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Pushing the mass limit for intact launch and
photoionization of large neutral biopolymers
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Since their ﬁrst discovery by Louis Dunoyer and Otto Stern, molecular beams have conquered
research and technology. However, it has remained an outstanding challenge to isolate and
photoionize beams of massive neutral polypeptides. Here we show that femtosecond desorption from a matrix-free sample in high vacuum can produce biomolecular beams at least
25 times more efﬁciently than nanosecond techniques. While it has also been difﬁcult to
photoionize large biomolecules, we ﬁnd that tailored structures with an abundant exposure of
tryptophan residues at their surface can be ionized by vacuum ultraviolet light. The combination of these desorption and ionization techniques allows us to observe molecular beams of
neutral polypeptides with a mass exceeding 20,000 amu. They are composed of 50 amino
acids – 25 tryptophan and 25 lysine residues – and 26 ﬂuorinated alkyl chains. The tools
presented here offer a basis for the preparation, control and detection of polypeptide beams.
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M

olecular beam science was started at the beginning of
the last century1 to explore the foundations of physics
in early tests of the kinetic theory of gases and in the
ﬁrst matter–wave diffraction of atoms and diatomic molecules2.
Since then, free molecular beams have found diverse applications
ranging from atomic clocks3 and high-resolution molecular
spectroscopy4, over cluster deposition5 to nanoparticle metrology6,7 and modern tests of fundamental quantum optics8–12.
Even functionalized silicon nanocrystals8 and silver-sulfur
nanoparticles9 have been thermally transferred as neutral particles into high vacuum.
In recent years, unsolvated biomolecules have attracted interest13–15 since beam experiments allow one to extract intrinsic
electronic or structural information of molecules free from any
perturbing interactions with a local environment. While charged
molecules have been successfully trapped in vacuum for spectroscopy16, photodissociation17,18, or photodetachment studies19,
many electronic, magnetic, and optical properties are particularly
interesting for neutral particle beams20. Beams of isolated molecules21 were also essential for the analysis of optical16 and electronic properties of oligopeptides22 and vitamins23.
Extending such experiments to large biopolymers and biomimetic particles requires novel methods for transferring them into
the gas phase and for detecting them efﬁciently as well as massselectively. While some amino acids24, nucleotides25, and functionalized tripeptides26 can be sublimated or evaporated, large
peptides and proteins typically decompose in thermal sources.
Nanosecond laser desorption can reduce the heat load and an
adiabatically expanding noble gas27 can cool and carry the
molecules toward their subsequent analysis28. However, for more
than 20 years, it has remained a challenge to desorb and photoionize biopolymers with masses exceeding 2,000 amu29,30.
Several arguments have been put forward to explain this
observation: For instance, internal state relaxation competes with
multi-photon ionization29,31. This can be reduced using femtosecond ionization32 but dissipation to non-ionizing states still
often dominates in large biopolymers. Single-photon ionization
(SPI) can avoid the intermediate levels and close such relaxation
channels but it requires typically a photon energy >10 eV, which
is beyond the reach of sufﬁciently intense table-top laser sources33,34. Tryptophan (Trp) is the only natural amino acid that can
be ionized by a single photon of 7.89 eV as emitted by vacuum
ultraviolet (VUV) F2 lasers.
Gramicidin D and a number of other antibiotic peptides22 owe
their ionization properties to their Trp residues35. The role of Trp
as an ionizable moiety has been shown for amino acid clusters up
to Trp30, which can be abundantly detected using 157.6 nm
light36. In contrast, photoionization of large covalently bound
polypeptides has remained a challenge. A model for the reduced
photoionization yield, based on the assumption of rapid electron
recapture within the molecule, predicted an exponential decrease
with particle mass31 and negligible efﬁciency for peptides beyond
2,000 amu, as observed in many experiments so far. We therefore
hypothesized that ionization might still be possible if a high
number of chromophores could be exposed to vacuum.
Here we show that polypeptides with alternating Trp residues
and lysine residues that are amidated with ﬂuoroalkyl chains can
be efﬁciently laser desorbed and postionized. Femtosecond laser
desorption enables >25 times higher material economy when
compared to nanosecond methods. Polypeptides exceeding
20,000 amu were successfully desorbed and postionized.
Results
Peptide design. Based on these reasonings, we have designed and
synthesized ﬁve model compounds (see Fig. 1) to build on the
2

