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Abstract. The implementation of an aerodynamic mechanism to improve ion sam-
pling between nanoelectrospray (n-ESI) and FAIMS was recently reported for prote-
omic analyses. This investigation explores the new FAIMS interface for small mole-
cule analysis at high liquid flow rates and includes an examination of key differences
in ionization between heated-ESI (HESI) and n-ESI. The sheath gas, critical for
desolvation with HESI, affects FAIMS operation as higher FAIMS gas flow rates
are required to achieve sufficient desolvation. Gas flow rate experiments also uncov-
ered m/z discrimination with the conventional design as larger (slower moving) m/z
ions experienced larger signal intensity losses than smaller m/z ions due to the
desolvation gas flow having a greater drag effect on slower moving ions. The

modified inlet in new FAIMS dampens the gas drag, making the HESI source more amenable as less m/z bias
and significantly lower %RSD values were observed. Furthermore, a larger radius inner electrode in new FAIMS
enables significantly higher E/N (electric field/number gas density) to be achieved using the existing waveform
generator. Thus, new FAIMS signal intensities using only nitrogen improved 1.25- to 2-fold compared with the
conventional design and 50% helium. Adding helium to the new FAIMS gave no significant improvements. The
larger inner electrode also decreased ion focusing capabilities, and the effect on peak separation and ion intensity
was examined in detail. The peak capacity of new FAIMSwas approximately double that of conventional FAIMS;
separation of seven low m/z ions gave a peak capacity of 37.7 using the gas additive 2-propanol.
Keywords: Ion mobility, FAIMS, DMS, Small molecules, Electrospray ionization, Mass Spectrometry, Ion
focusing, Desolvation, Gas additives
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Introduction

Liquid chromatography combined with tandem mass spec-
trometry (LC-MS/MS) has become a powerful tool that is

routinely used for small molecule quantification [1]. As sample
complexity and the need for faster methods continually push
the limits of instrumentation, orthogonal techniques that can
Bsimplify^ mass spectral analysis are becoming increasingly
important. Although selectivity is crucial, typically it cannot be
attained at the expense of sacrificing signal intensity or robust-
ness, as often absolute signal intensities are already at very low

levels and further reductions could result in signals being lost
within the electronic background noise. Ion mobility devices
placed between the ionization source and the inlet to the mass
spectrometer have been used to simplify small molecule quan-
tification, especially for biological analyses [2–6]. Although
many interesting mobility devices have been reported [2, 7, 8],
primarily, devices based on changes in mobility are most
commonly used for quantification since ion subsets can be
introduced in a continuous manner (ideal for interfacing with
a triple quadrupole mass spectrometer). Methods based on
changes in mobility include high-field asymmetric waveform
ion mobility spectrometry (FAIMS) [9–11], and differential
mobility spectrometry (DMS) [12–14]. In addition to providing
a gas-phase separation based on differences in mobility as a
function of electric field [9, 12, 15], FAIMS also employs non-
homogeneous electric fields that give rise to ion focusing,
which will counteract losses due to diffusion and space-
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charge repulsion, thereby maintaining signal intensity [16, 17].
Conversely, DMS uses planar electrodes that result in homog-
enous fields that can be used to give rise to very narrow peak
widths and optimal peak separation compared with FAIMS
[14]; however, DMS devices do not possess a mechanism to
reduce ion losses and therefore very narrow peaks are accom-
panied by significant losses in signal intensity.

Historically, large scale adoption of FAIMS has been hin-
dered because of a source design that has led to issues in
robustness, unacceptable losses in sensitivity for some ions,
and long transit times through the device. Finally, the existence
of two different modes of operation (onemode for each polarity
of the asymmetric waveform) has hindered ease of use [10].
These distinct modes in FAIMS come about due to the atmo-
spheric pressure ion focusing as described in Supplementary
S1; thus ions focused in one mode are de-focused in the other
mode [10]. Although there are exceptions, typically mode 1 is
used to analyse ions whose mobilities increase with electric
field and mode 2 is used to analyse ions whose mobilities
decrease with electric field [9, 12], but it has not always been
clear on which mode to use, especially in method development.
At large enough electric fields, all ions will eventually experi-
ence a decrease in mobility (in nitrogen) [15] so, in theory, all
ions could be analyzed in mode 2; however, the applied fields
in the conventional FAIMS are currently not large enough to
achieve this.

Recent improvements have been implemented in a modified
FAIMS interface (referred to as Bnew FAIMS^ throughout) to
address these limitations [11]. A main objective of the modifi-
cation made to the inlet of the new FAIMS was to create a
desolvation gas flow that was axi-symmetric in profile, and
much reduced in linear speed, thereby enabling ions in transit
towards the FAIMS inlet to experience less gas drag and less
deviation from the line of sight between the ion source and the
FAIMS inlet. This contrasts with the conventional FAIMS inlet
that produces a desolvation gas flow with a high linear speed
and excessive gas drag that directs the ion beam off the line of
sight, reducing ion sampling into FAIMS, and offsetting the
sensitivity advantage inherent to the ion focusing cylindrical
FAIMS. Modifications were also made to the inside of the
aperture in the outer FAIMS electrode based on the Coanda
effect in order to prevent ions from preferentially striking the
inner electrode upon entering the FAIMS [11]. In addition to
these changes in the interface region, the diameter of the inner
electrode was also increased from 13 to 15 mm; this change
was implemented for two main reasons [11]. First, the smaller
gap size (1.5 mm between inner and outer electrode surfaces
compared with 2.5 mm previously) allows higher electric fields
to be achieved using the same waveform generator (maximum
peak voltage of ±5 kV), thereby eliminating the need for
helium [18, 19]. Second, decreasing the volume within the
gap will also decrease the ion residence time within the device.
The effect of all of these changes will be examined in more
detail in the Results and Discussion section.

