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Multiply-charged noncovalent cluster anions of adenosine-5=-monophosphate (AMP) were
formed by electrospray ionization (ESI). Ions in higher charge states were observed when the
ions were accumulated in an ion trap with helium buffer gas before detection. We determined
the smallest size (na) or appearance size as a function of charge state (q), i.e., na � 4 for q � 2,
na � 8 for q � 3, and na � 13 for q � 4. The relation between na and q can be described by a
charged droplet model. When the size is larger than na for a given q, the fragmentation
pathway of an anion cluster is dominated by loss of neutral fragments. In contrast, when the
size approaches the appearance size, only charged fragments are formed. (J Am Soc Mass
Spectrom 2005, 16, 1840–1845) © 2005 American Society for Mass Spectrometry

Clusters are interesting systems since they bridge
the gap between gas-phase and liquid phase [1, 2].
Cluster cations such as metal clusters have been

extensively studied during the last two decades [3, 4].
Recently, the study of biomolecular cluster cations has
become an active research field, and much work has
dealt with the formation, dissociation, and charge par-
titioning among fragments of protein cluster cations
[5–10]. Magic numbers for amino acid cationic clusters
[11–13] and preference for homochirality [14, 15] have
been reported. Negatively charged clusters of amino
acids have also been produced [13].
The formation and energetics of gas-phase multiply-

charged anions (MCA) is a subject that has attracted
much attention [16–18]. Even though several multiply-
charged molecular anions have been measured, obser-
vations of multiply-charged cluster anions are few.
Multiply-charged metal cluster anions were observed
by electron attachment to monoanions in a Penning trap
[19–22] and by laser ablation of metal surfaces [23].
Small dianions of carbon clusters were formed by Cs�

ion sputtering of graphite [24–26]. Electrospray ioniza-
tion (ESI) produced multiply-charged cluster anions of
supramolecules, [X�]n[A

�]m [27] where X for example is
an alkali and A is a halide. Fullerene dianions were
observed by laser desorption [28], electron attachment
to monoanions [29, 30] and electrospray of a solution
that contained fullerene and an organic electron donor
[31]. Here we report, to our knowledge, the first obser-
vation of negatively, multiply-charged noncovalent
clusters made of adenosine 5=-monophosphate (AMP).
The dependence of cluster size on charge state was

measured, and the results, are modeled by a charged
droplet model. The fragmentation pathways of multi-
ply-charged negative clusters are also presented.

Experimental

Two setups were applied in the experiments: an elec-
trostatic ion storage ring (ELISA) and an accelerator
mass spectrometer (AMS). In both setups, negative
clusters of AMP were produced by ESI. A saturated
solution of AMP in methanol was sprayed.
Detailed information about the ESI source (Figure 1a) is

described in reference [32]. Briefly, the source is
mounted on the high-voltage platform of the accelera-
tor. A stainless steel hypodermic needle is, via a fused
silica capillary, connected to a syringe containing a
solution of the analyte. A syringe pump (Harvard
apparatus) delivers a constant flow through the needle.
A typical flow rate is 1�2 �l/min. A voltage of 3 to 4 kV
relative to the heated capillary is put on the needle. The
capillary is normally heated for desolvation of solvent
molecules from analyte molecules. At the exit of the
capillary, ions emerge into the first vacuum zone where
a pressure of around 1 mbar is maintained. The ions
focused by a tube lens go through a skimmer into a
second region. The voltage on the tube lens varies from
50 to 200 V. The pressure in the second region is further
reduced to 10�3 mbar. The ions are steered through this
section by an octopole beam guide, and enter the third
vacuum region through lenses. This region is evacuated
to 10�5 mbar. An Einzel lens assembly focuses the ions
into the acceleration region.
The ESI source used for ELISA is equipped with a

22-pole ion trap that was constructed according to the
design of Gerlich [33, 34]. The trap is mounted in the
third vacuum region. Ions can be accumulated in the
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ion trap or allowed to pass through directly. When
trapping and accumulating ions, the trap was filled
with helium buffer gas (typically 10�2 mbar) while in
the continuous beam mode the trap acted as an optical
lens to guide and focus the ions.
After exiting the source, ions were accelerated to an

