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Abstract. The planar differential mobility analyzer (DMA),
functioning as a particle sizer, exhibits superior transmis-
sion and selection accuracy at ambient pressure relative to its
cylindrical counterparts. It also presents integration poten-
tial with atmospheric pressure interface mass spectrometry
(API-MS) for enhanced cluster detection with an additional
ion mobility dimension. In this study, the performance of a
commercially available planar DMA (DMA P5) was evalu-
ated. The device is capable of sizing particles below 3.9 nm,
with larger sizes measurable through a sheath gas flow re-
strictor. The resolving power was appraised under various
recirculation arrangements, including suction and counter-
flow modes along with different sheath flow rates, using elec-
trosprayed tetra-alkyl ammonium salts. The peak resolving
powers for tetrahexylammonium (THA+) achieved in suc-
tion and counterflow modes were 61.6 and 84.6, respectively.
The DMA P5 offers a sizing resolution that is 5 to 16 times
greater than that of cylindrical DMAs. Resolving power dis-
played a near-linear relationship with the square root of the
applied voltage (

√
VDMA) in counterflow mode. Conversely,

the resolving power for THA+ ceased its linear enhancement
with
√
VDMA beyond a VDMA of 3554.3 V, entering a plateau

which is ascribed to the perturbations in sample flow impact-
ing the laminar nature of sheath flow. The DMA P5 transmis-
sion efficiency reaches 54.3 %, markedly surpassing that of

conventional DMAs by nearly 1 order of magnitude. More-
over, the mobility spectrum of various electrosprayed tetra-
alkyl ammonium salts and the mass-to-charge versus mobil-
ity 2D spectrum of sulfuric acid clusters were characterized
using the DMA P5 MS system.

1 Introduction

Measurement of the physical and chemical properties of
particles under 3 nm is crucial for elucidating the mech-
anisms behind atmospheric aerosol nucleation (Kerminen
et al., 2018). Differential mobility analyzers (DMAs) have
been a staple for sizing and classifying aerosols (Knutson
and Whitby, 1975). Specifically, the TSI Nano-DMA (Model
3085, Chen et al., 1998) and the TSI 1 nm-DMA (Model
3086, Stolzenburg et al., 2018) are engineered to size parti-
cles down to 3 and 1 nm, respectively. When integrated with
the diethylene glycol (DEG)-based scanning mobility parti-
cle sizer (SMPS) system (Jiang et al., 2011a), these DMAs
facilitate the measurement of size distributions for sub-3 nm
particles (Cai et al., 2017).

A variety of mass-spectrometry-based methodologies have
been employed to ascertain the chemical composition of
clusters and their precursors (Chen et al., 2020; Peng et
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al., 2022). Nonetheless, these methods do not provide direct
measurements of cluster size and structure. In the Thermal
Desorption Chemical Ionization Mass Spectrometer (TD-
CIMS) system (Smith et al., 2004), size-resolved particles
are segregated using DMAs and subsequently analyzed by
mass spectrometry after sufficient accumulation via electro-
static deposition. Presently, the detection limit of the TD-
CIMS is established at 5 nm (Perraud et al., 2020). Studies
on clusters necessitate a substantially extended accumula-
tion period, owing to the precipitous decline in charging ef-
ficiency as the particle diameter decreases coupled with the
low ion transmission efficiency of the deployed DMAs. In-
tegration of DMAs with mass spectrometry (DMA-MS) al-
lows for the immediate detection of ion mobility and chemi-
cal composition, showing considerable promise as a tool for
investigating the physicochemical characteristics of atmo-
spheric clusters as well as the mechanisms underlying par-
ticle nucleation and initial growth (Zhang et al., 2022). The
sole constraint of this technique is the performance of the
DMA in sizing particles below 3 nm.