When the new FAIMS was implemented for the nanospray
of tryptic peptides [11], comparable signal intensities between

nanospray with FAIMS compared with nanospray alone were
achieved. Thus, similar S/N ratios were observed for peptides
with little or no background with nanospray, but improved S/N
was observed for peptides suffering from chemical noise in
nanospray [11]. For the analysis of small molecules at high
liquid flow rates, there are major differences that exist in the
source designs and source parameters compared with the low
liquid flow rates used in proteomics. For example, at high flow
rates, a sheath gas is used to help direct ions toward the FAIMS
ion inlet and at least partially offset the effects of the gas drag
effect in the desolvation region. In addition, FAIMS parameters
for peptides and small molecules have shown important differ-
ences as peptides have well defined FAIMS conditions [20–
22], whereas the behaviour of small molecules is more difficult
to predict. For example, essentially all peptides transmit opti-
mally in the same mode of operation and there is a correlation
between CV and charge state [20, 22], whereas some small
molecules have required a second mode of operation and thus
far their behaviour is not easy to predict [10]. The use of gas
modifiers [23–26] has a larger effect on small molecules and is
therefore also an important consideration in characterizing a
new interface.

Finally, peak separation capabilities are extremely impor-
tant for small molecule analysis. There is a trade-off between
peak separation and signal intensity that is dictated by the
strength of ion focusing. An additional effect of implementing
a 15 mm inner electrode diameter (compared with a 13 mm
electrode) will be to decrease the strength of ion focusing
within the device [16, 27]. This change will result in narrower
peaks and increased peak separation; however, based on the
tryptic peptide analysis, accompanying losses in intensity,
which might be anticipated with reduced focusing, do not
appear to be significant. This result would imply that ion
focusing in the conventional FAIMS was Btoo strong^ since a
reduced strength is still sufficient to maintain ion intensity. To
help explain this result, key aspects of ion focusing necessary
to empirically describe the relationship among focusing, inten-
sity, and peak separation are discussed, and used to explain
observations of data acquired from both prototypes.

This study investigates the utility of a new FAIMS interface
compared with the existing commercial interface (referred to as
the Bconventional FAIMS^) for small molecule analysis at high
liquid flow rates. A systematic analysis was carried out to
assess the performance of critical parameters for carrying out
small molecule analysis using FAIMS. Important findings with
respect to gas drag and its effect on intensity and robustness,
the use of gas modifiers and helium, and the effects of ion
focusing on peak separation and intensity are examined and the
overall workflow and ease of use is described.

Experimental
Simulation

The new FAIMS CAD model was imported into ANSYS
SpaceClaim and simplified for CFD analysis. The modified
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model was imported into COMSOL Multiphysics and various
steps were performed to prepare the model for convergence:

Turbulent Flow Model (k-e)

The k-epsilon (k-e) model was used to achieve convergence for
turbulent flow in the new FAIMS design. The formulation
solves for two variables: k, the turbulent kinetic energy, and
epsilon, the rate of dissipation of kinetic energy.

Meshing

Solving turbulent fluid flow problem is computationally
intensive. Relatively fine meshes are required and simula-
tions can take hours or days for 3D models. Therefore, we
want to use as simple of a mesh as possible, while still
capturing all of the details of the flow. Meshing quality
was handled in the new FAIMS geometry by splitting the
fluid domain into many domains, fine meshing domains
anticipated to develop turbulent flow, while coarse meshing
remaining domains. In addition, boundary layer meshes
were applied to selected walls to improve accuracy of the
simulation. The elements constituting boundary layer were
of high aspect ratio and resolved variations in the flow
speed normal to the boundary, while reducing the number
of calculation points in the direction tangential to the
boundary.

Load Ramping

When solving fluid flow problems using CFD, it is often times
more challenging to find a numerical solution to a turbulent
flow problem than to a laminar one. For turbulent flow,
COMSOL Multiphysics solves the Reynolds-averaged
Navier-Stokes (RANS) formulation of the Navier-Stokes equa-
tions. The RANS equations introduce a new variable, turbulent
viscosity, in order to characterize the turbulence levels in the
flow. The turbulent viscosity is calculated using additional
equations defined by the turbulence model applied in the
simulation. For instance, the k-epsilon turbulence model uses
turbulent kinetic energy (k) and turbulent dissipation (epsilon)
to calculate the turbulent viscosity. The turbulence model
equations take a similar form to the Navier-Stokes equations,
containing both linear and nonlinear terms. The nonlinearities
that arise in the turbulence equations explain why achieving
convergence is more challenging for high Reynolds number
simulations. Starting with a good initial condition can help
nonlinear problems converge. An approach used in this study
to get good initial conditions was to apply a Bload ramp^ or a
vector termed Bfac^ (0.01, 0.05, 0.1, 0.25, 0.5, 1.0). Fac was
multiplied to the FAIMS gas inlet boundary condition and a
converged solution from each multiplier was used as an initial
condition for the next multiplier. A multiplier of 1.0 would
apply the original inlet boundary condition that would be
difficult to converge without load ramping

