to the deflector and record spatial profiles for all isomers. These
should now be deflected according to mass-to-dipole moment ratio.
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Note: For species undergoing large deflections it may be necessary to move the skimmer immediately following the deflector to ensure good
transmission of the deflected beam into the detection region.

9. Conduct experiments on the conformer or size-selected part of the molecular beam by ensuring the interaction (e.g. a crossing laser beam)
takes place within the part of the molecular beam containing only the species of interest.

Representative Results

The electrostatic deflection technique has been successfully applied to the separation of structural isomers16 and neutral clusters21, as well as
the production of rotational quantum state selected molecular samples31. We demonstrate this with representative results for the separation of cis
and trans conformers of 3-fluorophenol, and size selected indole(H2O)n clusters.

3-Fluorophenol conformers were separated in a molecular beam from the supersonic expansion of 50 bars of helium. The individual species
were probed via their distinctive REMPI resonances around 272 nm32. Due to its significantly larger dipole moment (see Figure 1), the trans
conformer experiences a larger deflection following passage through the deflector and is spatially separated from the cis conformer and the
carrier gas of the beam.

To characterize the molecular beam formed during supersonic expansion, a temporal profile is collected with the electrostatic deflector turned off,
as shown in Figure 3. For comparison, a temporal profile of a neon seeded beam is also shown. For helium carrier gas we observe a temporal
width of approximately 12 μsec full-width at half maximum (FWHM), typical for an expansion from an Even-Lavie valve under these operating
conditions.

The spatial distribution of the molecular beam is monitored by translation of the REMPI laser relative to the molecular beam direction, and spatial
profiles are shown in Figure 4. This shows the spatial extent of the cis (red trace) and trans (blue trace) conformers at two different deflection
fields, created by applying a potential difference of 14 kV or 28 kV across the deflector. For comparison field-free profiles are shown in both
plots by the magenta (cis) and cyan (trans) curves. These yield a spatial width of the molecular beam of about 2 mm and show that, without
the deflector, both species are mixed within the beam. In the presence of a deflection field the trans conformer undergoes a significantly larger
deflection than the cis conformer and can effectively be separated from the other species present in the beam, such that at a position of y = 3
mm a pure trans sample is created and can be utilized for further experiments.

Cluster separation is demonstrated by supersonic expansion of indole in a "wet" carrier beam of helium containing trace amounts of water,
leading to the formation of molecular clusters of the type indolem(H2O)n. According to the literature and to ab initio calculations, the indole(H2O)1
cluster has a significantly larger dipole moment (4.4 D) than pure indole (1.96 D), water (1.86 D) or the indole(H2O)2 cluster, and should,
therefore, be deflected the most21,33. All indole containing species can be selectively probed via REMPI around 283 nm24,35, utilizing the lowest
energy allowed electronic-excitation transition of indole. As this resonant excitation step involves different frequencies depending on the solvation
of indole, the detection is fully species selective. Spatial profiles of the molecular beam are shown in Figure 5, these have been recorded
with a potential difference of 26 kV between the rod and trough electrode and are fully species selective for indole (blue), indole(H2O)1 (red)
and indole(H2O)2 (green). The lines indicate simulated values; details of numerical simulations methods can be found in the literature17,21.
For comparison a field-free (deflector grounded) spatial profile is shown by the black curve. As expected the 1:1 cluster of indole and water
experiences the largest deflection and at a position of y = 2-3 mm a pure beam of indole(H2O)1 is created. To highlight the effect of the deflector
on the spatial molecular beam profile, the inset in Figure 5 shows the molecular beam density of indole(H2O)1 as a function of potential
difference applied across the deflector. It indicates that as the field strength is increased, the coldest part of the molecular beam experiences
an increasing deflection, while the warmer constituents experience a significantly smaller spatial separation and some density remains at the
original position. This furthermore highlights the selection of the coldest part of the molecular beam.
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Figure 1. Calculated Stark energies E (top) and effective dipole moments μeff (bottom) for the cis and trans conformers of 3-
fluorophenol. The blue line corresponds to the J = 0 rotational ground state, the red lines to J = 1 and green to J = 2 states. The deflection
experienced is proportional to μeff/m (Equation 1). Hence, lower rotational quantum states, which exhibit larger μeff, experience a larger
deflection and, therefore, can be separated. Equally, the significantly larger μeff for the trans conformer leads to a greater spatial deflection
following passage through the electrostatic deflector.

 

Figure 2. The experimental setup, consisting of a pulsed valve creating a supersonic expansion of target molecules, an electrostatic
deflector and a detection region with time-of-flight mass spectrometer. The inset shows the inhomogeneous electric field created inside the
deflector for voltages of ±13 kV applied to the rod and trough, respectively. Click here to view larger image.
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Figure 3. Temporal profile of the molecular beam for helium (at 380 μsec) and neon (at 826 μsec) carrier gas. The temporal width of the
beam is approximately 3% and 4% of the total flight time for helium and neon, respectively.

 

Figure 4. Spatial profiles of the molecular beam containing 3-fluorophenol, probed selectively for cis (red) and trans (blue) conformers,
with the deflector at potential differences of (a) 14 kV and (b) 28 kV. For comparison the field free profile (deflector at 0 kV) is shown in both
plots by magenta and cyan traces (cis and trans respectively).
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Figure 5. Spatial profiles of indole (blue), indole(H2O)1 (red) and indole(H2O)2 (green) for a deflector potential of 28 kV. Shown for
comparison is the field-free profile of indole (black). Solid lines in the main panel indicate simulations. Shown inset are the measured spatial
profiles for indole(H2O)1 at various potential differences applied across the deflector.