antibiotic polypeptide gramicidin D (1), which was among the
most massive neutral biomolecules in previous beam experiments. Commercial gramicidin D is composed of 15 amino acids,
and the most abundant A1 form (molecular weight 1882 amu)
contains four Trp residues. Our ﬁrst tailored model system,
decatryptophan Trp10 (2), contains more than double the number
of chromophores at a comparable mass. Since peptide solubility
decreases with the number of Trp residues, Trp10 represents a
practical upper bound to the chain length for a quantitative
synthesis of such molecules. The second model compound
combines good solubility with high Trp content by alternating
Trp with lysine to Ac-(Lys-Trp)5-OH (3). This sequence of
alternating amino acids is scalable to long peptides. Compound
(4) displays the same (Trp-Lys)n motif as (3) for n = 10 and each
NH2 has been amidated with a ﬂuorinated alkyl chain. The total
mass therefore exceeds that of gramicidin already by a factor of
4.5. The high ﬂuorine content is intended to reduce intermolecular interactions and to enhance volatility.
In order to maximize the molecular weight at constant Trp
ratio, we synthesized the model polymers (5) and (6) with n = 14
and n = 25 blocks of (Lys-Trp)n. They were functionalized in the
same way as (3). Peptide (6) holds 1,960 atoms in 50 amino acid
building blocks with a total mass of 20,201 amu. It resembles a
protein in macromolecular architecture and mass. The molecules
were prepared by standard solid-phase peptide chemistry under
Fmoc protection37. Fluorinated alkyl groups were introduced by
amidation with the respective N-hydroxysuccinimide ester after
cleavage from the resin38.
From short-pulse to ultrafast laser desorption of heavy polypeptides. The molecular beam apparatus is sketched in Fig. 2.
Analyte powder is picked up by a felt wheel, which transfers a
thin layer of molecules onto a counter-rotating glassy carbon
wheel. This layer is desorbed by a pulsed focused laser beam39.
Different desorption lasers were used to answer different questions. Model compounds (1)–(3) were desorbed by short-pulse
infrared laser light (7 ns, 1064 nm, 4–6 × 107 W cm−2) to explore
the role of the Trp content. A quantitative assessment of the
importance of the laser pulse duration was realized using gramicidin D (1). The high-mass peptides (4) and (5) show the
inﬂuence of ﬂuoroalkyl functionalization. They were volatilized
using ultraviolet nanosecond pulses (7 ns, 266 nm, 5–8 × 107 W
cm−2). The most massive polypeptide (6) was desorbed using
ultrafast, ultraviolet laser desorption (292 fs, 343 nm) with peak
intensities around 5 × 1011 W cm−2.
Once detached from the surface, the analyte molecules are
immediately entrained by the atomic carrier gas (argon or neon)
that is released by a valve with about 20 µs opening time. The
neutral peptides ﬂy 75 cm in high vacuum, across two
differentially pumped vacuum chambers. They are then photoionized by a laser pulse at 157 nm to be extracted and detected by
orthogonal time-of-ﬂight mass spectrometry.
Inﬂuence of the Trp content and ﬂuoroalkyl chains. Figure 3
compares a set of three tailored polypeptides with gramicidin D
(1), which formed a molecular beam strong enough to saturate
the detector after VUV postionization. Assuming that a high Trp
content correlates with a high ionization cross-section, we have
desorbed decatryptophan (2) but ﬁnd additional fragmentation
(For enlarged spectra and peak assignments, see Supplementary
Figures 33–38). Substituting half of the Trp residues by lysine
units enhances the solubility, facilitates the peptide synthesis and
enables soft volatilization with reduced fragmentation, as shown
for peptide (3). Compound (4) is built on this insight and raises
the mass by more than a factor of ﬁve compared to (3), using
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Fig. 1 Iterative design of high mass oligopeptides for molecular beam experiments. Gramicidin A1, as shown here (1) is the principal component of
commercial gramicidin D. Decatryptophan (2) has the highest tryptophan-to-mass ratio of all peptides in our study. Alternating Trp with Lys as in (3)
provides better solubility and synthetic scalability. The molecular mass and the volatility can be enhanced by capping the NH2 groups with CO
(CH2)2(CF2)7CF3 groups as in (4)–(6). (5) extends (4) to n = 14, with a total of 29 amino acids. (6) extends (5) to n = 25, i.e., it contains 50 amino acids.
It is functionalized to increase its molecular weight to 20,201 amu and to expose copious amounts of tryptophan to the vacuum
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Fig. 2 Molecular beam machine to launch and detect neutral polypeptides. Short or ultrashort laser pulses can be used to desorb the analyte molecules
from a powder coated onto a rotating carbon wheel. The individualized polypeptides are entrained by an adiabatically expanding noble gas jet. The
molecular beam enters the differentially pumped ionization chamber where a vacuum ultraviolet (VUV) laser pulse (ca. 1 mJ and 10 ns) ionizes it for
subsequent analysis by a time-of-ﬂight mass spectrometer (TOF-MS).
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Fig. 3 Nanosecond desorption and VUV ionization of functional polypeptides (1)–(4). Gramicidin D (1) serves as a reference molecule for desorption/
postionization experiments. Decatryptophan (2) has the highest tryptophan-to-mass ratio and lowest solubility in our series of unmodiﬁed peptides.
Peptide (3) improves on that by substituting every second Trp by Lys. (4) is the ﬁrst step on a new path toward neutral bio-inspired nanoparticle beams
and toward a better understanding of the conditions for biopolymer ionization

