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Amino acid clusters have been studied by several groups and most notably magic number
clusters and chiral recognition have been reported. In this work, we have studied the formation
of amino acid clusters by electrospray ionization (ESI) and their stability by high-energy
collision-induced dissociation (CID). Appearance sizes were determined for multiply charged
clusters where the charge is either due to protons or to sodium ions. Finally, we conclude that
chiral selectivity plays an important role in cluster formation but seems to be of minor
importance for the fragmentation of mixed clusters. (J Am Soc Mass Spectrom 2006, 17,
275–279) © 2006 American Society for Mass Spectrometry
Investigations of free atomic or molecular clusters
have been an active research field for more than two
decades. Charged clusters are formed in different

types of ion sources [1], and their stability is studied by
various techniques including collisions [2], ion-mole-
cule reactions [3], or photon absorption [4]. The clusters
investigated are made up of widely different building
blocks ranging from atoms [5] over small molecules [6]
and C60 [7] to amino acids [8] and even proteins [9].

Conventional cluster sources can be divided into
three main groups; supersonic jets, gas aggregation,
and surface sources [1]. These cluster sources have been
used for production of atomic clusters and clusters of
small molecules, while electrospray ionization (ESI) [10]
is the preferred method for formation of clusters of
biomolecules [8].

The concept of magic numbers that relate to size
distributions of clusters in the sense that a cluster
containing a magic number of particles shows a partic-
ular stability compared with its neighbor clusters has
played an important role since the early days of cluster
research [11]. Examples of magic numbers are 13, 55,
147 for closed shells of atoms held together by van der
Waals forces and 2, 8, 20, 40 for the number of valence
electrons in metal clusters. Much of the work related to
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biomolecular clusters has focused on clusters of the
serine amino acid [8, 12–19]. For these clusters, eight is
found to be a magic number and this octamer further
shows a preference for homochirality [8, 12].

The decay of clusters can follow various routes that
depend on cluster conformation, binding forces, activa-
tion method, and also charge. Multiply charged clusters
can dissociate by charge separation fragmentation “fis-
sion” or by evaporating neutral parts [20–22]. In ex-
treme situations, where a cluster is ionized to a high
charge state in a short time by radiation from a femto-
second laser, it may undergo a Coulomb explosion
resulting in the ejection of many charged fragments [23].

Competition between evaporation and fission in
activated multiply charged clusters is another interest-
ing aspect of cluster physics, which can be described by
a liquid drop model [24, 25]. This model has been used
for systems as different as atomic nuclei [26] and liquid
microdroplets [27]. The limit of stability relates to the
smallest size that a droplet can take for a given charge,
and likewise the appearance size for a cluster in a given
charge state is the smallest number of constituents in
the cluster [6, 28]. This work will focus on clusters of
amino acids and collisional activation of these clusters.
We will discuss magic numbers and appearance sizes as
well as chiral recognition.

Experimental

The experimental arrangement is described in detail in
[29]. The cluster ions were formed by electrospray

ionization (ESI). The amino acids were obtained from
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Sigma (Brøndby, Denmark) and dissolved in a water
methanol solution (20 �M), that was sprayed with a
flow rate of 2 �l/min. The spray voltage was around 4
kV, the tube lens potential was 60 V, and the heated
capillary temperature was set to 60 °C. The ions were
accelerated by an electrostatic potential of 50 kV. The
precursor ions were mass selected with a magnet and
passed through a 3-cm long gas cell with entrance and
exit apertures of 1 and 3 mm in diameter containing
helium as target gas. The He target gas pressure was
monitored by a cold cathode gauge. The product ions
exiting the cell were analyzed according to their m/z
through scanning the voltage of the electrostatic hemi-
spherical analyzer, and fragmentation spectra were
obtained. Mass spectra showing the distribution of ions
produced in the ion source (magnet scans) were ob-
tained by scanning the magnet with no target gas in the
target cell and a fixed analyzer voltage related to the
acceleration voltage.

Results and Discussion

Mass Spectra of Charged Amino Acid Clusters

A mass spectrum of ions originating from the ESI
source when a serine solution is sprayed is shown in
Figure 1. The spectrum shows that the serine octamer
[8Ser � H]� dominates, but singly charged clusters as
large as [14Ser � H]� are clearly observed. From the
insert it is seen that also multiply charged protonated
and sodiated clusters are produced in the ESI source. In
the interval between the masses of [9Ser � H]� and
[10Ser � H]� the observed peaks can be associated with
the following ions, ranked after mass divided by
charge: [27Ser � 2H � Na]3� (m/z � 952), [18Ser � H �
Na]2� (m/z � 956), [27Ser � H � 2Na]3� (m/z � 960),
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Figure 1. Positive-ion electrospray mass spectrum of an acidic
serine solution. The insert focuses on the m/z range from [9Ser �
H]� to [10Ser � H]� and all observed peaks are listed in the text.
(Note that some multiply charged multimers with identical m/z
ratios contribute to the spectrum).
[9Ser � Na]� (m/z � 968), [28Ser � 3H]3�, (m/z � 980),
[28Ser � 2H � Na]3� (m/z � 987), [28Ser � H � 2Na]3�

