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Abstract. We present an experimental study on the stability of cluster cations formed by the assembly
of tryptophan or serine moelcules inside charged helium droplets and subsequent droplet evaporation.
The stability is probed via collision induced dissociation and mass spectrometry. We focus on the neutral
loss of 18 Da that was previously proposed to result in the formation of an amide bond in amino acid
clusters. We show that the cluster cations formed by the neutral loss of 18 Da from protonated parent
cluster ion precursors are softly, presumably van der Waals, bound similar to the parent and protonated
parent cluster cations. Cluster cations formed after neutral loss of 18 Da from the parent cluster cations
are strongly bound, indicating the formation of new covalent bonds. Even though we observe a signal
at m/z corresponding to dipeptide cations, their collision induced dissociation fragmentation does not
allow unambiguous identification of their structure, particularly the amide bond. Our study at cryogenic
conditions of He droplets demonstrates that peptide formation by the cluster ion polymerization is not
a barrierless process and the formation of amide bonds may depend on activation methods and available
catalysts.

1 Introduction

Cluster ions of amino acids have attracted significant
interest during the last few years due to the high sta-
bility of their selected homochiral clusters, particulary
the serine octamer [1–6] and its substituents [7,8]. Chiral
selectivity of some amino acid clusters may be a key for
the Earth’s biomolecular homochirality [9–11]. The enan-
tiomer selective assembly of amino acids opens new possi-
bilities for chiral purification of amino acids or preparation
of polypeptides [12,13].

The formation of polypeptides via cluster ion polymer-
ization is of particular importance. A breakthrough in this
direction was made by the observation that, after acti-
vation, amino acid cluster ions effectively lose a neutral
water molecule [14,15], which indicates the formation of
the amide bond. UV activation of amino acid complexes
[16], ion/ion reactions [17] or coordination of amino acids
with Cu2+ on aerosol surfaces [18] were used to gain
high cross sections for the formation of small peptides.
The importance of this reaction lies in the possibility of
artificially producing isolated homochiral peptides. Even
though peptide building in nature is a complex biological
process [19], fundamental insights into peptide stability
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concerning chirality or charge state gives important infor-
mation about the molecular characteristics and energy
barriers that may drive the process.

Previous studies of amino acid fragmentation indicate
that the formation of an amide bond will depend on how
the precursor clusters are formed. After chemical ion-
ization of amino acid dimers, prepared by the assembly
of sublimed monomers, Leclerq and Desiderio [20] sug-
gested that the fragmentation channel corresponding to
neutral loss of 18 Da from protonated cluster ions actu-
ally corresponds to ions with an amino group modified
by the interaction with the side chain group of the sec-
ond constituent of the dimer and loss of the carboxyl
group. This fragmentation mechanism was then confirmed
by another study [21]. On the other hand, high resolu-
tion mass spectrometry of cations formed after collision
induced dissociation (CID) of amino acid clusters pre-
pared by electrospray demonstrated that water loss can
be efficient, in agreement with the proposed mechanism
of amide bond formation [22]. Surprisingly, in the work
of Singh [22], formation of dipeptides was not observed
for serine, the most studied molecule in this context. This
may be caused by the low intensity of the water loss chan-
nel from serine and preferential charge localization on the
water fragment [23]. Another important fact is that in
serine, water is preferentially released from the side chain
and complex rearrangement will be needed for amide bond
formation [24].
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Fig. 1. Sketch of the experimental apparatus and approach.

It is, therefore, not completely clear how the cluster
structure and internal energy, activation methods or cata-
lysts (e.g. [18,25]) influence the cluster ion polymerization
of amino acids to form small peptides. Here we used a
novel He cluster ion assembly technique to prepare amino
acid cluster ions of yet another character. Using the CID
approach, we probe the stability of these precursor ions
(p.i.) as well as cations corresponding to neutral loss of
18 Da from nonprotonated or protonated parent cations.

We selected two molecules for the study, L-serine
(Ser) containing an OH group on the side chain and
L-tryptophan (Trp) that does not contain an OH group on
the side chain. Another important difference of the stud-
ied amino acids is in their polarity. While Ser is polar, Trp
is nonpolar which may further influence the noncovalent
bonding character.