ﬂuoroalkyl functionalization. Even though peptide (4) exhibits
more fragments than (3), it demonstrates that high-mass peptides
can be tailored for neutral molecular beam experiments and be
photoionized by VUV laser light.
We have veriﬁed the robustness of the mass spectra for various
UV nanosecond desorption and ionization energies using
compound (4) (8377 amu) and oligopeptide (P7, Supplementary
Figures 41–43, Supplementary Table 2, Supplementary Notes 3–
5) (12,320 amu). While we ﬁnd a threshold behavior followed by
saturation for the desorption process (Supplementary Figures 41
and 42 and Supplementary Table 2), the ion yield grows
continuously with the ionization energy for the available range
of laser pulse energies (Supplementary Figure 43).
On the importance of ultrafast desorption. At a pulse energy of
up to 3 mJ, the Q-switched nanosecond laser beam was focused
into a spot of 2 mm diameter and reached a peak intensity of
about 107 W cm−2. This value is comparable to threshold values
in matrix-assisted laser desorption ionization (MALDI) experiments40. However, several MALDI studies have shown that only a
fraction of 10−4–10−7 of all desorbed material contributes to the
ﬁnal ion signal41. Similarly, in our experiments a substantial
fraction of the material is released as nano- and microparticles,
which visibly coat the vacuum chamber and are thus lost for the
molecular beam.
This indicates an opportunity for substantial improvements
and one is led to believe that ultrafast desorption might increase
the desorption efﬁciency, since the absorbed heat will spread less
before the pulse energy is transferred and molecules are ejected.
This idea has caught on in recent mass spectrometric experiments
that combined femtosecond laser desorption with electrospray
postionization under atmospheric conditions42,43. Here we
4

explore the beneﬁts of ultrafast laser light on biomolecular layers
in high vacuum, followed by rapid injection into an adiabatically
expanding argon beam. Our ultrafast lasers cover pulse energies
up to 80 µJ at 1030 nm and up to 40 µJ at 343 nm with a pulse
duration down to 292 fs. We have characterized this idea using
gramicidin D (1) because of its abundant commercial availability.
The robustness of the qualitative form of the mass spectra was
ﬁrst tested for a wide range of desorption conditions, now
including femtosecond light (Supplementary Table 2 and
Supplementary Figure 40). Comparing then ultrafast desorption
at 1030 and 343 nm for comparable pulse durations (292 fs) and
energies (15 µJ, on the sample), we ﬁnd the high UV photon
energy (3.6 eV) to be essential for peptide desorption. The energy
threshold at this wavelength amounts to about 10 µJ focused in a
near-Gaussian waist of ca. 100 µm diameter, i.e., 100 mJ cm−2 or
3 × 1011 W cm−2 .
Most importantly, the femtosecond pulses improve the sample
life time by a factor of >25 in comparison to nanosecond
desorption. This is documented in Fig. 4a, where the molecular
beam signal is traced as a function of time, while the laser is
irradiating the same sample spot with a rate of 100 Hz. The
hypothesis that ultrafast desorption favors individualized molecules over the formation of nanoparticles is also corroborated by
the fact that the source chamber remains visibly clean.
Figure 4b might suggest that, for the chosen parameters, a
laser pulse duration of 10–20 ps already achieves this goal.
Reducing the duration by another factor of 33, from 10 ps to
300 fs, the signal decreases by only about a factor of 2. This is
consistent with the assumption that most particles depart
already as isolated molecules. Reducing the laser pulse length at
constant energy and thus increasing the peak intensity may
foster multiphoton processes that reduce the molecular beam
signal.