Chemicals and Reagents

Optima LC-MS grade acetonitrile and isopropanol were pur-
chased from Fisher Scientific (Nepean, ON, Canada). Water
was purified using a Millipore Milli-Q water system (Millipore
Corp., Milford, MA, USA). Chemical standards with molecu-
lar weights ranging from 89 to 733 were purchased from Sigma
(St. Louis, MO, USA) and used to characterize the performance
of the FAIMS interfaces. Supplementary Table 1 shows the
optimal transitions and collision energies for each of the 19
different chemical standards that were used in this study. The
majority of the figures show only seven representative ions
(spanning across the m/z range) simply for clarity in the pre-
sentation. Individual solutions for each standard were prepared
in an appropriate solvent and a combined stock solution was
prepared by diluting the individual solutions with 1:1 water/
acetonitrile (v/v). A running solution containing all the analytes
was diluted to a concentration of 1–10 μM using 1:1 water/
acetonitrile (v/v) and delivered by a syringe pump into the
solvent stream using a mixing Tee where it was diluted further
before reaching the HESI probe.

Instrumentation

A commercial FAIMS equipped ThermoFisher TSQ Vantage
(San Jose, CA, USA) was used for this study. The FAIMS itself
has been modified to allow for the use of gas additives as was
described previously [26], and the mount for the electrodes was
readily changeable, thereby enabling comparisons between the
conventional and new FAIMS electrodes.

An Agilent 1290 UPLC was used to deliver the solvent
containing water, acetonitrile, and formic acid. Unless other-
wise indicated in the text, the solvent used was 50:50:0.1
water:acetonitrile:formic acid (v/v/v). The running solution
was Teed (using a Harvard apparatus syringe pump) into a line
carrying the solvent from the UPLC to the HESI probe where
positive ions were generated for mass spectrometric analysis.
Typically, the running solution was operated at 10 μL/min and
the UPLC at 490 μL/min, thereby diluting the running solution
by 50-fold. For the data acquired at 1 mL/min, the UPLC was
operated at 990 μL/min [95:5:0.1 water:acetonitrile:formic acid
(v/v/v)], thereby giving a 100-fold dilution.

Standard operating conditions for the conventional FAIMS
employs a DV of –5000 V (mode 2) with the temperatures set
to 90 °C on the outer electrode and 70 °C on the inner electrode,
and a FAIMS gas composition of 50% helium delivered at a
flow rate of 4 L/min. For the new FAIMS, the standard oper-
ating conditions are a DV of –4500 V (mode 2) with both
electrode temperatures set to 100 °C and a FAIMS gas com-
position of 100% nitrogen delivered at a flow rate of 4 L/min.
The HESI conditions and probe positionwere the same for both
FAIMS devices.

A HESI source was used, operated in positive ion mode
producing protonated molecular ions that were then further
fragmented using the conditions described in Supplementary
Table S1. CV scans were captured and analyzed using Igor 6.1
software (Wavemetrics, Portland, OR, USA).
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Calculations of Gas Additive Composition

The amount of gas additive present in the gas stream was
calculated based on a molar ratio and expressed as a percentage
as has been described previously [26]. For example, for an
87 μL/min flow of acetonitrile [density of acetonitrile is
786 g/L (at 20 °C)] will result in a 68.4 mg/min flow into the
FAIMS, which corresponds to 1.7 e–3 mol/min. Nitrogen gas at
NTP (20 °C and 1 atm) has a density of 1.165 g/L. Thus, for the
4 L/min flow of nitrogen, this results in 4.66 g/min or 0.17mol/
min. Thus, the molar ratio is 0.01 or 1.0%.

Results and Discussion
Effect of Gas Drag in the Desolvation Region

As described in the Introduction, minimizing gas drag and the
angular trajectory of the flow streamlines was a main objective
in developing the new FAIMS. The dependence of the
desolvation gas flow profile on the FAIMS inlet was studied
using COMSOL Multiphysics. Figure 1a shows a midway
cross-section along the z-y plane of a 3D CAD model of
conventional (left) and new FAIMS (right), respectively. In-
cluded in the model is a solid structure that represents the fluid
path that was meshed and solved for gas flow (light grey). The
2D cross-section along the z-y plane (Figure 1b) highlights
another structure that was added to the model to represent the
desolvation region. A third structure was added to the exit of
FAIMS as an extension of the outlet to provide sufficient length
for laminar flow to develop. Figure 1c shows two separate heat
maps representing gas flow through the conventional (left) and
new (right) FAIMS devices, whereas Figure 1d shows expand-
ed views of the heat map as defined by the dashed lines in
Figure 1c. The conventional FAIMS has a high velocity gas
flow (indicated by the high velocity arrows) that exits the
desolvation region with an angular trajectory, and also shows
that gas entering the analyzer region does so at a high velocity,
thereby colliding with the inner electrode. The flow profile in
the new FAIMS shows a more uniform, lower gas flow exiting
the entrance plate (3 mm opening versus 2.5 mm in conven-
tional FAIMS) toward the ion source. Figure 1c also shows that
gas entering the analyzer region of the new FAIMS will pref-
erentially flow around the inner electrode, even with a smaller
gap width.