Planar DMAs have been effectively integrated with a
range of commercial atmospheric pressure interface mass
spectrometry (API-MS), achieving high resolution and high
transmission efficiencies (Hogan and Fernandez de la Mora,
2009, 2010; Hogan et al., 2011; Criado-Hidalgo et al., 2013).
Using DMA-MS, the physicochemical properties of various
atmospheric clusters have been elucidated, including metal
iodide clusters (Oberreit et al., 2014, 2015), complexes of
DMA with sulfuric acid (Ouyang et al., 2015; Thomas et
al., 2016), sodium chloride clusters (Li and Hogan, 2017)
and hybrid iodine pentoxide–iodic acid clusters (Ahonen et
al., 2019). Rus et al. (2010) characterized several prototypes
of planar DMAs, revealing that the transmission efficiency
of the DMA P4 model was approximately 50 %. Improving
upon the DMA P4, the DMA P5 iteration refined the de-
sign of the outlet to ensure that coupling and decoupling the
DMA with/from an MS would not compromise the vacuum
integrity (Amo-González and Pérez, 2018).

The characterization of the commercial DMA P5 remains
unreported. This study characterizes the performance of the
DMA P5 under a variety of operational conditions. Resolv-
ing power and transmission efficiency were assessed using
standard ion clusters. Additionally, the DMA P5 was utilized
to determine the ion mobility spectrum of electrosprayed
clusters from different tetra-alkyl ammonium salts and to
generate the mass-to-charge ratio versus ion mobility 2D
spectrum for sulfuric acid.

2 Experimental setup and methodology

In this study, a DMA P5 (SEADM, Valladolid, Spain) was
employed comprising a pair of parallel plates separated by
insulating holders. This configuration facilitates a spatial mo-
bility filter through the interplay of a horizontal laminar

sheath flow and a vertical electric field in the electrode sep-
aration region (Purves et al., 1998). Polydispersed aerosols
entering via an inlet slit are directed towards the outlet elec-
trode by the electric field. For specified sheath flow velocities
and electric field intensities, monodispersed aerosols within
an exceedingly narrow ion mobility range exit through the
outlet orifice and are conveyed to detectors. The intricate de-
sign and precise dimensions of the DMA P5 are delineated
by Amo-González and Pérez (2018). The theoretical under-
pinnings of particle sizing using planar DMAs are elaborated
on in the Supplement (Sect. 1). The selected ion mobility can
be calculated using the following equation:

Z =
U ·h2

L ·VDMA
, (1)

where Z denotes the ion mobility under selection, U signi-
fies the velocity of sheath flow along the symmetry plane bi-
secting the inlet slit, h is the inter-electrode distance, L indi-
cates the horizontal displacement between the inlet slit and
the outlet orifice, and VDMA represents the potential differ-
ence across the electrodes.

The recirculation system designed for the DMA P5 appa-
ratus is required to deliver a particle-free sheath flow with
consistent velocity and temperature. In the current config-
uration, the system incorporates a high-capacity air blower
(Ref 497.3.265-361, Domel), a water cooler integrated with
a constant temperature water bath (DCW-2008, SCIENTZ),
a high-velocity-compatible particle filter and NW40 and
NW50 corrugated stainless-steel tubing with corresponding
connectors. The filtration unit includes a flat-panel commer-
cial HEPA filter (Ref 34230010, Megalem MD143P3, Camfil
Farr) and a two-part stainless-steel housing. The upper por-
tion of the housing consists of an NW40 connector, and the
lower part is designed to match the planar HEPA filter geom-
etry. An O ring and screws secure the HEPA filter clamped
between the two lower faces of the housing. All the compo-
nents were sourced from local suppliers. Substitute compo-
nents with equivalent specifications should not compromise
system functionality. The blower rotational speed is modu-
lated by a 0–10 Vdc analog signal (Vblower). The flow rate for
different control voltages was determined using Eq. (1) based
on the ion mobility and VDMA of a standard ion (THA+)
(Fig. S2). The system maintains a controlled temperature of
24 ◦C.