COMMUNICATIONS CHEMISTRY | (2018)1:93 | https://doi.org/10.1038/s42004-018-0095-y | www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-018-0095-y

a

b

10

1.0
Intensity [arb. u.]

Intensity [arb. u.]

8
0.8
0.6
0.4

6
4
2

0.2

0
10,000

0.0
0

10

20

30
40
Time [min]

50

60

0

2000

4000
6000
Pulse duration [fs]

8000

Fig. 4 Molecular beam strength and desorption efﬁciency as a function of laser pulse duration. a Desorption economy: Gramicidin D was desorbed from a
thin ﬁlm. We compare the longevity of a typical sample spot under ultrafast desorption (300 fs at 343 nm, 15 µJ red full circles and line) and short pulse
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= 27 and τfs = 676 min. b Desorption laser pulse duration: When varying the pulse duration of infrared light (1030 nm, 40 µJ on 100 × 100 µm2) irradiating
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solid line is a square root ﬁt to guide the eye
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Improving the material economy by up to two orders of
magnitude is a precious advantage in experiments with rare
materials, but how would the tremendous laser intensity increase
of ultrafast desorption affect the fragmentation pattern? Figure 5
illustrates that ultraviolet desorption can generate a neutral and
photoionizable beam of the high-mass peptide (5) in both the
nanosecond and the femtosecond mode. Comparable integrated
signals and fragmentation patterns were obtained; however, at
100 times lower pulse energy, 200 times higher peak intensity and
2 orders of magnitude reduced material consumption in the
femtosecond case.
Further exploring the scalability of our new synthesis,
desorption, and detection methods, Fig. 6 shows that even the
most massive polypeptide in this series can be transferred into a
beam of neutral molecules that can be postionized using 157 nm
VUV light. This is noteworthy since compound (6) is about an
order of magnitude more massive than other biopolymers whose
photoionization has been reported in the literature so far.
To explore the role of the molecular structure and folding on
the exposure of the Trp chromophores to vacuum, canonicalensemble molecular dynamics simulations were performed for
different temperatures. While even at low temperatures a plethora
of stretched and coiled structures can stably coexist, we explore
the extreme case, starting from the stretched state. While
molecule (6) can initially extend over >7 nm, our numerical
simulations show that it collapses within <100 ps into an
energetically more favorable coiled-up tertiary structure upon
heating, regardless of the initial state, which is kinetically trapped
at low temperature. As a measure of compactness, the average
radius of gyration 〈RG〉 was calculated as a function of
temperature. Figure 7a traces the collapse toward an equilibrium
end-to-end distance of about 2 nm beyond T > 350 K and 〈RG〉 ≃
1.5 nm. One might worry that the close conformation might bury
most chromophores and render photoionization difﬁcult. To
obtain an estimate for the exposure of all moieties to vacuum, we
have calculated the solvent accessible surface area for the entire
molecule as well as for its relevant components, i.e., the Trp and
Lys residues as well as the ﬂuoroalkyl chains. Figure 7b shows that
the exposed surface area of Trp remains essentially constant over
the 0-400 K temperature range and Trp residues are still
abundantly exposed to vacuum even in the collapsed state. This
can facilitate the escape of electrons after photoionization and
distinguishes these Trp-rich polypeptides from many natural
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Fig. 5 Mass spectra of the polypeptide (5) in comparison between
nanosecond and femtosecond desorption. Desorption conditions: shortpulse: λ = 355 nm, E = 3 mJ, τ = 7 ns (red line, foreground). Ultrashort
pulse: λ = 343 nm, E = 15 µJ, τ = 292 fs (blue line, background). The
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inﬂuence the fragmentation pattern. For peak assignments, see
Supplementary Figure 37