An additional factor affecting the gas flows that needs to be
considered when using higher liquid rates typical with small
molecule analysis is the effect of a sheath gas that flows around
the HESI needle and is used to assist in desolvation. In addition
to assisting with desolvation, the sheath gas will also direct ions
and solvent toward the FAIMS inlet and thereby influence the
optimal FAIMS gas flow rate. Figure 2 shows how the sheath
gas can affect the CV spectra and hence the optimum FAIMS
gas flow rate. The figure was acquired using direct infusion at a
liquid flow rate of 20 μL/min (the lower flow rate was used to
minimize additional complications due to the solvent at higher
liquid flow rates). CV spectra for seven representative ions

spread across the m/z range being investigated were acquired.
Since the gas flow into the mass spectrometer is ~1.4 L/min,
FAIMS gas flow rates greater than this need to be used to
prevent atmospheric air from entering FAIMS. Figure 2a
shows a CV spectrum acquired at a FAIMS gas flow of
1.6 L/min and using the lowest sheath gas setting (15, which
corresponds to 1 L/min) that produced a stable spray and
reproducible spectrum. This FAIMS gas flow rate is consistent
with the flow rate used with nanospray [11]. However, when
the sheath gas flow rate is increased to 65 (corresponding to
5 L/min), the CV spectra shows significant changes that are
indicative of inadequate desolvation (Figure 2b). Minoxidil in
particular is very sensitive to solvation, and in our studies, this
ion is commonly used to assess desolvation efficiency. In
Figure 2b the change in minoxidil (both CV and peak shape)
is the most pronounced, although less drastic changes are
observed for other ions as well. By increasing the FAIMS gas
flow in Figure 2c (2.0 L/min) the CV spectra improves and
with a FAIMS gas flow rate of 3.5 L/min (Figure 2d), the CV
spectra looks similar to Figure 2a as ions are once again being
sufficiently desolvated (a slight shift in minoxidil’s CV trace
when comparing Figure 2a with Figure 2d suggests a slightly
higher FAIMS gas flow rate should be used for complete
desolvation in Figure 2a). In addition, relative ion intensities
in Figure 2b–d show a modest increase at lower FAIMS gas
flows (discussed more in Figure 3) except for the poorly
desolvatedminoxidil ions that show a ~4-fold drop in Figure 2b
(spectra were normalized to the intensities in Figure 2d). Thus,
higher FAIMS gas flow rates must be used to prevent the
sheath gas from overcoming the counter-current FAIMS gas
flow and thereby introducing solvent into the FAIMS device.
As these high sheath flows are required to desolvate ions at
high liquid flow rates, with this type of analysis, the use of
higher FAIMS gas flow rates is unavoidable.

The effect of the FAIMS gas flow rate on signal intensity for
both the conventional and new FAIMS using standard operat-
ing conditions is shown in Figure 3 for seven representative
ions spread across the m/z range being investigated. For both
devices, when the liquid flow rate was at 500 μL/min, a
minimum FAIMS gas flow rate of 4 L/min was required as
the use of FAIMS gas flow rates of 3.5 L/min (or less) resulted
in incomplete desolvation, which was reflected by CV shifts by
some of the ions in the CV spectra (as described in Figure 2).
With the conventional FAIMS (Figure 3, left hand side), find-
ing an optimal FAIMS gas flow rate for all of the ions was
difficult, since the larger flow rates required for optimal inten-
sity (and also proper desolvation) of ions such as betaine and
minoxidil resulted in significant losses for the larger m/z ions
reserpine and erythromycin. As is observed in the figure, gas
flow rates in excess of 5 L/min resulted in only minor losses in
signal intensity for the lowest m/z ions, betaine and minoxidil;
however, very large decreases in signal intensity were observed
for the highest m/z ions, reserpine and erythromycin (~20-fold
drop in their intensities comparing 8 L/min with 4 L/min).
Furthermore, changes in peak widths were observed for all
ions. The exact cause of these changes in peak width is not
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completely clear and is still being investigated. The correlation
between signal loss and the increase in ion size can be ex-
plained through the Stokes-Einstein and Nernst-Einstein equa-
tions. As shown in Supplementary S1, the equations relate an
ion’s size to diffusion coefficient (D) and electrical mobility
(μ), and show that ions with relatively larger radii (e.g., reser-
pine and erythromycin compared with betaine and minoxidil)
will have a smaller D when subjected to identical migration
conditions. The equations also show that ions with relatively
smaller D values will take longer to migrate from the ESI tip to
the FAIMS inlet. An outcome of slow ion migration is the
broadening of the ion cloud and, therefore, reduced sampling

efficiency at the entrance plate inlet. Increasing the velocity of
the FAIMS desolvation gas will amplify this effect as is shown
in Figure 3.