The nano-electrospray ionization (nano-ESI) ionization
source, procured from SEADM, was adapted for this appli-
cation. The core of the nano-ESI ionization source is com-
posed of a poly ether-ether-ketone (PEEK) cubic electro-
spray chamber, which at its base houses the inlet electrode
of the DMA P5. It is hermetically sealed at both the front
and back by dual glass windows and features a centrally po-
sitioned 1/8 in. capillary guide at the top. Additionally, the
chamber is equipped with two 1/4 in. ports on the upper left
and right sides for the purpose of flow injection and exhaust,
respectively.
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Figure 1. Schematic diagram of the recirculation circuit setups.
(a) Suction mode and (b) counterflow mode of the DMA P5 sys-
tem.

In the current study, two recirculation circuit configura-
tions – suction mode and counterflow mode – were examined
in relation to the design of the ionization source. In suction
mode, aerosols are directed towards the inlet slit by a syner-
gistic effect of the electric field established between the elec-
trospray and the DMA inlet electrode coupled with the poly-
disperse aerosol flow (Qin). These aerosols are then drawn
into the separation region by the monodisperse aerosol flow
(Qout), while the surplus flow (Qexcess) is expelled through
an alternative port. In contrast, the counterflow mode em-
ploys a single port to discharge the counterflow (Qcount)

away from the inlet slit. A compensating flow (Qc) with a
flow rate equivalent to the sum of Qcount and Qout is in-
troduced into the system via a T connector. The specifics
of these recirculation circuit arrangements are depicted in
Fig. 1.

The operational parameters of the DMA P5 were assessed
through the classification of aerosols produced by electro-
spraying salt solutions. A silica capillary (FS360-50-N-5-
C50, New Objective) was installed within the nano-ESI ion-
ization source capillary guide to facilitate the connection be-
tween the ionization chamber and the solution vial. The cap-
illary was secured at both ends using standard liquid chro-
matography fittings. A T connector linked the vial to a pres-
sure sensor and a valve-equipped syringe. The propulsion
of the solution through the capillary was achieved by pres-
surizing the gas within the vial to reach the target pressure
over the solution. Following pressurization, the valve preced-
ing the syringe was closed to maintaining consistent pres-
sure. An inert metal wire, submerged in the solution, was
utilized to introduce a high voltage to the system. This ap-
proach aligns with protocols outlined by Jiang et al. (2011b)
and Cai et al. (2018). By applying a positive voltage and
omitting subsequent neutralization steps, it is possible to pro-
duce singly charged aerosols with a positive polarity (Ude
and Fernández de la Mora, 2005). For this experiment, the
electrospray source pressure (PES) and voltage (VES) were
set to approximately 20 kPa and 2000 V, respectively. Parti-
cle counts were measured using Faraday cage electrometers
(Lynx E11&E12, SEADM, Valladolid, Spain, Fernandez de
la Mora et al., 2017), with an output signal range of 0–2 V

and amplification factors of 1011 and 1012 V/A, respectively.
Ion mobility for any aerosol with a known DMA voltage was
calibrated against standard ions under a constant sheath flow
velocity according to the formula in Eq. (2):

Z =
Vstandard ·Zstandard

VDMA
, (2)

where Zstandard denotes the electrical mobility of a bench-
mark ion, while VDMA and Vstandard refer to the voltages
across the DMA for the targeted aerosol and the bench-
mark ion, respectively, under equivalent sheath flow con-
ditions. THA+, a standard ion with a well-characterized
mobility of 0.97 cm2 V−1 s−1 as reported by Ude and Fer-
nández de la Mora (2005), was produced through positive
electrospraying of a 0.5 mM tatre heptyl ammonium bro-
mide (THABr) solution in a 9 : 1 methanol-per-water mix-
ture. This study calculates the mobility diameter employ-
ing the Stokes–Cunningham equation as delineated by Tam-
met (1995) and Wiedensohler et al. (2012). Comprehensive
details regarding the computation of the mobility diameter
are presented in the Supplement (Sect. 2). The DMA P5 par-
ticle sizing capability, within the current setup and subject to
a maximum VDMA of 10 kV, spans from 1.9 to 3.9 nm. Nev-
ertheless, incorporation of a flow restrictor within the sheath
gas circuit permits the extension of the upper sizing limit. It
was observed that an increased sheath flow rate inversely af-
fects the particle sizing range, as depicted in Fig. S2 in the
Supplement.