2 Methods

The experiments were performed on a modified tandem
mass spectrometer Waters Q-TOF Ultima combined with
a novel cluster source developed in our laboratory and
recently described in [26]. A sketch of the setup is shown
in Figure 1.

The cluster ion assembly process was started by the for-
mation of a He droplet beam by expanding He gas at a
stagnation pressure of 20 bar through a 5.7µm diameter
nozzle cooled down to 8.9 K, into a first vacuum chamber
of the setup (at ∼10−4 mbar under operation conditions).
The droplets were multiply charged by electron ioniza-
tion and a part of their m/z distribution was deflected by
a quadrupole bender towards the pickup cell containing
vapors of the studied amino acid. Cluster ions of amino
acids were assembled inside the He droplets after pickup
of their respective molecular precursors L-Serine (Sigma
Aldrich 99.5%) or L-Tryptophan (Sigma Aldrich 99.5%).

After pickup, charge transfer from He+
2 to the first

arriving dopant is highly exothermic. For the studied sys-
tem with ionization energies for He(IE = 24.59 eV) and

Fig. 2. Mass spectrum of positively charged ions formed upon
pickup of L-serine into charged He droplets. The dominant ions
can be assigned to protonated serine clusters (C3H7NO3)nH+.
The numbers above selected peaks designate the cluster size n
of the corresponding ion.

He2(IE = 22.22 eV) [27], Ser (IE∼ 10 eV [28]) and Trp
(7.4 eV) [29], even excited charged states can be popu-
lated, which enable dissociation. However, as known from
experiments ionizing neutral clusters inside He droplets
[30], these states can be quenched in the cold He envi-
ronment and for the most part molecular cluster ions are
formed. In the case of amino acids the parent cations are,
however, metastable with respect to loss of a dehydro-
genated amino acid radical and therefore the spectrum is
dominated by protonated species [31].

The amino acid cluster ions were released from the He
matrix by evaporation of the helium in the evaporation
cell of the instrument – a RF-hexapole filled with room
temperature He gas. In simple MS mode, the cluster ions
were transported to the reflectron time of flight mass spec-
trometer and analyzed. This way the initial mass spectra
were obtained as depicted in Figures 2 and 3. Depending
on the pressure in the evaporation cell and the collision
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Fig. 3. Mass spectrum of positively charged ions formed upon
pickup of L-tryptophan into charged He droplets. The domi-
nant ions can be assigned to protonated tryptophan clusters
(C11H12N2O2)nH+. The numbers above selected peaks desig-
nate the cluster size n of the corresponding ion.

energy, some He atoms may remain attached to the amino
acid clusters which is an indication of cold molecular clus-
ter ions [26]. The resulting cluster size distribution under
these gentle evaporation conditions is free of intensity
anomalies or magic numbers, even for sodium cluster ions
that exhibit prominent intensity anomalies due to elec-
tronic shell closures and spin pairing [32,33]. Pressures
in the evaporation cell during the present experiments
were typically ∼4.2 × 10−4 mbar, which removed all He
and additional vibrational excitation of cluster ions was
leading to some monomer evaporation as indicated by the
presence of intensity anomalies (magic numbers) in the
spectrum of serine.

In addition, we used the MS/MS mode of the instru-
ment enabling CID studies. There, single m/z ions (pre-
cursor ions, p.i.) were selected by a quadrupole mass filter,
accelerated and passed through a collision cell filled with
Ar collision gas. During the present experiment the gas
pressure in the 9 cm long collision cell was ∼1×10−5 mbar.

At these settings, we were able to reach reasonable CID
fragment ion signals up to 50 V of acceleration voltage.
The fragment ions formed in the CID process were again
transported to the TOF part of the instrument for m/z
analysis.

3 Results

In the present work, we prepare amino acid cluster ions
in charged He droplets. We focus on low energy CID of
these clusters, enabling us to explore the interplay of van
der Waals and covalent bond fragmentation. We partic-
ularly focus on the differences between the stochiometric
parent cations M+

n and the protonated clusters MnH+.
Additionally we explore the 18 Da neutral loss fragmenta-
tion channel with respect to cluster ion polymerization.

