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OVERVIEW

We report observations of the abundance of doubly
and triply charged ions relative to that of singly
charged ions following their accumulation in an RF
ring set ion guide for up to 100 ms at pressures in
the range 1.6 to 2.8 mbar. The data show relative
enhancement of ions with similar m/z values but with
higher charge states (z values), as the product of
pressure and storage time increases. This
enhancement effect may be used to improve the
detection and recognition of low levels of multiply
charged peptide ions obscured by more intense
singly charged background ions.

INTRODUCTION

Often the limiting factor for the identification of
proteins is not the inability to generate adequate
MS/MS data but the inability to recognize peptide
precursor ions in the mass spectrum. A large
proportion of the peptide products from a tryptic
digest of proteins has two or more charges and this
fact is commonly used as a means of recognizing
such ions. However, at low levels these peptides
may be obscured by more intense singly charged
chemical background ions. 

Smith, et. al. have demonstrated that ions of the
same substance may be discriminated in favor of
lower m/z values by storing at 0.26 mbar for
100’s of ms. 

Here we show that with appropriate selection of
storage time and storage pressure the transmission
of ions with two or more charges may be enhanced
relative to the transmission of singly charged ions
with the same m/z values. This provides a means
of improving detection limits for the low level
analysis of proteins.

EXPERIMENTAL

Figure 1 shows a schematic of the instrument used
in these experiments. A stacked ring ion guide
operating at varying pressures between 1.6 and

2.8 mbar was employed as an ion storage device
and coupled to a quadrupole – time of flight mass
spectrometer. At these operating pressures the ions
undergo collisions with the background gas
molecules and are cooled to near thermal energies.
RF ion guides confine ions radially and reduce
scattering losses that would otherwise result from
the collisions with gas molecules. Potentials applied
to electrodes placed at the ends of the ion guide
can be used to confine the ions in the axial
direction. Control of these potentials allow ions to
be stored for selected periods and then released
for mass analysis. Ions were stored by applying a
+10 V potential to the gate electrode. During the
storage time ions continuously enter the storage
device from the source.

The ions were extracted by pulsing the gate
electrode low for a short time (extract time). Once
extracted the ions can be mass analyzed by either
quadrupole or time of flight mass spectrometry.

RESULTS

A mixture of 0.1 ng/µL Gramicidin-S ([M+2H]2+ =
571.36) and 0.1 ng/µL Leucine Enkephalin
([M+H]+ = 556.28) was continuously infused into
an nano-electrospray source at 0.5 µL/min. The
pressure in the trap was set to 2.86 mbar. Two
spectra were recorded, the first (a) with no ion
storage and the second (b) with a storage time of
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MEANS OF ION STORAGE AT
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Figure 1: Schematic and timings diagram of the
system used for charge state discrimination.
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58 ms and an extraction time of 2 ms. The two
spectra can be seen in Figure 2. There is a clear
improvement in the ratio of doubly to singly
charged ions, the singly charged ion intensity has
reduced by over an order of magnitude whilst the
double charged intensity has reduced by 15%.

The experiment was repeated with a mixture of
0.1 ng/µL Renin Substrate ([M+3H]3+ = 586.98)
and 0.1 ng/µL Leucine Enkephalin ([M+H]+ =
556.28). The pressure in the trap was kept at
2.86 mbar. With a storage time of 58 ms,
however, both the singly and triply charged ion
intensities were reduced significantly. The storage
time was reduced to 18 ms and the resultant
spectra can be seen in Figure 3 (a) and (b).  The
abundance of triply charged ions relative to that of
singly charged ions is enhanced.

The previous two experiments were repeated and
the storage time varied from 0 ms (no storage) to
100 ms in steps of 10 ms. The extraction time was
kept at 2 ms. Figure 4 shows the normalized
intensities of the doubly charged Gramacidin-S
ions and singly charged Leucine Enkephalin ions.
Figure 5 shows the normalized intensities of the
triply charged Renin Substrate and singly charged
Leucine Enkephalin ions. In both cases the singly
charged ion intensity reduces more quickly than
the multiply charged ion intensity.

The same set of experiments were repeated at a
pressure of 1.95 mbar. Figure 6 shows the
normalized intensities of the doubly charged
Gramacidin-S ions and singly charged Leucine
Enkephalin ions, and Figure 7 shows the
normalized intensities of the triply charged Renin
Substrate and singly charged Leucine Enkephalin.
There is still an enhancement in the ratio of
abundance of multiply charged to singly charged
ions, although the effect is less pronounced.
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Figure 2: Spectra showing enhancement of doubly
to singly charged ratio.
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Figure 3: Spectra showing enhancement of triply
to singly charged ratio.
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Figure 4: Effect of storage time on the abundance
of doubly and singly charged ions at 2.86 mbar.
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The previous two experiments were repeated at 5
different trap pressures. The ratio of the multiply
charged to singly charged ion intensity was
normalized to the no storage value and plotted in
Figures 8 and 9.

Figure 8 shows the ratio of doubly charged to
singly charged ion intensities versus storage time
for a range of pressures from 1.64 mbar to 2.86
mbar. The ratio increases with increases in both
pressure and storage time.

Figure 9 shows the ratio of triply charged to singly
charged ion intensities versus storage time for the
same range of pressures. Here the ratio increases
and then reduces as the combination of pressure
and storage time is increased.