For the new FAIMS (Figure 3, right hand side), as the
FAIMS gas flow rate is increased above 5 L/min, some m/z
discrimination is still observed; however, the changes in
signal intensity for the larger m/z ions are much less than
what was observed with the conventional FAIMS. When the
FAIMS gas flow rate is increased from 4 to 8 L/min (typical
operation is at 4–5 L/min), reserpine and erythromycin drop
to about 20% their original intensities at 4 L/min, which is
~4-fold better than in the conventional FAIMS. The

Figure 1. The conventional FAIMS electrodes including the 13mm inner electrode (left) and the new FAIMS electrodes including the
15 mm inner electrode (right). (a) Cross-sectional view in three-dimensions, (b) cross-sectional view highlighting the fluid path (light
grey) through the devices, (c) gas flows through the FAIMS electrodes calculated using computational fluid dynamics, and (d)
expansion of the area near the FAIMS entrance to better show desolvation gas flow and flows into the entrance of the FAIMSdevices
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reduction in the dependency of signal loss on m/z as a
function of FAIMS gas flow rate indicates that the effects
of gas drag have been drastically reduced. As illustrated
with the computational fluid dynamic (CFD) results in
Figure 1b, the desolvation gas exits much more uniformly
and at a lower velocity in the new FAIMS (see Figure 1),
and explains why the m/z discrimination is more pro-
nounced with the conventional FAIMS. Thus, for small
molecule analyses at 500 μL/min, with the conventional
FAIMS, the gas flow rate and probe position (data not
shown) are very restricted when trying to optimize signal
intensity, especially for the higher m/z ions. During standard
operation with the conventional FAIMS, low FAIMS gas
flow rates are required; otherwise large roll-offs in signal
intensity are observed. This observation illustrates the dif-
ficulties in carrying out optimization experiments with the
conventional FAIMS as low gas flow rates will decrease the
robustness of the analysis and increase the likelihood of
droplets entering the FAIMS that can cause discharge

events. The new FAIMS shows more modest losses at
higher FAIMS gas flow rates that will result in more robust
analyses being carried out.

The two FAIMS interfaces were tested to determine their
suitability for use at a flow rate of 1 mL/min using a solvent of
95:5:0.1 water:acetonitrile:formic acid. CV spectra were ac-
quired for the seven representative compounds and using the
optimal CV values, analyte signals were monitored. The rela-
tive standard deviation (%RSD) values over a 30-min time
window are reported in Table 1. The new FAIMS shows much
improved %RSD values compared with the conventional
FAIMS; on average, the %RSD dropped from 6.9% to 3.9%.

Signal Intensities and Helium

Figure 4 shows a comparison of the signal intensities for the
seven representative ions obtained using (a) a conventional
FAIMS with 50% helium; (b) a conventional FAIMS without
helium; and (c) the new FAIMS with no helium. All spectra
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Figure 2. The effect of the sheath gas and the FAIMS gas flow (Fgas) on desolvation. CV spectra using (a) a sheath gas setting of 15
and a Fgas of 1.6 L/min, (b) a sheath gas setting of 65 and Fgas of 1.6 L/min resulting in inadequate desolvation, (c) sheath gas
setting of 65 and an Fgas = 2.0 L/min, and (d) a sheath gas setting of 65 and Fgas = 3.5 L/min resulting in adequate desolvation. The
spectra in (b)–(d) were normalized to the intensities in (d)
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were obtained using standard operating conditions as described
in the Experimental section and all spectra were normalized to
the intensities obtained in (a). The figure demonstrates the
necessity of using helium with the conventional FAIMS be-
cause without helium the signal intensity is ~2.5- to 8-fold

lower. As can be seen in Figure 4b, the CV values are much
closer to zero, indicating smaller changes in mobility than were
observed in Figure 4a. Typically ion focusing improves (and
hence signal intensity) as the magnitude of CV increases (as
described in the next section). The conventional FAIMS is
limited to a maximum electric field of ~20 kV/cm (DV =
5 kV, gap = 2.5 mm, ignoring the radial dependence in this
illustration) and thus a 1:1 mixture of a nitrogen:helium FAIMS
gas was used to effect greater changes in mobility. However,
because of the smaller gap in the new FAIMS, higher electric
fields can be achieved. In particular, ~32 kV/cm (DV = 4.8 kV,
gap = 1.5 mm, again ignoring the radial dependence in this
illustration) was used in generating (c), and this resulted in
larger changes in mobility that were reflected by higher mag-
nitude CV values. Consequently, signal intensities at these
higher fields without helium are greater than those obtained
with the conventional FAIMS with 50% helium; the improve-
ment varied from about 1.25- to just over 2-fold. In addition, as
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Figure 3. The effect of FAIMS gas flow rate on intensity and quality of CV spectra using a conventional FAIMS (left side) and a new
FAIMS (right side) from 4 to 8 L/min. In both cases, values for each FAIMS were normalized to the values obtained at 4 L/min

Table 1. %RSD Values Obtained at 1000 μL/min Using a 95% Aqueous
Solvent

Analyte Conventional
FAIMS

New
FAIMS

Betaine 11.6% 4.0%
Minoxidil 6.2% 2.7%
Ranitidine 6.4% 4.9%
Tetracycline 6.1% 4.9%
Leucine enkephalin 6.0% 3.9%
Reserpine 6.3% 3.9%
Erythromycin 5.9% 3.0%
Average %RSD 6.9% 3.9%
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will be described in more detail in the next section, the peak
widths are significantly narrower, which increases the peak
capacity.