The section is organized as follows: first, we present
initial amino acid cluster distributions obtained after

Fig. 4. Ion yield as a function of CID energy in the center of
mass frame for (a) M4H+ and (b) M+

4 precursor ions. Depicted
is always the precursor ion yield M4H+ or M+

4 , the yield of ions
formed by evaporation of monomer units M+

n<4 plus Mn<4H+

and the yield of ions formed by fragmentation of monomer
units – fragment cations.

evaporating the He droplets. Then we discuss different
modes of decomposition for tetramer clusters. Finally, we
focus on molecular fragmentation at higher center of mass
(c.m.) collisional energies, enough to induce molecular
fragmentation of the clusters.

Initial cluster distributions are shown in Figures 2 and 3.
We can see that Ser tends to form more stable magic
structures. Particularly, the magic octamer is well visible.
In contrast, the spectrum of Trp is quite smooth. Frag-
mentation of the clusters is low, presumably due to the
He droplet environment. The only channel that can be
well recognized is the loss of the COOH group in the Trp
spectrum. In order to liberate Ser cluster ions from the
surrounding He droplets, harsher evaporation conditions
were required, which in addition vibrationally activated
the amino acid cluster ions and induced monomer evapora-
tion. Particularly stable cluster ions, such as the octamer
[34] are enhanced compared to their less strongly bound
neighboring cluster sizes. Thus, the initial temperature of
the Trp clusters may be lower, as will be discussed later.

3.1 Cluster decomposition versus molecular
fragmentation

In the next step of the experiment, we introduced col-
lisional Ar gas and focus on cluster decomposition. In
Figure 4, we compare the evaporation and molecular
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Fig. 5. Cluster ion stability, with respect to fragmentation
and evaporation, demonstrated by plotting the ratio of p.i. ion
yield to the total CID ion yield detected for a particular p.i.
as a function of the collision energy. Panel (a) shows Trp ions,
panel (b) shows Ser ions.

fragmentation of M+
4 cluster cations and M4H+ cluster

cations by comparing ion yields of the ions formed after
evaporation of monomer units with fragment ions, which
are formed by the dissociation of monomer units.

At 0 eV collisional energy, the decomposition of Ser clus-
ters by evaporation of monomer units is more efficient
than that of Trp. This can be attributed to higher ini-
tial internal energies of the clusters [35] gained during He
evaporation in the case of Ser.

The energy dependence of the decomposition is much
steeper for Trp. With increasing collision energy, the
initial internal energy becomes less important and we
can observe that Trp clusters decompose with higher
efficiency. This is consistent with the structure of the
molecules, where two OH groups of Ser provide more
hydrogen bonding motifs.

At the studied energies, evaporation of monomer units is
more probable than molecular fragmentation via covalent
bond breakage. For M+

4 the intensities of fragments due
to evaporation of one or more monomers are 8% and 20%
for Trp and Ser, respectively. For M4H+ the molecular
fragmentation yields are even lower, 2% for Trp and 0.7%
for Ser. Taken together, Ser+4 is fragmenting more than

Trp+
4 , while the order reverses in the case of protonated

cluster cations.

3.2 Water loss channel

The “water loss” channel was proposed to be the doorway
for peptide bond formation in small amino acid clusters.
However, it is worth mentioning that them/z of ions form-
ing after 18 Da loss from protonated clusters is the same
as the m/z of ions forming after 17 Da loss from nonprot-
nated clusters and the initial formation step of these ions
cannot be unambiguously identified.

Figure 5 displays the CID energy dependence of frag-
mentation of the cluster cations. We can compare decom-
position (fragmentation+evaporation) for M+

4 and M4H+

with the ions formed after neutral loss of 18 Da. The
slope of the M+

4 and M4H+ ions represents the slope of
van der Waals cluster evaporation as we demonstrated
in Figure 4. We can see that (M4–OH)+ decomposes the
same way while (M4–H2O)+ requires more energy to frag-
ment, which may indicate the presence of a covalently
bound complex. While this is consistent with previous
studies proposing cluster ion polymerization in amino acid
clusters, it is worth mentioning two facts: first, in our case
of reactions inside He droplets, the (Mn–H2O)+ fragmen-
tation channel has very low intensity. Second, most of the
studies of amide bond formation inside amino acid clus-
ter ion cations were performed for protonated structures,
which are the van der Waals bound (M4–OH)+ according
to our results.

