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a b s t r a c t

The resolution of ion mobility spectrometry (IMS) is of paramount importance for both post-ionization
separations and structural characterization of ions that have similar ion-neutral collision cross sections;
however, the instrumental features that lead to increased resolution also decrease ion transmission
through the drift cell. The periodic-focusing DC ion guide (PDC IG) drift cell provides increased ion
transmission with minimal loss in resolution.
eywords:
eriodic-focusing
on mobility spectrometry

ass spectrometry
on mobility resolution
on transmission

In earlier work we showed that the electrode geometry (inner diameter, thickness, and spacing)
strongly affects ion focusing and ion transmission. Here, we critically evaluate the effect of the elec-
trode geometry of a PDC IG drift cell on both ion transmission and resolution. In this study we examine
two drift cells that differ in length (63 and 125 cm) and electrode configuration. We also examine the
effects of applied voltage and pressure in an attempt to maximize both resolution and ion transmission.
Experimental data obtained with fullerene and model peptide ions are compared with calculated ion
trajectories using SIMION 8.0 simulations.
. Introduction

Ion mobility spectrometry (IMS) has significantly expanded our
apabilities for mass spectrometry based studies for both small
olecules [1,2] and macromolecules [3,4]. The orthogonal, two-

imensional separation of IM-MS offers increased peak capacity
5,6] as well as the ability to distinguish different chemical fam-
lies [7,8]. Mass spectrometry provides accurate measurement of

ass-to-charge (m/z) ratios, whereas IMS separates gas-phase
ons on the basis of ion-neutral collision cross section [9,10].
he experimentally determined collision cross section can then
e compared to collision cross sections determined by molecu-

ar dynamics (MD) simulations [11], and this information can be
omplementary to data obtained from tandem mass spectrome-
ry and/or H/D exchange experiments for ion structure elucidation
7,12].

Resolution is the most significant limitation of IMS for interro-
ation of complex biological mixtures whether for post-ionization
eparation, analytical applications, and/or structural characteriza-

ion of ions which have similar ion-neutral collision cross sections
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[7,13]. Diffusion limited resolution is defined by Eq. (1) [14,15]

Rd =
(

ELez

16kbT ln 2

)1/2
(1)

where E is the electric field, L is drift length, z and e are the numbers
of charges and elementary charge, kb is the Boltzmann constant, and
T is drift gas temperature. Several approaches designed for increas-
ing resolution have been described, and each of these approaches
are aimed at one of the fundamental resolution-determining ele-
ments given by Eq. (1), viz. drift cell length (L) [16–22], electric
field strength (E) [23–27], and temperature of the drift gas (T)
[28–30]. However, the investigation of applied voltage, or electric
field strength, on resolution has been limited owing to the use of
drift cell lengths less than 30 cm. Increasing the drift cell length
permits higher voltages to be applied prior to reaching electrical
breakdown through the drift gas providing a better platform for
investigating the effects of applied voltage, or electric field strength,
on resolution.

The design of IMS drift cells is complicated because the cell
geometries that lead to increased resolution also decrease ion

transmission, viz. increasing drift length and drift gas pressure
results in increased ion losses due to diffusion. Furthermore, an
increase in the electric field strength increases the effective tem-
perature of the ions that could result in structural rearrangement
and/or fragmentation of the ions [31]. We introduced the use of a
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ig. 1. A schematic of the MALDI-IMS instrument. The periodic-focusing DC ion guid
s increased to 125 cm and is composed of 100 electrodes of similar design.

DC IG drift cell to provide increased ion transmission by means
f correcting for the radial diffusion of ions [32,33]. In addition,
he periodic-focusing design offers mobility separations at lower
ressures (1–3 torr) where uniform field IMS suffers from low ion
ransmission owing to the lack of a radial-focusing mechanism.
peration of the drift cell at reduced pressure leads to faster mobil-

ty separation and allows for higher frequency ion introduction
hereby increasing instrument duty cycle and sample throughput
34–36].

Here, we evaluate the performance of increased length PDC IG
rift cells in terms of ion transmission and resolution. Specifically,
e present two different drift cell lengths to examine ion mobility

esolution as a function of voltage. Also, two different periodic-
ocusing drift cell electrode geometries are simulated with SIMION
nd tested experimentally to compare focal properties of the elec-
rodes and their effect on ion transmission and resolution. Finally,
he electrode focal properties are examined as a function of drift gas
ressure to determine an optimum pressure range for maximized

on transmission and resolution.