Helium was added to the new FAIMS to explore whether
further improvements in signal intensity could be obtained, and
the results are summarized in Figure 5. Figure 5a–c show plots
obtained with 0%, 10%, and 50% helium added to the new
FAIMS. Figure 5d summarizes the effect of helium in steps of
10% with an extra point at 5%. Note that unlike the conven-
tional FAIMS that can operate with 50% helium at the highest
DV, the larger electric fields in the new FAIMS limit the
amount of helium that can be used before an electrical dis-
charge will occur. Thus, the DV had to be decreased as the
amount of helium was increased to avoid electrical discharge.
The DV used at each point is also indicated in Figure 5d.
Figure 5 shows that adding 5%–10% helium increased the
signal intensity for only three of the seven ions with the
maximum improvement being less than 5%. When more than
10% helium was added, the intensity was less than without
helium for all of the ions. For the three smallest ions, betaine,
minoxidil, and ranitidine, with 50% helium, the signal intensi-
ties were less than half of what they were without helium. Since
intensity does not improve (typically decreases) and there is
also no significant change in the peak separation capability

comparing Figure 5a to Figure 5c, the use of helium is not
required when using the new FAIMS.

Effect of Geometry and Temperature Gradients
on Ion Focusing

As reported previously, three conditions are necessary to
achieve ion focusing using FAIMS [16]: (1) the applied wave-
form must be asymmetric, (2) the electric field must be suffi-
cient to cause the ion mobility to deviate from its low field
value during the high voltage portion of the waveform, and (3)
the electric field between the electrodes must be non-uniform in
space. Ignoring the asymmetric waveform (not changed when
comparing conventional and new FAIMS), then the focusing
will depend on the high-field behaviour of the ions and the
applied electric fields. Typically, the strength of the ion focus-
ing increases as the magnitude of these changes increases [16].
Thus, to compare focusing capabilities among different FAIMS
geometries, the electric field profiles can be examined. When
the waveform is at the maximum value (dispersion voltage,
DV), this is when the maximum field (dispersion field, DF) is
produced. The DF is a function of the electric field and the
number gas density (i.e., DF = E/N) and can be calculated at
any point in the analyzer region. Figure 6 illustrates the
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helium and (b) without helium, and (c) using the new FAIMS at standard operating conditions without helium
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dispersion field gradients when a DV of 4800 V is applied to
(a) the inner electrode of a cylindrical FAIMS with radii of the
inner (rin) and outer electrode (rout) of 1 mm and 3 mm, respec-
tively; (b) a cylindrical FAIMS with rin = 7.5 mm and rout =
9 mm; and (c) the upper electrode in a flat plate device with a
2 mm gap width. Note that only a partial cross-section of each
FAIMS is shown to illustrate the analyzer region. Three points
are shown across each analyzer region, from top to bottom they
are DFOUT [DFUPPER in (c)], DFMID, and DFIN [DFLOWER in
(c)], respectively. Figure 6c shows that for the flat plate device,
the dispersion field is constant and therefore no ion focusing
occurs. However, in a cylindrical FAIMS, the change in DF is
nonlinear because the DF has a radial dependence and therefore
ion focusing can occur. Thus, the degree of ion focusing (or ion
focusing capabilities) for a particular FAIMS geometry will
depend on how much DF changes across the gap. It can be
shown [16] that the ratio of rin/rout has a large effect on ion
focusing; as the ratio of rin/rout approaches zero, DFwill change
maximally, whereas when rin/rout approaches one, the change in
DF will become very small. Thus, the radii of the cylinders can
be thought of as a coarse adjustment in ion focusing as the use
of very small radii will result in very strong ion focusing [27],
and can even be used to trap ions [28], whereas large radii
cylinders will have weaker ion focusing or no ion focusing at

all when the radii become infinite (flat plates). The first cylin-
drical FAIMS device shown in Figure 6a has a ratio of 0.33,
whereas the second FAIMS device in Figure 6b has the dimen-
sions of the new FAIMS (ratio of 0.83). The figure illustrates
that the change in DF (ΔDF) across the analyzer region can be
calculated from the difference of DF very near the walls of the
inner and outer electrodes (DFin – DFout). Since ΔDF will
depend on the magnitude of the DV, a more effective way to
compare focusing capabilities among different geometries is to
look at the relative change in DF (RΔDF) where RΔDF =ΔDF/
DFMID as this value is independent of the magnitude of DF and,
therefore, readily enables an empirical way to compare among
geometries. Thus, the values of RΔDF for FAIMS geometries in
the Figure 6 are 1.333, 0.183, and 0 (the higher the value, the
higher the ion focusing capabilities). The RΔDF value of 1.333
for the FAIMS with radii of 1 and 3 mm gives very strong ion
focusing (as was mentioned above); however, this very strong
focusing will also result in wide peak widths and, therefore, is
ideal for ion trapping but gives poor peak separation capabili-
ties. Conversely, the flat plate geometry has no ion focusing, so
in order to allow enough time to achieve narrow peak widths
and good separation, diffusion and space-charge repulsion will
significantly decrease intensity. The new FAIMS is between
these two extremes and will be described in more detail below.
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Figure 5. Effect of adding helium to the new FAIMS on the CV spectra of the seven representative ions. Addition of (a) no helium, (b)
10% helium, and (c) 50% helium into the nitrogen gas flow. (d) Plot of relative intensity as a function of %helium added to the new
FAIMS (values obtained at 0%helium are set to 1). As the%helium is increased, themaximumDV that can be used before discharge
occurs, decreases. Thus, the DV used at each point is also indicated on the bottom trace (right axis)