3.3 CID of amino acid clusters

To further explore the character of bonding and relevance
for peptide formation, we explore CID fragmentation at
higher collision energies. The low signal levels of the small
clusters do not allow to measure CID at acceleration volt-
ages above 50 V, corresponding to a c.m. energy for the Ser
and Trp tetramer of 4.3 eV and 2.3 eV, respectively. The
respective fragmentation patterns are shown in Figure 6.
At this energy the Ser tetramer still fragments primarily
by the loss of monomer units and therefore we additionally
measured CID fragmentation pattern for the Ser trimer at
c.m. energy of 5.6 eV, which is shown in Figure 7.

The section is divided according to the p.i.:

(i) Ser+4,3/Ser4,3H+

as already mentioned, the Ser fragmentation pattern
can be better resolved in Figure 7. The fragmentation
pattern of protonated ions MnH+correlates with previous
MS and MS/MS measurements of the molecule [23,24] as
well as Ser containing peptides [36–38]. Three main frag-
ments can be observed below the monomer mass, which
are m/z = 88, 70 and 60 with respective assignments
(Ser–OH)+, (Ser–OH–H2O)+ and (Ser–COOH)+. The
fragmentation patterns of protonated and nonprotonated
clusters below the m/z of the monomer are practi-
cally identical. The spectrum above the m/z of the
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Fig. 6. CID fragmentation patterns of M+
4 and M4H+ cluster ions of Ser (a) and Trp (c). CID fragmentation patterns of their

dehydrated analogs (M4–H2O)+ and (M4–OH)+ for Ser (b) and Trp (d).

monomer shows significant differences. While MnH+ frag-
ments mainly by the evaporation of monomer units, M+

n
exhibit significant fragmentation of the monomer units.
The most pronounced ions are m/z = 193, 180 and 123.
The m/z= 193 cation may be assigned to the protonated
dipeptide. The later two ions m/z = 180 and 123, how-
ever, cannot be assigned to peptide fragments but are
rather fragment cluster cations (Ser2-formaldehyde)+ and
(Ser+H2O)+.

(ii) (Ser4,3–H2O/OH)+

again below the m/z of the monomer, fragmentation
patterns of (Mn–OH)+ and (Mn–H2O)+ ions are sim-
ilar to that of M+

n and MnH+ ions. However, we can
see that more energy is required to fragment these ions.
Above the m/z of the monomer, (Mn–OH)+ fragments to
m/z = 124 and 142, corresponding to (Ser+H2O)H+ and
(Ser+(H2O)2)H+. (Mn–H2O)+ fragments to m/z = 192
corresponding to the dipeptide cation forming by evapo-
ration of two molecules from the tetramer (Fig. 6) or one
molecule from the trimer (Fig. 7), and m/z = 118 which
again cannot be assigned to a peptide fragment but has
rather the form of a fragment cluster cation (Ser+CH)+.

The strong signal of the m/z = 192 fragment after the
dissociation of the (Mn–H2O)+ is in contrast to the frag-
mentation of the (Mn–OH)+ cation, illustrating again that
the cations formed after neutral loss of 18 Da are more
strongly bound in the case where the additional proton is
not available.

(iii) Trp+
4 /Trp4H+

Fig. 7. CID fragmentation patterns of Ser+3 and Ser3H+ clus-
ter cations (a) and their dehydrated analogs (Ser3–H2O)+ and
(Ser3–OH)+.