proteins (Computational details can be found in the Supplementary Note 2).
Polymer length and desorption/detection efﬁciency. While
earlier papers had speculated that there might be an exponential
decrease in the ionization efﬁciency with increasing mass of the
biopolymer, the compounds of our present study were explicitly
tailored to avoid this: the number of ionizable Trp chromophores
increases in proportion with the polymer length and the simulations show that for all tested circumstances they are arranged
abundantly on the molecular surface. While the absorption and
ionization probability should thus remain constant with
increasing polymer length, the dependence of the volatilization on
chain length is less obvious. On the one hand, the equally
increasing number of perﬂuoroalkyl chains reduces the potential
stacking of aromatic rings and increase the mass/polarizability or
mass/dipole moment ratios. This was already the idea and success
of earlier high-mass molecular quantum optics experiments12.
However, desorbing a given mass and volume of biopolymers
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for peptides up to 2,000 amu, fs-desorption was >25 times more
material efﬁcient than nanosecond methods. Ultrafast desorption
therefore promises to also improve on mass spectrometry in
combination with novel ionization methods. Intriguing progress
on native proteins had been reported using electrospray postionization before43,44.
The high susceptibility of Trp-rich peptides to VUV SPI will
also be of importance for advanced macromolecular matter–wave
experiments where photo-depletion gratings45,46 provide novel
beam splitters for complex biomolecular matter–waves. Polypeptides exceeding 20,000 amu are therefore interesting candidates for the next generation of matter–wave interference
experiments, which can cope with de Broglie wavelengths as small
as 50 fm.
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Fig. 6 A neutral molecular beam of massive functionalized polypeptides. A
mixture of model peptides (5) and (6) was prepared in a ratio of 15 mg:140
mg and exposed to ultraviolet femtosecond desorption (λ = 343 nm, τ =
292, 15 µJ in 100 × 100 µm2). Even compound (6) stands out with good
signal-to-noise ratio, proving the successful neutral launch and VUV
postionization of this massive polypeptide. The fragments are assigned to
the cleavage of Trp-Lys(ﬂuoroalkyl) groups (as in Fig. 5) and are also found
in the MALDI spectra of the same compounds (Supplementary Figures 24
and 28, see also Supplementary Figures 38 and 39)

must result in 10 times fewer clicks for compound (6) at about
20,000 amu compared to gramicidin at not even 2,000 amu.
Finally, the secondary electron multiplication efﬁciency inside the
time-of-ﬂight mass spectrometer (TOF-MS) strongly depends on
the velocity rather than the kinetic energy of the incident ions.
While all molecules are accelerated by the same 16 kV voltage,
they reach different velocities, whose inﬂuence is critical but not
exactly determined for this particular molecular species. This
makes it impossible to provide a clear functional dependence.
However, we do not observe any substantial decay in signal/noise
across the biopolymer mass range of 3,832–12,320 amu.
Discussion
Our study shows that a combined approach of synthetic design
and ultrafast desorption enables the soft launch of neutral highmass polypeptides up to the complexity of small proteins into
neutral molecular beams and their successful soft photoionization. This could be achieved for bio-inspired nanoparticles
composed of 50 amino acids and exceeding 20,000 amu, i.e., an
order of magnitude higher than seen on native peptides. The
functionalized polypeptide (6) is 350% more massive and contains 250% more atoms than insulin (51 residues, 5803 amu, 788
atoms).
Exploiting bio-mimetic growth principles, the tailored compounds can be synthesized with atomically deﬁned composition
and structure. It seems possible to ligate two or more of these
chains to design bio-mimetic molecules with deﬁned mass and
atomic sequence to much higher masses, in future.
The peptide design focused on the abundant inclusion of Trp,
which is the only natural amino acid compatible with singlephoton VUV postionization using table top laser sources at 157
nm. The high Trp abundances also ensures that these chromophores will be exposed to vacuum, even in coiled-up peptides.
This has been crucial for the successful in situ mass analysis of the
initially neutral molecular beam. For the largest polypeptide in
our series, ultrafast ultraviolet desorption was essential. And even
6