. Experimental

.1. Chemicals

A fullerene mixture, C60 (MW = 720 Da) and C70 (MW = 840 Da),
as purchased from Sigma–Aldrich (St. Louis, MO). The pep-

ide Val-4-Angiotensin I (MW = 1208.4 Da), amino acid sequence
RVVIHPFNL, and Glu-Fibrinopeptide B (MW = 1569.6 Da) were
urchased from American Peptide Company, Inc. (Sunnyvale, CA)
nd used without further purification. A suspension of fullerene in
enzene was deposited on the stainless steel MALDI probe target
nd allowed to dry prior to analysis. The peptides were dissolved
n distilled water at a concentration of 1 mg ml−1 and mixed 1:1
v:v) with 5 mg ml−1 alpha-cyano-4-hydroxycinnamic acid in 60
ercent acetonitrile, 40 percent distilled water with 0.1 percent
rifluoroacetic acid solution and 10 mM dihydrogen ammonium
hosphate. The mixture of peptide and matrix was then spotted
n the MALDI target.

.2. Instrumentation

The schematic drawing of the MALDI-IMS instrument used in
hese studies is contained in Fig. 1. Samples are spotted on a stain-
ess steel probe that is inserted into the drift cell between the
rst and second electrode. The ions formed by MALDI (nitrogen

aser, � = 337 nm (Stanford Research Systems, Sunnyvale, CA)) drift

hrough a 63 cm drift cell composed of 50 individual electrodes
see Section 2.3) operated at pressures between 1 and 3 torr. The
lectrodes are connected by 1 M� high-precision resistors (Mouser
lectronics, Mansfield, TX) to establish a linear voltage drop across
he drift cell. Ions exit the drift cell through a 500 �m aperture
C IG) is composed of 50 electrodes with a total drift length of 63 cm. The drift length

which provides a vacuum differential between the drift cell and
the ion detector region. The aperture plate is connected to ground
through a high-precision 2.88 M� resistor (Mouser Electronics,
Mansfield, TX), and the resulting voltage drop serves to accelerate
the ions toward the detector (Galileo Channeltron electron multi-
plier (CEM); Burle Electro-Optics, Inc.; Lancaster, PA).

Experiments were also performed on a 125 cm drift cell com-
posed of 100 individual electrodes of similar design to that of the
63 cm drift cell. All ion mobility experiments presented herein were
conducted at room temperature (∼300 K), and this temperature
was used to calculate the E/N from the experimental value of E/p
[31,37]. Specific operating conditions used in obtaining individual
ion mobility spectra are given in the relevant figures and captions.

2.3. Electrodes

The electrode dimensions (inner diameter (d), thickness (t) and
spacing between the electrodes (s)) define the periodic-focusing
drift field. Here, we examine two different electrode aspect ratios:
electrode configuration A where d, t, and s are 6.35 mm (aspect
ratio 1:1:1) and electrode configuration B where d is 8 mm while
t and s are 6.35 mm (aspect ratio approximately 4:3:3). These two
electrodes were used to estimate the effects of the electrode design
on both resolution and ion transmission compared with uniform
field electrodes. For the uniform field electrodes, d is 50 mm and t
and s are 6.35 mm.

2.4. Simulations

SIMION version 8.0 [38] (SIS, Ringoes, NJ) simulations were per-
formed for C60

•+, with an ion-neutral collision cross section of
124 Å2, to investigate resolution and ion transmission for differ-
ent drift cell electrodes. Ion-neutral collisions were simulated using
helium as the drift gas with the collision hs1.lua user program pro-
vided with SIMION employing a hard-sphere collision model.

3. Results and discussion

The PDC IG was developed in our laboratory for increased ion
transmission for dispersive IMS [32]. Briefly, the device consists of
a series of stacked, thick electrodes that radially confine ions near
the center of the drift axis, thereby increasing overall ion transmis-
sion. This design takes advantage of the nonlinear (fringing) electric
fields at the edges of each electrode when an electrical potential is
applied across the electrode stack. These conditions are very differ-
ent from those typically employed for uniform field IMS drift cells.