Trp MnH+ fragments to m/z = 188, 160 and 130
ions. In contrast to Ser, the (M+(H2O)n)+ ions are not
observed. The ion with m/z = 130, corresponding to
the side chain cation, is the most intense fragment after

https://www.epjd.epj.org
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electron ionization [39] or photoionization [40,41] of iso-
lated gas phase Trp. The ion with m/z = 188, formed after
NH3 loss from the protonated TrpH+, is very stable and
was observed as the only product of TrpH+ metastable
ion decay [42] after fast atom bombardment of amino
acid solutions. After collisional activation of TrpH+, the
m/z = 130 ion was observed [42,43], which is again in
agreement with the present spectra. In previous works
on CID of amino acids and peptides also m/z = 159
cations, corresponding to the important immonium cation
were reported, however, with low intensities ∼2%. In the
present spectra, we detect m/z = 160 cations instead and
with high intensities, corresponding to neutral loss of the
carboxyl group. M+

n dissociates into the same fragments
below the m/z of the monomer, but with higher inten-
sity. This is the opposite to the behavior observed for Ser,
where the M+

n ions fragment less. Above the mass of the
monomer there is a new region of fragment cluster ions
with m/z = 291, 303, 320, 334, 364. These ions corre-
sponding to masses m/z = 364 (Trp2–CO2)+, m/z =
334 (Trp+R)+, m/z = 320 (Trp+R–CH)+, m/z = 291
(Trp2–R+C)+, where R=C9NH8, can be assigned directly
to cationic complexes of Trp with ionic fragments of a
second molecular unit of the cluster. For m/z = 303
(tentatively (Trp+C4H5NO2)+) such assignment is not
straightforward since it requires an opening of the ring
or participation of a third molecular unit of the cluster.

(iv) (Trp4,3–H2O/OH)+

fragmentation of the (Mn–OH)+ precursor ions is the
same as for the MnH+ ions. For (Mn–H2O)+, fragments
are the same below the m/z of the monomer. Above
the mass of the monomer, fragmentation of the M+

n and
(Mn–H2O)+ ions is significantly different. New cluster
fragment ions are m/z = 229, m/z = 259 and m/z = 390.
Mass 390 Da corresponds to the dipeptide and similar
to Ser case, the intensity of the signal of this cation is
much stronger after CID of (Trp4–H2O)+ than of the
(Trp4–OH)+. The ion with m/z = 334 is (Trp+R)+,
which can be again directly assigned to complexes of Trp
with ionic fragments of a second molecular unit of the
cluster. The ion m/z = 229 stoichiometrically corresponds
to (Trp+C2H)+, however, may have a different structure.
The ion with m/z = 259 cannot be assigned in the present
experiment.

Generally, we can see that only ions that can be directly
assigned to the formation of dipeptides in the clusters
are parent dipeptide ions that are formed with much
higher intensities from M+

n in comparison to MnH+ pre-
cursors. Fragment ions below the m/z of the monomer
can be assigned to the fragmentation of peptides, but it is
caused only by the fact that known peptide residue ions
are mostly identical to monomer or protonated monomer
dissociation products. The fragments observed at masses
above the m/z of the monomer can be assigned to cluster
ion complexes of molecules and fragments and practically
none of them will be easily attributable to the dissociation
of dipeptide ions [44,45]. The question therefore remains,
if the detected ions corresponding to the dipeptide m/z
do really have dipeptide structure, which unfortunately
cannot be answered in the present experiments.

4 Conclusions

We prepared Ser and Trp cluster cations inside He droplets
using a novel cluster ion assembly technique. We show that
the cluster ions prepared this way can be thermalized with
the He matrix or vibrationally activated, depending on
the conditions set in the RF-hexapole which liberates the
dopant cluster ions from the host helium droplets.

Using CID at low c.m. energies, we demonstrated that
noncovalent bonding, as well as molecular stability against
dissociation, is higher for Ser+n clusters.

The CID energy dependencies show that except for the
(Mn–H2O)+ p.i. all the studied p.i. types M+

n , MnH+

and (Mn–OH)+ are only weakly, presumably van der
Waals, bound. This observation is confirmed also by CID
mass spectra at 50 eV lab frame CID energy inducing
molecular fragmentation. At this energy, M+

n , MnH+ and
(MnH–H2O)+ fragment nearly exclusively by evapora-
tion of monomer units, while a significant amount of
(Mn–H2O)+ p.i. dissociate to fragment ions with m/z val-
ues typical of dipeptides.

However, except for the ions detected at the m/z of
dipeptides, there is no other evidence of peptide formation
in the fragmentation spectra. Therefore, other structures
of the same m/z cannot be excluded in the present exper-
iment. Optical spectroscopy techniques could give a clear
answer on the formation of peptide bonds.
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