R. W. Purves et al.: New Cylindrical Faims for Small Molecules 533



In addition to the Bcoarse^ adjustment of the cylinder
diameters, the use of different temperatures on the elec-
trodes in FAIMS allows for a Bfine^ tuning of the focusing
capacity [29, 30]. Recall that the dispersion field, DF, is
inversely related to the number gas density (N), which is a
function of T. Therefore, different T values will affect the
DF profile and, therefore, the value of RΔDF. To illustrate
how RΔDF can be used to empirically evaluate the ion
focusing capabilities, consider Figure 7 that shows CV
spectra for the seven representative ions that were obtained
under standard operating conditions except that the inner
electrode temperature was fixed at 90 °C and the outer
electrode temperature was varied from 60 °C to 120 °C.
The data from Figure 7 are summarized in Table 2. In
moving from the bottom trace to the top trace in Figure 7
(left to right in Table 2), the outer electrode temperature is
increased, which results in increasing electric field strengths

(E/N) near the outer electrode surface. As a consequence,
the difference between the electric fields at the inner and
outer electrodes decreases, and so does the ion focusing
strength (RΔDF). Note that when the outer electrode tem-
perature is increasing, the value of DFMID will also increase,
which is why the optimal CV value for each compound
shifts increasingly negative in moving from Figure 7e to
Figure 7a. Table 2 summarizes the values of ΔDF and RΔDF

in 10 °C increments and gives the corresponding data ac-
quired for relative intensity (normalized to Tout = 60 °C) and
peak width (FWHM) for the seven representative ions.
Figure 7d shows the CV spectra when there is no tempera-
ture difference between the electrodes (this was used in
calculating the fields in Figure 6b). By decreasing the outer
electrode temperature to 60 °C (Figure 7e), ion focusing is
stronger (ΔDF changes from 29 to 41), and this is reflected
by larger peak widths, but in this example only marginal

I

(a)

(b)

(c)

DF

DF
IN

DF
MID*

*

*

*

*

*

*

*

*

*

*

*

*

*
*

* * *

DF
IN

DF

DF

250

200

150

100

50

)
d

T
(

F
D

0.200.150.100.050.00

250

200

150

100

50

)
d

T
(

F
D

0.900.850.800.75

250

200

150

100

50

)
d

T
(

F
D

0.300.250.200.150.10

r
in

r
in

r
out

r
out

lower upper

Analyzer region location

DF

DF

DF

DF

DF
MID

DF

OUT

MID

OUT

UPPER

MID

LOWER

UPPERLOWER

(a)

(b)

(c)

108

158

119

72

145

119

216

174

119

144

29

0

1.333

0.183

0

DFMID DFOUT DFIN DFΔ DFRΔ

Figure 6. Illustrations of the analyzer regions for (a) cylindrical electrodes with rin = 1 mm and rout = 3 mm, (b) cylindrical electrodes
with rin = 7.5 mm and rout = 9 mm, and (c) flat plate device with upper and lower electrodes. The corresponding plots of DF as a
function of ion position within the gap are given when a DV or 4800 V is applied. A table summarizing the DF values for the three
analyzer regions is also given

534 R. W. Purves et al.: New Cylindrical Faims for Small Molecules



1

0

-30 -20 -10 0

1

0

-30 -20 -10 0

1

0

-30 -20 -10 0

1

0

-30 -20 -10 0

1

0

-30 -20 -10 0

 betaine       minoxidil

 ranitidine    tetracycline

 reserpine    erythromycin

 leucine enkephalin

Compensation Voltage (V)

)
sti

n
u

e
vit

al
e

r
(

yti
s

n
et

nI
d

e
zil

a
m

r
o

N

OE = 90ºC

(no gradient)

OE = 120ºC

(ΔT = 30ºC)

OE = 110ºC

(ΔT = 20ºC)

OE = 100ºC

(ΔT = 10ºC)

OE = 60ºC

(ΔT = -30ºC)

(a)

(b)

(c)

(d)

(e)

Figure 7. Effect of changing the outer electrode temperature (OE) relative to the inner electrode (IE) temperature (fixed at 90 °C) for
the seven representative ions in the new FAIMS. The OE is set to (a) 120 °C, (b) 110 °C, (c) 100 °C, (d) 90 °C, and (e) 60 °C

Table 2. Effect of RΔDF on Ion Intensity and Peak Width

Temperature of outer electrode (°C)

60 70 80 90 100 110 120

ΔDF (Td) 41 37 33 29 25 21 17
RΔDF 0.27 0.24 0.21 0.183 0.156 0.129 0.103
Compound % Relative intensity
Betaine 100 102 100 96 81 41 8
Minoxidil 100 97 96 93 76 47 18
Ranitidine 100 103 95 92 82 68 46
Tetracycline 100 104 97 94 84 74 53
Leucine enkephalin 100 99 98 93 84 79 69
Reserpine 100 102 102 97 93 87 73
Erythromycin 100 95 91 87 84 75 66
Compound FWHM (V)
Betaine 7.2 6.0 4.5 3.0 1.8 1.2 0.9
Minoxidil 5.1 4.2 3.3 2.1 1.5 0.9 1.2
Ranitidine 5.4 4.2 3.6 2.7 1.8 1.5 1.2
Tetracycline 3.6 3.0 2.7 2.1 1.8 1.5 0.9
Leucine enkephalin 4.2 3.9 3.3 2.7 2.1 1.8 1.5
Reserpine 3.6 3.0 2.7 2.1 2.1 1.8 1.5
Erythromycin 3.9 3.3 3.0 2.7 2.1 2.1 1.8

