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Atomic-resolution-imaging approaches for single molecules, such as coherent x-ray diffraction at free-electron
lasers, require the delivery of high-density beams of identical molecules. However, even very cold beams of
biomolecules typically have multiple conformational states populated. We demonstrate the production of very
cold (Trot ∼ 2.3 K) molecular beams of intact dipeptide molecules, which we then spatially separate into the
individual populated conformational states. This is achieved using the combination of supersonic expansion
laser-desorption vaporisation with electrostatic deflection in strong inhomogeneous fields. This represents
the first demonstration of a conformer-separated and rotationally-cold molecular beam of a peptide, and will
enable future single biomolecule x-ray diffraction measurements.

Proteins are the workhorses of biological functionality
in living cells and are at the heart of, for instance, the
transport of oxygen, the catalysis of biochemical reac-
tions and interactions, or the reproduction of cells and
replication of DNA. This wide-ranging functionality is
enabled by the unique and specific 3-dimensional (3D)
structures of these systems. While every protein is com-
posed of a sequence of the 20 amino acids encoded in
RNA, the exact sequence and resulting intra-molecular
interactions lead to a specific and unique 3D structure,
determining a proteins functionality. Changes in this
3D structure, such as misfolding, can dramatically al-
ter protein function with potentially wide-ranging conse-
quences, such as neurodegenerative diseases.1–3 Especially
the strong hydrogen bonding between amino acids within
the sequence has a profound effect on the resulting pro-
tein structure.4–7 In order to study the underlying intra-
molecular and hydrogen-bonding interaction in detail,
one often turns to studying isolated small peptide frag-
ments in the gas-phase.8–12 However, even single amino
acids and dipeptides often populate several conformational
states,7,13–16 e. g., rotational structural isomers, compli-
cating detailed analysis and the extrapolation from small
model data to entire protein complexes. Mapping the
structure-function relationship of these biomolecular ma-
chines thus requires reproducible samples in the gas-phase
in well-defined initial states.17–20 More generally, species-
and conformer-pure samples of peptides in the gas-phase
would open the door for novel non-species-specific experi-
mental techniques, such as atomic-resolution diffractive
imaging with x-rays21–25 or electrons,26,27 attosecond-
electron-dynamics experiments,28 or kinetic studies of the
chemical reactivity of a single conformer.18 Such experi-
ments inherently do not distinguish which conformer was
probed, making it very difficult or even impossible to
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interpret data collected with more than one conformer
present in the interaction volume.

To investigate biomolecules in the gas-phase requires
their vaporisation without fragmentation or ionisation.
Laser desorption (LD) has been demonstrated as a tech-
nique to vaporise such thermally labile molecules,29,30

and the combination with supersonic expansion allows
for rapid cooling of the desorbed molecules.30–33 However,
even in such cold molecular beams different conformers,
which differ by rotations about single bonds, can coexist.
In order to produce a pure beam containing only a single
conformer, we combine LD with electrostatic deflection.34

This allows the spatial separation of molecular species
based on their distinct interaction with the applied elec-
tric field. This so-called Stark effect is dependent on the
quantum-state-specific effective dipole moment and this
technique has been demonstrated to spatially separate
conformers of small aromatic molecules,35,36 and for very
small molecules it can even produce single-quantum-state
samples.37–39 Furthermore, due to the rotational-state-
dependence of the Stark effect,34,40,41 deflection allows the
creation of very cold (Trot < 100 mK) molecular ensembles.
This can significantly improve the degrees of laser align-
ment and mixed-field orientation of molecules in space42

and thus enable ensemble-averaged single-molecule imag-
ing.24,43

Here, we present the first combination of laser desorbed
biomolecules with electrostatic deflection and demonstrate
the spatial separation of the two main conformers of the
dipeptide Ac-Phe-Cys-NH

2
, shown in Figure 1 a. These

two conformers differ in their hydrogen-bonding interac-
tions and, hence, 3D structure. One conformer, indicated
by red colour throughout the paper, forms a hydrogen
bond from the SH group to the oxygen on the carbox-
amide group, while the other conformer, blue colour,
forms a hydrogen bond from the SH to the delocalised
π-system. These two “beautiful molecules”44 have been
previously identified using vibrational and electronic spec-
troscopy.1645 In a cold molecular beam these two con-
formers cannot interconvert, however, their significantly
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