For example, the inner diameter of the electrodes used for uniform
field drift cells is large relative to the electrode thickness, whereas
the inner diameter of the PDC IG is relatively smaller and approxi-
mately equivalent to that of the electrode thickness. The geometry
(diameter, thickness and spacing) of the electrodes is critical to the
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ig. 2. “Effective potential” contours considering only the radial electric field varia
he 6.35 mm inner diameter (b) and 8 mm inner diameter (c) drift cell showing two

ocusing properties of the device. The radial (r) ion confinement
s observed as a slow drift of the off-axis (r /= 0) ion trajectories
owards the center (r = 0) (Fig. 2(b), ion trajectory 2) that may be
xplained using “effective potentials” that extend from the edges
f thick electrodes (Fig. 2(a)). Furthermore, the axial electric field
nd drift gas pressure determine the drift velocity of the ions which

lso influences the ion focusing. Clearly ions having different radial
ositions with respect to the electrode surface experience different
agnitude effective potentials (Fig. 2(b) and (c)). As ions diffuse to

ncreased radial positions (r /= 0) they experience greater magni-

ig. 3. SIMION simulation results depicting resolution (a) and percent transmission
b) as a function of pressure for two PDC IG geometries and a uniform field drift cell
1 cm in length with an applied voltage of 3500 V.
for the 6.35 mm inner diameter drift cell (a). Cross section of two electrodes from
sentative ion trajectories at 29 V cm−1 torr−1 ((E/N) = 90 Td).

tude effective potentials and are refocused toward the central drift
axis (r = 0) upon exiting an electrode. After exiting an electrode all
ions experience a relatively large potential drop and are acceler-
ated by the electric field. We previously showed that under similar
conditions the mobility separation corresponds to low-field condi-
tions for large molecule ions, i.e., peptides of the size examined

in this study [31]. A more rigorous theoretical treatment of the
focusing mechanism, which includes consideration of the effec-
tive ion temperature (Teff), of the PDC IG is presented elsewhere
[37].

Fig. 4. SIMION simulation results of resolution (a) and percent ion transmission
(b) versus pressure for several drift cell electrode geometries with various inner
diameters denoted in the figure legend. The simulations were performed on a 122 cm
drift cell with an applied voltage of 7000 V.
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Fig. 3 contains theoretical plots of resolution and percent
on transmission versus pressure for the molecular ion C60

•+

molecular weight = 720 Da) for three electrode geometries. These
imulations were performed for a drift length of 61 cm, an applied

ig. 5. Experimental ion mobility spectra of C60
•+ and C70

•+ obtained from a 63 cm PDC IG
xperimental ion mobility spectra of C60

•+ and C70
•+ obtained from the 63 cm PDC IG eq

pplied voltage, E/p (E/N) values, and mobility resolution, R, are reported for C60
•+. The d

.82 torr.
ss Spectrometry 301 (2011) 166–173 169
voltage of 3500 V and a 1 mm aperture at the exit of the drift cell. The
slight variation in drift length and aperture size compared to the
instrumental drift length and aperture size is due to the millimeter
to grid unit ratio in SIMION.

equipped with 6.35 mm inner diameter electrodes (electrode configuration A) (a).
uipped with 8 mm inner diameter electrodes (electrode configuration B) (b). The
rift gas pressure for all spectra in (a) was 1.42 torr while for all spectra in (b) was
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ig. 6. Ion mobility spectra displaying the highest mobility resolution achieved for p
onfiguration B). The applied voltage, drift gas pressure, E/p (E/N) values, and mobil

As illustrated by Fig. 3(a), the uniform field drift cell yielded the
ighest resolution but the overall ion transmission is extremely

ow. For example, the simulations suggest that the ion trans-
ission is less than 3 percent for all pressures investigated for

he uniform field. This value can be compared to that of elec-
rode configuration A, which refocuses radially diffusing ions to
he center of the cell, and provides a 40-fold increase in ion
ransmission versus uniform field electrodes. This focusing effect
ecomes more pronounced with decreasing inner diameter due to
n increase in the effective potentials felt by an ion at an equiv-
lent radial position [37]. This is evident from the increased ion
ransmission of electrode configuration A compared to electrode
onfiguration B. On the other hand, smaller inner diameter elec-
rodes produce a larger difference in drift length for on- and off-z
xis (r /= 0) ion trajectories, which ultimately broadens the ion
acket and degrades mobility resolution (Fig. 2(b) and (c)). This is

vident by the higher resolution of electrode configuration B ver-
us electrode configuration A (a maximum resolution increase of
2 percent over configuration A for all pressures investigated). A
omparison to uniform field electrodes reveals that configuration

ig. 7. Drift time data from a fullerene mixture taken on the 125 cm PDC IG drift cell at
hile the mobility resolution is presented at right.
ions on the 63 cm PDC IG equipped with 8 mm inner diameter electrodes (electrode
olution, R, are displayed.

B decreases resolution by only 10 percent at pressures of 1–2 torr.
Although the larger inner diameter of configuration B leads to a
slight decrease in ion transmission when compared to configura-
tion A, the increase in ion transmission of configuration B compared
to uniform field electrodes is still significant—approximately 28
times.