(m/z � 994), [19Ser � 2H]2� (m/z � 998), [19Ser � H �
Na]2� (m/z � 1008), [29Ser � 3H]3� (m/z � 1014), [39Ser
� 4H]4� (m/z � 1024), [39Ser � 3H � Na]4� (m/z �
1029), [29Ser � H � 2Na]3� (m/z � 1029). A similar
spectrum is observed for cysteine clusters. Here the
peak corresponding to [6Cys � H]� is the most intense
and again peaks that can be associated with multiply
charged clusters are observed.

Collision Induced Dissociation (CID) of Charged
Clusters

An interesting observation in connection with fragmen-
tation of multiply charged clusters is the so-called
appearance size of the cluster na, which refers to the
smallest number of constituents observed for a given
cluster charge z. The simplest model that relates na to z
involves a competition between electrostatic energy and
binding energy. Since the total volume of the fragments
in a fragmentation process is approximately equal to the
initial volume, the decrease in binding energy is com-
pensated by an increase in surface energy. The appear-
ance size is thus determined by a balance between the
surface energy and the electrostatic energy. The appear-
ance radius Ra, which is the smallest radius of a cluster
for a given charge state, is thus determined from the
relation

�Ra
2 � z2e2 ⁄ Ra

where � is the surface tension. Since na is proportional
to Ra

3, this way of reasoning leads to proportionality
between na and z2. The same relation was predicted by
Lord Rayleigh, [24] who also calculated the constant of
proportionality and obtained the relation

Ra
3 � z2e2 ⁄ �16���

This expression predicts na values which are about a
factor of three too small for atomic or molecular clusters
[28] but are valid for microdroplets [27].

A mass spectrum with He as collision gas is shown in
Figure 2. The primary beam consists of a mixture of
[11Ser � H]�, [22Ser � 2H]2�, [33Ser � 3H]3�, and
[44Ser � 4H]4� clusters. The lightest doubly charged
ion consists of nine serine molecules and the corre-
sponding number for triply and quadruply charged
clusters is 22 and 39, respectively. In other words, na is
9 for z � 2, 22 for z � 3, and 39 for z � 3. The
corresponding numbers for protonated cysteine clusters
are 9, 22, and 41. It should be noted from Figure 1 that
similar appearance sizes are found from the spectrum
resulting from magnet scans which indicate that the
way of activation (high-energy collisions versus low-
energy in-source collisions) is not very important for the
dissociation mode. In Figure 3, appearance sizes na are
plotted as a function of cluster charge for several atomic

and molecular clusters [6, 30]. Compared with other
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clusters of smaller constituents, the appearance sizes na

of amino acid clusters and clusters of C60 are rather
small as the size of the constituents and their polariz-
abilities are large. For serine, a rather large dipole
moment also plays a positive role for the stability of the
clusters. Taken together, this implies that na is relatively
small for large sticky molecules. It should also be noted
that proportionality between na and z2 is obeyed in all
cases.

Sodiated and Protonated Clusters

A mass spectrum originating from collisions between
[15Ser � H � Na]2� and He is shown in Figure 4. A
doubly charged odd numbered serine cluster beam was
chosen to obtain a “clean” beam. By this choice, singly
or triply charged ions can be excluded and, apparently,
a possible pollution from quadruply charged ions is
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Figure 2. A mass spectrum of serine clusters that have collided
with a He gas. The primary beam consists of a mixture of [11Ser �
H]�, [22Ser � 2H]2�, [33Ser � 3H]3�, and [44Ser � 4H]4� clusters.
(Note that some multiply charged multimers with identical m/z
ratios contribute to the spectrum).
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Figure 3. Stability diagram for some atomic and molecular
clusters. The points refer to measured appearance sizes na for
z-fold charged clusters. This double-log-plot shows that n scales
a

approximately with z2.
minute as can be seen from the spectrum. For clusters
which are both sodiated and protonated, it is possible to
differentiate between singly and doubly charged frag-
ment ions with the same m/z value. It is readily seen
that the largest singly charged ion is [8Ser � Na]� and
that the protonated singly charged octamer is missing.
The lightest doubly charged ion is [8Ser � H � Na]2�

but the abundance of this ion is small compared with
those of the other doubly charged clusters. It should
also be noted that the abundance of ions in the interval
from [9Ser � H � Na]2� to [13Ser � H � Na]2� is
relatively large and almost constant while the abun-
dance of [14Ser � H � Na]2� is a factor of two higher.
For the heavy singly charged ions, only the sodiated
fragments are observed while for the light fragments
protonated and sodiated species appear with similar
intensities. Since the proton affinity of serine is five
times higher than the sodium affinity [31, 32], it is
surprising that peaks related to protonated species are
not dominating the spectrum. However, Na� allows for
multiple coordination whereas a proton only partici-
pates in one hydrogen bond.