energy of 22� q keV, selected by a bending magnet and
injected into ELISA. The ring consists of two straight
sections about 3 m long; the ions were deflected at the
ends by two parallel 10° deflectors and a 160° cylindri-
cal deflector. A multichannel plate (MCP) detector is
placed at the end of one straight section. A channeltron
detector is placed just after one of the 10° deflectors and
is 1 cm away from the track of the circulating beam
(Figure 1) [35, 36]. When there were no voltages on the
10° deflectors, the stored ion beam hit the MCP and
thus by scanning the magnet a mass spectrum was
taken. For lifetime measurements, we accumulated ions
in the trap for about 100 ms and ions in a bunch were
accelerated and injected into ELISA, where they were
stored. The MCP was in this case used to detect neutral
fragments that were formed in the straight section on
the injection side of the ring. Charged fragments with
m/q (m being the mass of the ion) higher than the parent
ions were measured by the channeltron.
The experimental setup for the accelerator mass

spectrometer has been described in detail elsewhere
[37]. Briefly, after acceleration, an m/q analysis was
performed by a large, 2-m radius, 72° bending magnet
capable of deflecting singly charged ions with mass up
to 5000 u. After magnetic analysis the mass-selected
ions passed through a target gas contained in a 3-cm
long differentially pumped cell with entrance and exit
apertures of 1 and 3-mm in diameter, respectively. Then
the ions entered a computer-controlled 180° hemispher-

ical electrostatic analyzer (ESA) with a radius of 15 cm.
The mass resolution is typically about 500.

Results and Discussion

Observations of Multiply-Charged Anion Clusters

Mass spectra of ions produced in the ion source were
recorded at ELISA, and the currents of AMP clusters
were measured under three different ion source condi-
tions: (1) heated capillary temperature of 170 °C and
trap in pulsed mode, (2) heated capillary temperature of
60 °C and trap in continuous mode, and (3) heated
capillary temperature of 60 °C and trap in pulsed mode.
The signal from AMP clusters measured under condi-
tions 1, 2, and 3 are shown in Figure 2a, b, and c,
respectively. Figure 2a reveals that only singly charged
clusters were measured under condition 1. From a
comparison of Figure 2b and Figure 2c, it is seen that
peaks can be assigned to multiply-charged clusters
when the ions are trapped and that intensities of
multiply-charged cluster anions are higher than the
intensities when the ions are not trapped. The measured
signal of the AMP monoanion was about 106 counts per
s and those of multiply-charged clusters like (AMP)10

3�

and (AMP)15
4� were 104 and 103 counts per s, respec-

tively.
The ions are formed in the ion source and not in the

trap, since the Coulomb repulsion between ions pre-

Figure 1. Schematic drawing of (a) the ESI source and (b) the
electrostatic ion storage ring ELISA.

Figure 2. Relative intensities of noncovalent AMP cluster anions.
(a) Capillary temperature 170 °C and pulsed beam. (b) Capillary
temperature 60 °C and continuous beam. (c) Capillary tempera-
ture 60 °C and pulsed beam.
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vents ion–ion reactions, and furthermore, the ion con-
centration is low. The importance of the trap is to cool
down the ions in collisions with the helium buffer gas.
In the continuous ion mode, there is no way to dissipate
or lose the excess energy and therefore “hot” ions
dissociated before detection.
The smallest number of constituents of an observed

cluster depends on its charge state and is five for a
dianion, eight for a trianion, and 13 for a tetranion
(Figure 2c). However, from Figure 2 only, we cannot tell
whether the peak marked as a dimer monoanion has
some contribution from a tetramer dianion because they
both have the same mass-to-charge ratio (m/q � 693). A

collision induced dissociation (CID) experiment was
therefore carried out with an accelerator mass spec-
trometer in which ions with m/q � 693 were selected
and collided with Ne. A fragmentation spectrum is
shown in Figure 3, and it is obvious that there are
fragments of m/q larger than 693 that correspond to the
singly charged trimer and tetramer, which shows that
the tetramer dianion indeed exists. Also, the tetramer
monoanion is formed by electron loss from the dianion
in the collision process.
Several isomers of the clusters exist and to obtain

some information on the possible structures, we carried
out B3LYP/6-31 � G(d)//PM3 quantum chemical cal-
culations with the Gaussian 98 [38] program package.
The strongest hydrogen bond involves the negatively
charged oxygen of a phosphate group. In the case of
dimers, three possible isomer structures were calculated
where there is a hydrogen bond between O� and OH of
the phosphoric acid group (OHphos) (Figure 4b), b O

�

and OH of the sugar (OHsugar), and O
� and NH of

adenine (NHbase). The calculations show that the former
is most stable by at least 0.5 eV. Based on the dimer
structure (Figure 4b), three trimer structures were gen-
erated by hydrogen bonds between O� and OHphos
(Figure 4c), O� and OHsugar, O

� and NHbase of the third
AMP molecule. The former is the most stable one by 0.3
eV. Hence the calculations indicate that the most stable
isomers are formed by hydrogen bonds between phos-
phate and phosphoric acid groups. The dimers and
trimers are then difficult to further deprotonate to form

Figure 3. CID spectrum obtained after collisions between a
mixed beam of (AMP)2

� and (AMP)4
2� and neon.