A second simulation investigated resolution and percent ion
transmission for multiple inner diameter electrodes at various
pressures on a drift cell 122 cm in length with a mobility exit
aperture 1 mm and 7000 V applied across the drift cell. The first sim-
ulations contained in Fig. 3(a) suggests that an increase in electrode
inner diameter increases resolution, which is confirmed by the sim-
ulations shown in Fig. 4(a). Specifically, the simulations at pressures
of 3 and 4 torr reveal that mobility resolution increases as electrode
inner diameter increases. The initial observation on electrode inner
diameter versus percent ion transmission from Fig. 3(b) was also

confirmed by Fig. 4(b). In addition, the maximum resolution for
different electrode inner diameters appears to be pressure depen-
dent while the maximum ion transmission for all the electrodes is
observed between 2 and 3 torr.

two different E/p (E/N) values. The signal response for C60
•+ is denoted by the star
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Fig. 8. Plot of resolution (a) and percent ion transmission (b) versus drift cell length
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The two periodic-focusing electrode geometries, configuration
(d = 6.35 mm) and configuration B (d = 8 mm) were also tested

xperimentally for resolution at different pressures. Simulations
uggest that the maximum resolution for configuration A and con-
guration B are between pressures of 1 and 2 torr with 3500 V
pplied across the cell. This was also confirmed experimentally in
hat the highest resolution measurements at approximately 3500 V
ere at pressures of 1.42 torr for configuration A and 1.82 torr

or configuration B, respectively. Multiple field strengths are also
nvestigated for each of the electrodes at the respective pressures
o illustrate the proportionality of electric field and resolution pre-
ented in Eq. (1) (Fig. 5(a)).

The highest resolution for laser desorbed C60
•+ ions at 3500 V

or configuration A at a pressure of 1.42 torr is 42.25 (Fig. 5(a)). At
pressure of 1.82 torr, configuration B yields a resolution of 60.16
ith 3500 V across the cell (Fig. 5(b)). Notice that the simulated

alues (Fig. 3(a)) are also in the range of these experimental val-
es. The maximum resolution of configuration B represents a 42
ercent increase over the maximum of configuration A. Experimen-
ally, configuration B increases resolution by an average of 20–30
ercent versus configuration A with only a slight decrease in ion
ransmission. It should be noted that an equivalent drift length was
ested with uniform field electrodes and no appreciable signal was
een after 20 min of acquisition time, as suggested by the results of
ow percent transmission in SIMION simulations.

Two peptides were also studied, using configuration B for the
rift cell electrodes, in the 63 cm length drift cell. The peptides were
al-4-Angiotensin I peptide, with amino acid sequence NRVVIH-
FNL, and Glu-Fibrinopeptide B (Fig. 6). The maximum resolution
or each peptide approached 60, similar to the maximum resolution
or C60

•+.
The pressure at which the maximum resolution was attained

ecomes important when considering low-field versus high-field
obility conditions. It is of utmost importance that in any mobil-

ty separation, especially for low mass ions, the contribution from
he field energy to the overall ion energy and the resulting effec-
ive ion temperature, Teff, be considered. The values of E/p, or E/N,
ecome very important as applied voltage is increased or temper-
ture is decreased. As E/p (E/N) is increased, the field energy, or
nergy gained by the ions due to the accelerating field, can raise
he effective temperature of the ion to a point where ion mobil-
ty is no longer independent of the electric field [10]. There is
ntrinsic value in increasing field strength for separations as sen-
itivity is increased and separation times are reduced [39], but Teff
ecomes critical especially if ion-neutral collision cross section data

s desired [31,40,41].
However, as ion mass increases larger E/p (E/N) values can be

chieved while maintaining low effective ion temperatures. This
an be demonstrated by comparing the deviations of the reduced
obility values with increasing E/p (E/N) values. The results for

educed ion mobility versus E/p (E/N) of the analytes studied
gree well with previously published data where C60

•+ enters
he high-field mobility limit at approximately 30–40 V cm−1 torr−1,
videnced by the deviation of the reduced ion mobility at this value
f E/p [39]. The peptides show a slight deviation in reduced mobility
etween 60 and 70 V cm−1 torr−1. Therefore, as ion mass increases
he field energy can be increased to higher values without a devia-
ion in mobility.

Another important point to note is that Eq. (1), the theoretical
epresentation of diffusion limited resolving power, was derived
or atomic ions separated with uniform field electrodes. As ion
ass increases, experimental resolution never reaches the theo-
etical diffusion limited resolving power [42]. Factors leading to
eak broadening are initial size and shape of the pulsed ion packet
rom a pulsed ionization source or gated continuous ion source
14,42–45], expansion of initial ion packet due to coulombic repul-
at pressures of 1 and 2 torr for a PDC IG with 8 mm inner diameter electrodes, config-
uration B. The error bars were calculated for three simulation trials. The lines shown
in (a) are the best-fit lines that approach a square-root dependence of the resolution
on drift cell length. The equations for the lines are shown in (a).

sion [42,46], reactions with neutral contaminants, and the presence
of different ion conformations – especially for peptide and protein
ions [16,21,40,47].