As can be seen from the enlarged spectrum shown as
an insert in Figure 4, the peaks corresponding to singly
charged fragments are considerably broader than the
peak assigned to [8Ser � H � Na]2�. From this broad-
ening, the kinetic energy release KER of the dissociation
process can be estimated. The KER is between 1 and 3
eV depending on the primary fragment sizes which
corresponds to distances between two point charges
from 5 to 15 Å at the moment of fission assuming
vacuum between the two charges. These values com-
pare well with the estimated sizes of serine clusters [13].

Based on these observations, we suggest the follow-
ing decay mechanisms: first, neutral fragments contain-
ing from one to six molecules are evaporated until the
number of the cluster constituents approaches na. Then,
asymmetric fission follow, resulting in singly charged
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Figure 4. A mass spectrum of [15Ser � H � Na]2� clusters after
collisions with a He gas. The insert highlights singly charged
tetramers and the doubly charged octamers.
clusters containing one to eight serines succeeded by
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evaporation leading to a distribution of singly charged
clusters. The peak broadening is dominated by the
fission process, but evaporation prevents a precise
measure of the KER.

Homochiral Clusters

Figure 5 shows data illustrating the role of chirality in
serine cluster formation. Spectrum a is obtained with a
racemic mixture and Spectrum b with pure L-form
serine. The protonated octamer (or multiply charged
larger clusters with the same m/z value) is seen to
dominate the mass spectrum when pure L-serine is
sprayed. When a racemic mixture of L- and D-serine is
sprayed, the spectrum is dominated by peaks at posi-
tions with m/z values corresponding to [5Ser � H]� or
[10Ser � 2H]2� and [6Ser � H]� or [12Ser � 2H]2�. In
our experiments clusters with overlapping masses are
not separated as they are in the recent work by Julian et
al. [14]. These authors found a clear preference for
heterochirality for the clusters [6Ser � H]� and [10Ser �
2H]2�; we therefore ascribe the two prominent peaks in
Spectrum a to these two clusters. They also found a
strong preference for homochirality for the [8Ser � H]�

cluster, again in nice agreement with the present find-
ings.

For mixed clusters, we also found a strong chiral
preference. Data were obtained for two solutions con-
taining a one to one mixture of L-serine/L-threonine
and L-serine/D-threonine. By assuming that the ion
intensities of pure serine octamer in both cases is unity,
the ratios of intensities of octamer resulting from these
two solutions containing 0, 1, 2, or 3 threonine mole-
cules are plotted in Figure 6. In the case of no chiral
preference, this ratio should be a constant but it is
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Figure 5. Positive-ion electrospray mass spectrum of an acidic
serine solution. The upper spectrum is obtained for a racemic
mixture of the L- and D-form and the lower spectrum for the pure
D form.
clearly seen that a serine cluster is less likely to include
a threonine molecule with opposite chirality than one
with same chirality.

It is, however, still possible to form clusters with say
six L-serine and two D- threonine [12]. Figure 7 displays
a mass spectrum that shows the CID (helium) fragment
distribution for such a cluster beam. The distribution of
serine and threonine for a peak with a given number of
amino acids is close to a statistical one, but proton
affinities also play a role for these distributions. The
threonine monomer is, as an example, found to be more
abundant than the serine monomer reflecting the larger
proton affinity of threonine compared with that of
serine [31]. These observations suggest that chiral rec-
ognition plays a role in cluster formation but is less
important in dissociation.

Conclusions

Our measurements of cluster formation and destruction
have established information on magic numbers, ap-
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Figure 6. The LD/LL ratio for an octamer consisting of 0, 1, 2, or
3 threonine molecules and 8, 7, 6, or 5 serine molecules. LL
indicates that both molecules are in the L form in the spray
solution while LD refers to the situation where serine is in the L
form and threonine is in the D form.
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pearance sizes, and chiral recognition for clusters of
amino acids. The clusters have been studied by electro-
spray ionization mass spectrometry and high-energy
collisions. Multiply charged clusters dissociate by Cou-
lombically driven fission or by evaporation of neutral
amino acids. The smallest size of a cluster with a given
charge z is dubbed appearance size na, and it is found
that na is proportional to z2 in accordance with theory
and experimental observations for clusters of a variety
of atomic and molecular building blocks. We have also
shown that mixed clusters can reveal chiral recognition
in their formation stage but seem to be indifferent to
chirality when it comes to dissociation.
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