Note: inner electrode temperature was kept constant at 90 °C.
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gains in signal intensity are observed as can be seen in
Table 2. This RΔDF value of 0.27 also corresponds to the
same value as the conventional FAIMS (using SOP condi-
tions of Tout = 90 °C and Tin = 70 °C), and therefore allows
a comparison between the conventional and new FAIMS
devices. To examine the relationship between peak widths
and signal intensities with decreasing ion focusing (RΔDF),
the temperature on the outer electrode of the new FAIMS
was increased. As the temperature is increased (and focus-
ing strength decreased) in moving from Figure 7e to Fig-
ure 7a (and from left to right in Table 2), peak widths are
decreasing significantly. The signal intensity only drops
marginally in Figure 7c (compared with Figure 7d or Fig-
ure 7e), but becomes more significant for minoxidil and
betaine in Figure 7b and more significant for all ions in
Figure 7a (again, summarized in Table 2). The values in
Table 2 illustrate that the ion focusing capabilities for the

conventional FAIMS were excessive in that decreases in ion
focusing capabilities in the new FAIMS have decreased
peak widths with minimal effect on intensity. For example,
consider minoxidil and betaine that are essentially
completely overlapped in Figure 7e, but baseline separated
in Figure 7b. For the new FAIMS, the Table shows that
when operating both electrodes at 90 °C, double the peak
capacity of the conventional FAIMS should be expected
and up to four times can be expected when changing to
Tout = 110 °C and Tin = 90 °C. An example of the improve-
ment in peak capacity is shown in the following section.

Note that although the use of RΔDF is an effective means for
comparing peak separation capacity, some assumptions have
been made and there are some limitations in this approach. For
example, focusing is ion-dependent, thus betaine and minoxidil,
whose high-field mobilities change the most with DF, show the
largest changes with temperature. Therefore, because of this ion
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dependence, there isn’t one optimal RΔDF; however, the capa-
bility to independently control temperatures will enable changes
to be made to effect peak separation and intensity as required.

Gas Modifiers

For analyses in which larger changes in peak separation are
required than what is possible by adjusting electrode tempera-
tures, the addition of gas modifiers in differential mobility devices
has been shown to dramatically affect the separation [25, 26, 31].
When used with FAIMS, in addition to peak separation, gas
modifiers have also been shown to dramatically improve signal
intensities, especially for very lowm/z ions that have been histor-
ically hard to detect in mode 2 [26]. Ions form clusters with the
polar gas modifiers at low electric fields and these complexes
decluster at high electric fields; consequently, small m/z ions can
show very large changes in mobility using mode 1 with corre-
sponding large signal intensity increases due to strong ion focus-
ing. Figure 8 illustrates the use of gas modifiers to improve peak
separation. Figure 8a shows an example of the separation of seven
low m/z ions utilizing both the new FAIMS (top) and the con-
ventional FAIMS (bottom) using temperature settings of Tin = 80
°C and Tout = 90 °C. Each device has a DFMID of ~97 Td (DV=
5 kV for the conventional FAIMS gives an RΔDF = 0.331 and
DV= 3 kV for the new FAIMS gives an RΔDF = 0.211). In both
cases, the gasmodifier is acetonitrile and it is added to the FAIMS
gas at 1.0%. The x-axis scales for the two traces have been
selected to better illustrate improvements in peak separation
capabilities using the new FAIMS. In a previous publication
[26], the peak capacity (PC) was defined as the CV range/
FWHMavg, where FWHMavg corresponds to the average FWHM
value for all the species present in the traces. When we apply that
same definition here, the CV range for the conventional FAIMS is
84.3 V and the average peak width is 9.6 V, giving a peak
capacity of 8.8. For the new FAIMS, the CV range is 53.1 V
and the average peak width is 3.04, giving a peak capacity of
17.5. Thus, the peak capacity with the new FAIMS is approxi-
mately double that of the conventional FAIMS. The reason for
this improvement in peak capacity is the result of a decrease in the
ion focusing capabilities within FAIMS described earlier. In
addition, the signal intensities that were obtained (not shown)
have improved by a minimum of 2-fold using the new FAIMS.
The increase in intensity is attributed to the improved desolvation
capabilities of the new FAIMS (minimized gas drag).

Figure 8b shows how the addition of gas modifiers can help
with the separation of the seven representative ions used in this
study. The top trace shows that with no gas modifier, these seven
ions are not well separated under normal operating conditions
and the peak capacity is only 3.4. Through the use of isopropanol
as the gas modifier (added at 1.0%), the peak capacity changes
dramatically, increasing to 37.7 in the bottom trace.

Conclusions
The new FAIMS enables a more efficient ion sampling,
resulting in several improvements for small molecule analysis,

especially at increased FAIMS gas flow rates necessary to
achieve adequate desolvation when using a sheath gas. An
important finding in this work is that the higher electric fields
achievable in the new FAIMS enable the majority of biological
small molecules to be detected using mode 2 without the use of
helium and with signal intensities and peak widths that are
improved compared with the conventional FAIMS. Of the 19
analytes that were examined in this study, only the smallest
(alanine, m/z 90) could not be detected in mode 2 with the new
FAIMS. Consequently, the FAIMS method development
workflow can be simplified as the use of modes 1 and 2 can
now be clearly conveyed. To start, mode 2 should be employed
using standard operating conditions, and if the peak separation
is insufficient, the temperature gradients can be implemented.
If the separation is still insufficient or the signal intensity is
inadequate, gas modifiers in mode 1 can be used.
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