According to simulations in Figs. 2(a) and 3(a), doubling the drift
length should increase the resolution of C60

•+ up to 45 percent. The
increase in resolution can be attributed to an increase in applied
voltage that is possible through the increased drift length while
maintaining a low E/p (E/N) value in the drift cell. The experimental
data for a fullerene mixture acquired using the 125 cm PDC IG drift
cell is presented in Fig. 7. The data is plotted showing mobility drift
time at two different E/p (E/N) ratios. The maximum resolution of 82
corresponds to an increase of 36 percent over that obtained using
the 63 cm drift cell, which is in good agreement with the predicted
increase from Eq. (1).

Additional simulations were performed in order to further
investigate the dependence of resolution and ion transmission in

periodic-focusing ion mobility on the applied voltage and drift cell
length at pressures of 1 and 2 torr (Fig. 8). The parameters for the
simulation are as follows: C60

•+ as the analyte, 8 mm inner diame-
ter electrodes (configuration B), 1 mm inner diameter exit aperture,
He drift gas, an E/p value of 30 V cm−1 torr−1 ((E/N) = 93 Td) for all
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rift lengths (so that the voltage scales with the drift length). The
ata in Fig. 8(a) illustrates that, as expected from Eq. (1), the res-
lution increase is proportional to the square root of the drift cell
ength. For a drift length of 65 cm the mobility resolution is 53 and
1 at 1 and 2 torr, respectively. The results from the simulation are

n good agreement with a resolution of 60 from the experimental
ata for the 63 cm drift cell. Likewise, for a drift length of 125 cm
he simulated resolution is approximately 70–85 between 1 and
torr, while experiments yielded a resolution of 82.

The results for percent ion transmission are of utmost impor-
ance and need to be emphasized to explain the major analytical
tility of the PDC IG. Fig. 8(b) shows that percent ion transmission
emains constant, approximately 40 percent at 1 torr and 55 per-
ent at 2 torr, regardless of drift cell length. For a uniform field drift
ell, ion transmission decreases exponentially with drift cell length.
erein lies the main advantage of periodic-focusing in that ion

ransmission is independent of drift cell length; rather, ion trans-
ission is dependent on electrode geometry, applied electric field,

nd aperture size used at the mobility exit. It can be estimated that
on transmission with the same parameters and a 500 �m aper-
ure is approximately 10–15 percent in the pressure range of 1 and
torr. Ion transmission in a PDC IG would increase by increasing

he aperture size or the applied electric field.

. Conclusion

An investigation of the effect of drift length, applied voltage and
lectrode geometry on the performance of periodic-focusing DC ion
uide (PDC IG) drift cells demonstrates increased ion transmission
ithout a significant decrease in resolution when compared to uni-

orm electric field configurations. Results from SIMION trajectory
imulations suggests that an optimally designed drift cell operat-
ng at pressures of 1–2 torr can achieve ion transmission of 30–40
ercent with a small decrease (10 percent) in resolution relative to
hat of a uniform electric field.

Experimental data for a 63 cm PDC IG composed of electrode
onfiguration B, yielded a maximum resolution of 60 for the radical
ation of C60 and the [M+H]+ ions of two model peptides. Increasing
he drift length (L) by a factor of two (125 cm drift cell), which allows
igher voltages (EL) to be applied across the drift cell, increases the
esolution obtained to ∼82, a 36 percent increase compared to the
3 cm drift cell. Eq. (1) reveals that R should scale as L1/2, corre-
ponding to a 41 percent increase in R, which is in good agreement
ith the observed increase.

Finally, it is interesting to project the practical significance of the
anipulation of the variables contained from Eq. (1) in the limit of

n ion population composed of a single conformer. For example, an
ncrease in drift length (L) to 250 cm should provide an additional
1 percent increase in R, and increasing the field strength (E) of
250 cm drift cell by a factor of 4 could potentially provide a 100
ercent increase in resolution. In addition, operation of the drift cell
t reduced temperature (T), i.e., 100 K rather than ambient (300 K),
ould provide an additional 70 percent increase in R [28]. Thus,
ptimization of the drift cell design and operational parameters in
erms of L, E, and T could potentially increase mobility resolution
o ∼400 for a singly charged ion!
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