Figure 10 shows the storage time required to
achieve a factor of 2 increase in the ratio of
abundance of the multiply charged to singly
charged ions for different pressures. The required
product of storage time and pressure is lower for
triply charged ions than for doubly charged ions.
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Figure 5: Effect of storage time on the abundance
of triply and singly charged ions at 2.86 mbar.
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Figure 6: Effect of storage time on the abundance
of doubly and singly charged ions at 1.95 mbar.
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Figure 7: Effect of storage time on the abundance
of triply and singly charged ions at 1.95 mbar.
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Figure 8: Ratio of doubly to singly charged ion
intensities.
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DISCUSSION

The time averaged force acting on an ion in the
inhomogeneous RF fields in a quadratic potential
(quadrupole ion trap or ion guide) is finite, and is
directed towards the region of weaker field,
independent of the sign of the ionic charge (1).
For both the quadrupole rod set and quadrupole
ion trap the field is uncoupled in orthogonal co-
ordinates. Hence, the secular motion is simple
harmonic along these co-ordinate axes. 

When ions of mass (m) undergo purely elastic
collisions within an RF field with relatively cold gas
molecules of mass (mo), where (m >> mo), the
collisions will result in viscous drag which lowers
the mean kinetic energy of the ions as a function
of time. The ion micro-motion is not interrupted by
the collisions, but only slightly modified in phase
and amplitude, while any secular motion is
damped out exponentially (2).

Evaluation of the kinetic energy along any given
co-ordinate axis, averaged over one period,
allows the constant W to be determined, where W
is a constant of the secular motion corresponding
to the total energy in the system with time-
independent conservative forces. 

The constant W may be regarded as the sum of
the ion kinetic energy and pseudo-potential energy
(eΨ). For a multipole rod set (where 2N is the
number of rods) the effective potential Ψ(R), as a
function of the radial distance R, is given by:

Here, m and z.e is the mass and charge of the
ion, ω is the angular frequency of the RF supply,
Vo is the peak RF voltage and Ro in the inscribed
radius of the rods.

By differentiation, the effective radial field, Γ(R) is
given by:
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Figure 9: Ratio of triply to singly charged ion
intensities.
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Figure 10: Required storage time versus pressure
for a two-fold enhancement in the ratio of multiply
to singly charged ion abundance.
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The time averaged radial force F(R) on ions with
mass m and charge z.e, is equal to z.e.Γ(R).
Hence:

Hence, the time averaged radial force F(R)
towards the centre is proportional to (z2/m), It is
greater for ions of the same mass (m) with higher
charge states (z), or ions of the same substance
with lower m/z values. Smith (3) reported the
radial stratification of ions as a function of m/z
ratio in a quadrupole ion guide in the presence of
a buffer gas. Ions of the same substance but with
different m/z values, after sufficient cooling in an
RF multipole rod set containing a buffer gas,
congregate in separate concentric layers. Ions with
higher m/z ratios occupy layers with larger radii.
The electrospray mass spectrum of insulin shows a
progressive shift of the base peak towards lower
m/z states as the accumulation time in a
quadrupole ion guide at 0.26 mbar is increased
from 0.3 to 1.0 second. Computer simulations
predict that ions with the higher m/z values, given
enough time, will occupy the larger radial
positions. These ions are more likely to be lost
through collisions with the rods, or not be
transmitted through a small orifice arranged on the
axis of the ion guide at its exit. 

Gerlich (4) showed that the pseudo-potential
energy (eΨ) for an RF ring set is proportional to
the exponential function of radial displacement (R).
The effective potential Ψ(R,Z), as a function of the
radial distance R and the axial position Z, is:

Here Ro is the inscribed radius of the rings, πZo is
the ring centre to ring centre separation in the
axial direction, I1 is a first order modified Bessel
function of the first kind and I0 is a zeroth order
modified Bessel function of the first kind.

A similar analysis for the ring set shows that the
time averaged radial force F(R) towards the centre
is also proportional to the ratio (z2/m), or
z/(m/z), and therefore is greater for ions with the
same m/z value but with higher z value. As a
consequence ions with the same m/z value, but
with higher charge states, will experience a
greater time averaged force directed towards the
centre where the field is weakest. In an
environment where ions are free to move, but their
movement is damped by frequent collisions with
lighter gas molecules, ions that experience the
greater time averaged radial force will cool and
eventually migrate to the central space. Ions that
experience a smaller time averaged radial force
will also cool but will be displaced from the centre
and will occupy layers or bands with larger radii. 

This process of self-organization may be expected
to occur in situations where the ions lose their
secular motion through collisional damping, and
where adequate time has been allowed for the
whole population of ions to reach a stable
distribution. Singly charged ions will occupy larger
radial positions than multiply charged ions with
similar m/z values. Hence, the singly charged ions
are more likely to be lost through collisions with
the rings of the ion guide, or not be transmitted
through a small orifice arranged on the axis of the
ion guide at its exit.
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CONCLUSION

The peptides from protein digests, when ionized
by electrospray, often yield an abundance of
doubly charged or triply charged ions. A method
for enhancing the abundance of doubly or triply
charged ions relative to that of background singly
charged ions would be advantageous in the study
of low levels of peptides in protein digests. It has
been shown that storing ions at elevated
pressures in an RF ring set provides a means of
enhancing the relative abundance of multiply
charged ions to that of singly charged ions with
the same m/z values. For doubly charged ions
this relative enhancement becomes quite
pronounced at pressures above 2 mbar for a
minimum storage time of about 100 ms. The
required storage time rapidly reduces as the
pressure increases. At a pressure of 3 mbar the
minimum required storage time falls to about 20
ms. The relative enhancement of triply charged
ions becomes pronounced at a lower product of
pressure and storage time. 
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