Figure 4. Possible structures of the singly charged (a) monomer, (b) dimer, (c) trimer, and (d)
tetramer.
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a dianion, since the distance between the phosphate
groups becomes too small. Several tetramers are gener-
ated based on the trimer shown in Figure 4c. However,
the situation is different since no more hydrogen bonds
can be formed between O� and another OH or NH, and
the calculated most stable tetramer (Figure 4d) has a
structure different from that of the dimer and trimer
where the phosphate groups are close to each other. In
this case, the distance between the phosphoric groups is
larger (�10 Å), and therefore, a dianion is more likely to
be formed.
The smallest size of a cluster with charge q is called

the appearance size of the cluster na. To understand the
relationship between na and q information about the
structures of the multiply-charged clusters is useful. For
the large clusters we apply a charged droplet model to
relate na to q, which has earlier been used to describe
cluster cations [39–41]. In this model, a cluster is
approximated by a charged spherical droplet and de-
tailed information about structure is neglected. The
appearance size is determined from a balance between
the Coulomb repulsion and the surface tension, which
leads to the Rayleigh stability limit defined by:

Ra
3� q2e2 ⁄ (16��), (1)

where � is the surface tension and Ra is the radius of the
droplet. Since Ra

3 is proportional to na, this leads to na � q2.
In Figure 5, the appearance size na of AMP clusters is

plotted as a function of charge state q together with
some atomic and molecular clusters. It should be noted
that it is a log–log plot, so the relation appears to be a
straight line. na of AMP clusters is smaller than that of
other clusters of the same charge state, which is likely
attributable to the formation of several hydrogen bonds
between AMP constituents and the large size of an
AMP molecule.

Dissociation of Multiply-Charged Anion Clusters

Dissociation lifetimes of multiply-charged clusters were
studied in the storage ring ELISA. The decay spectrum
of (AMP)7

2� is shown in Figure 6a. The neutral frag-
ments measured by the MCP detector in the first 20 ms
originated from decay of metastable ions that were
created by collisions with the residual gas in the source
when the ions were exiting the ion trap. In ELISA,
neutral fragments were formed by collisions with the
residual gas but this happened on a second timescale
and therefore only contributed to the “constant back-
ground” in the decay spectrum. The decay spectra
shown in Figure 6a are not exponential but follow a
power-law decay, t�1. A power-law decay has also been
observed for small clusters, fullerenes, and amino acids
[42–44]. This occurs when the internal energy distribu-
tion of the metastable clusters is broad due to collisional

Figure 5. Stability diagram. The log�log plot shows that na

scales approximately with q2 for positive and negative (AMP)
cluster ions.

Figure 6. Decay spectra of the dianion of (a) (AMP)7 detected by
the MCP and (b) (AMP)5 detected by the MCP (filled squares) and
channeltron (open squares).
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activation. The power-law decay, therefore, is indepen-
dent on the emitted particles, whether they are neutral
or charged (see detailed information in [4]).
Decay spectra of (AMP)5

2� are shown in Figure 6b.
The filled squares indicate the neutral products de-
tected by the MCP while the open squares indicate the
charged products detected by the channeltron. The
decay curve for charged fragments follows a t�1 decay
law, again due to a broad distribution of internal
energy, while the decay curve for neutral fragments is
flat because neutral fragments from metastable ions are
few and most neutral fragments are formed from colli-
sions with the residual gas in the ring. It is seen that
charged fragments dominate over neutral fragments in
the case of dissociation of (AMP)5

2�.
From a comparison of the decay channels of

(AMP)7
2� and (AMP)5

2�, we propose that for a given q,
if the size is much larger than the appearance size,
neutrals evaporate from the cluster until the cluster
approaches the Rayleigh limit and then “fission” dom-
inates to give charged fragments. Similar fragmentation
pathways were observed in the case of metal, amino
acid and peptide cation clusters [4, 45].

Conclusions

We have formed multiply-charged noncovalent cluster
anions by electrospray ionization. By using an ion trap
and low capillary temperature, more multiply-charged
clusters were observed. The appearance size na for a
given charge state q was found to be proportional to q
[2], in agreement with the charged droplet model. The
multiply-charged clusters dissociate via evaporation of
the neutral constituents when the size is larger than na.
Fission leading to fragments of charged constituents
occurs when the cluster size approaches na.
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