Methods
Sample preparation and desorption. A homogeneous distribution of the molecules is established by ﬁrst dissolving them and loading a felt wheel, which rubs
against the counter-rotating glassy carbon wheel39. For the nanosecond desorption
of compound (4), the sample was premixed with Trp in a ratio of 1:20. This
procedure was not necessary for the femtosecond experiments. The Vienna TOFMS was calibrated to the Swiss MALDI TOF results via a linear transformation
using all sizeable peaks of the mass distribution of (5) and (6) up to 20,000 amu.
Four different laser types were compared in the desorption experiments (See
Supplementary Table 2 for detailed conditions of every single experiment):
Short-pulse ultraviolet light, emitted by the fourth harmonic of the ﬂash-lamp
pumped Innolas Spitlight 400: wavelength λ = 266 nm, duration τd = 7±2 ns.
Short-pulse ultraviolet light, emitted by an EKSPLA “NT200 OPO” laser: λ =
355 nm, τd = 7±2 ns, E = 1.5 mJ.
Ultrafast infrared light, emitted by a TOPAG “Carbide” fs-ﬁber laser: λ = 1030
nm, τd = 292 fs–10 ps, Ed < 40 µJ on the sample
Ultrafast ultraviolet light, 343 nm, ultrafast pulse, emitted by a TOPAG
“Carbide” fs-ﬁber laser: λ = 343 nm, E = 40 µJ.
Supersonic expansion and molecular beam velocity. A noble gas jet is released
by an Even–Lavie valve47 with a backing pressure between 2 and 50 bar and a pulse
duration of 20–22 µs. The experiments were performed using argon or neon with a
purity of 99.999%. The gas and the polypeptides travel through a differentially
pumped vacuum chamber, separated by a 3-mm skimmer, 55 cm behind the source
and 20 cm from the ionization region. During operation at 100 Hz, the residual
pressure is ca. 5 × 10−5 mbar in the source chamber and 5 × 10−7 mbar or 2 × 10−8
mbar in the detector chamber, for the nanosecond tests on (1)–(4) and the fs-tests
on (5) and (6), respectively. For gramicidin D (1), we observe a mean velocity of
590 m s−1 with a full width at half maximum of 80 m s−1. The absence of any
major velocity slip and the width of the distribution suggest that the number of
collisions sufﬁces to thermalize the translational energy spread of gramicidin to a
temperature of 18 K. This is a lower limit to the expected rotational and vibrational
temperature of this peptide.
Ion detection. The peptides were ionized by light from a ﬂuorine laser (Coherent
Excistar) with λ = 157 nm, τi = 10 ns, Ei = 1–2 mJ, A = 3× 3 mm2 and analyzed
using an orthogonal TOF-MS (Kaesdorf München). Model compounds (1)–(4)
were detected using an orthogonal TOF-MS Δm:m = 1:500 and baseline corrected.
For (5)–(6), we used an orthogonal reﬂectron TOF-MS (Δm:m = 1:500). Both
spectrometers accelerate the ions by 16 kV and count them by electron multiplication using a triple-stack of multi-channel plates. Figure 4: Every point was
integrated 5 times over 1000 mass spectra. Figure 6: Each spectrum contained 106
points and was smoothed using a running average of 100 points (SI).
Synthetic procedures and characterization of compounds. See Supplementary
Methods and Supplementary Note 1, Supplementary Table 1, Supplementary
Figures 1–32.
Computational details. See Supplementary Note 2.
Laser desorption/photoionization mass spectra and conditions. See Supplementary Figures 33–39, 40, 42, 43 and Supplementary Notes 3–5, Supplementary
Table 2.
Inﬂuence of the desorption laser wavelength and pulse length on the character of the mass spectrum. See Supplementary Note 3 and Supplementary
Figure 40.
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Fig. 7 Structural parameters obtained with canonical-ensemble molecular dynamics simulations. a Temperature dependence of the radius of gyration 〈RG〉
of polypeptide (6). Even when starting from a stretched state, the molecule rapidly coils into a closed tertiary structure with increasing temperature. b The
average solvent accessible surface area 〈SASA〉 quantiﬁes the exposure of different parts of the molecule, here to vacuum. The total area (blue squares)
decreases with increasing temperature, as expected but slowly increases beyond 300 K because of the increased exposure of the ﬂuoroalkyl chains (green
circles). The tryptophan residues (magenta diamonds) remain almost fully exposed at all temperatures, while the lysine surface (orange triangles) shrinks
slightly. Error bars correspond to the standard deviation of the mean.
Inﬂuence of the desorption energy/ﬂuence. See Supplementary Note 4 and
Supplementary Figure 41.
Inﬂuence of the ionization energy/ﬂuence on the normalized mass peak. See
Supplementary Note 5 and Supplementary Figures 42 and 43.

Data availability
All relevant data are available from the authors upon reasonable request.
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