Discussion

Throughout this manuscript, familiarity with ultra-high vacuum components, pulsed molecular beam valves and laser sources is assumed and
the associated safety procedures should always be adhered to. Special care needs to be taken when handling the high voltage electrodes for
the deflector. Their surfaces need to be polished to a high standard and must be absolutely clean to avoid arcing inside the vacuum chamber.
Before first use the electrodes should be conditioned under vacuum. The voltage applied is slowly increased and the current through the electrodes
measured. The electrodes should draw no current (on the order of a few nA at most), independent of the applied voltage. A typical conditioning
schedule for stepwise increasing the applied voltage is the following: 0-6 kV in 3 kV steps, 6-10 kV in 1 kV steps, 10-15 kV in 0.5 kV steps. At each
step the voltage should be left constant for at least 15 min and the current monitored.

Of crucial importance when setting up a deflection experiment is the alignment of the molecular beam components. Initial alignment of the setup
should be conducted with an alignment laser, ensuring line-of-sight from the pulsed valve, through the skimmers and the deflector into the center of
the detection region. It is furthermore advisable to place the molecular beam skimmers on xy-translation (radial directions as defined in Figure 2)
mounts, to optimize the observed signal. This furthermore circumvents a problem encountered for species of large dipole moments, or when using
very strong deflection fields. If the spatial separation is too large, molecules will not travel through the last skimmer anymore. A moveable skimmer
allows one to optimize transmission of the species of interest while discriminating against others.

It should be noted that it is the molecules in low energy rotational quantum states that have the largest Stark interaction (as indicated in Figure 1)
and therefore experience the largest deflection. As the deflection technique does not change the population distribution, but merely disperses the
existing beam, it is essential that the low J states are initially populated. This requires a good supersonic expansion from the nozzle, producing a
cold molecular beam with typical temperatures of around 1 K or less 27.

The general applicability of the electrostatic deflection technique for the separation of conformers or clusters is dependent on the differences in
mass-to-dipole moment ratio of the species to be separated. In the case of different conformers one typically encounters different dipole moments
due to differing orientations of functional groups within a species, whilst for clusters mass selection is highly desirable to enable the separation
of specific cluster stoichiometries, as well as cluster isomers of a given size. Several options are available to increase the spatial separation.
One approach is to increase the interaction time of the molecules with the electrostatic field. This can be achieved by using a slower molecular
beam, for example through the use of heavier (e.g., neon, argon or krypton) backing gas. Alternatively, the fabrication of a longer deflector would
similarly increase the interaction time. A different approach to increase the spatial separation achieved is the use of higher deflection fields, either
by increasing the applied voltage or by decreasing the gap between the two electrodes. The difficulty for both these methods is the danger of arcing
between the two electrodes, which could potentially damage the electrodes beyond repair. The maximum potential difference that can safely be
applied (under ultra-high vacuum conditions) crucially depends on the materials used and the quality of the surface finish.

While different conformers of molecules could previously be studied using high-resolution spectroscopic methods, utilizing their distinct
microwave36, IR, or UV-Vis1,37 spectra, the electrostatic deflection method presented here allows the production of a pure beam of a single
molecular species. Other electrode geometries can be used to select neutral molecules or clusters,  e.g., the electric quadrupole filter or the
alternating gradient decelerator22,38-40. These devices, however, are significantly larger (>1 m) and much more complex to manufacture and install.
Furthermore they are extremely sensitive to mechanic missalignment24. The presented static two-wire field deflector consists of a simple geometry
that can be incorporated into existing molecular beam setups30,41-44.
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We see the future applications of this technique in three main areas. Firstly, the study of conformer specific reactivity. Using the electrostatic
deflector a conformerically pure sample beam can be created, which can subsequently be used to study chemical properties and reactivities of a
single structural isomer and cluster size.

Secondly, systematic studies of solvation of neutral molecules. Using the m/μ-selector allows for the creation of molecular clusters with a well
defined stoichiometry. Systematically studying molecular clusters of increasing size allows the study of solvation effects and tries to bridge the gap
between the condensed phase, in which most chemistry happens, and the gas-phase, that allows for high-resolution studies. This technique is well-
established for molecular ions45-48, but the lack of size selectivity for neutrals has so far limited the study of neutral molecule solvation, e.g., using
ultrafast imaging experiments.

Thirdly, the electrostatic deflector allows for the selection of the coldest part of the molecular beam, due to the larger Stark effect for low-energy
rotational quantum states. This significantly aids in 1D and 3D alignment and orientation experiments17,26,27,49. This is a crucial prerequisite for
the next generation of molecular physics experiments extracting molecular frame information from complex molecules, such as molecular orbital
imaging2 or diffraction50 experiments.

The presented electrostatic deflection method is novel, yet based on conceptually simple and well-established ideas, and leads to the separation
of species within a molecular beam by their mass-to-dipole moment ratio, utilizing the Stark effect. It enables the creation of cold, conformer and
mass-selected molecular beams, allowing for numerous applications in molecular physics and physical chemistry.
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34. Korter, T. M., Pratt, D. W., Küpper, J. Indole-H2O in the gas phase. structures, barriers to internal motion, and S1 S0 transition moment
orientation. solvent reorganization in the electronically excited state. J. Phys. Chem. A 102 (37), 7211-7216, doi:10.1021/jp982456x (1998).
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