The sizing resolution (R) of a particular aerosol is quan-
titatively determined by the ratio of its central electrical mo-
bility (Z) to the full width at half maximum (FWHM) of its
peak (1ZFWHM) according to Flagan (1999):

R =
Z

1ZFWHM
. (3)

The theoretical calculation of planar DMA sizing resolutions
is given by the following equation (see Supplement Sect. 3
for the detailed derivation process):

R−1
=
1ZFWHM

Z
=

√√√√[(Qin+Qout

Lslit2Reν

)2

+
16ln2kT
VDMANe

(
1+

[
h

L

]2
)]
, (4)

whereQin represents the polydispersed aerosol flow rate and
Qout is the monodispersed aerosol flow rate, respectively;
Lslit is the length of the inlet slit; Re is the Reynolds num-
ber; ν is the viscosity of the sheath gas; k is the Boltzmann
constant; T is the absolute temperature of the sheath gas; and
Ne is the net charge on the aerosol.
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Figure 2. (a) The dependency of the resolving power of THA+

on DMA voltage (VDMA) in suction mode and counterflow mode;
(b) dependency of the resolving power and signal intensity onQout
in suction mode and the comparison with counterflow mode.

3 Results and discussion

3.1 Resolving power in different recirculation modes

The application of an ESI source in conjunction with a DMA
P5 necessitates consideration that the ESI voltage is variable
in scan mode. The nano-ESI source voltage is maintained at
a differential voltage above the DMA P5 inlet electrode volt-
age, and the differential voltage corresponds to the actual ESI
voltage. This configuration mitigates the effects of voltage
fluctuations during scan mode on electrospray formation and
stability. Additionally, the electric field established between
the capillary tip and the inlet electrode channels aerosols into
the DMA separation chamber effectively. As previously de-
tailed, DMA P5 can operate in two recirculation modes to
evaluate its performance with aerosols generated from the
nano-ESI source. In suction mode, polydisperse aerosols are
drawn into the separation zone of the DMA. In contrast, the
counterflow mode applies an electrical insertion of aerosols
into the DMA. The inlet slit counterflow enhances droplet
evaporation and prevents neutral droplets from accessing the
separation zone.

Based on Eq. (4), a large Re is expected in order to achieve
a high sizing resolution; under this condition the sheath flow
velocity needs to be very large based on the following equa-
tion:

Re =
Uh

ν
. (5)

The aspiration of an aerosol sample can perturb the sheath
flow, thereby diminishing the sizing resolution. Incomplete
desolvation of the solvent and the intrusion of neutral
droplets into the DMA separation region during aspiration
may alter the peak shape, thus complicating the identifica-
tion of targeted analytes (Amo-González and Fernández de la
Mora, 2017). Conversely, while the suction mode may yield
a higher aerosol number concentration, this increase comes
at the cost of reduced resolving power and degraded peak
morphology.

Equation (1) suggests that VDMA exhibits an approxi-
mately linear relationship with sheath gas velocity when

ion mobility is held constant. As per Eq. (4), the resolution
(R) escalates as

√
VDMA increases given a defined DMA

structure (height h and length L), sheath flow characteris-
tics (kinematic viscosity ν, temperature T and flow rate U)
and aerosol charge state (Ne). The efficacy of the DMA
P5 in capturing the THA+ mobility spectrum via suction
mode is depicted in Fig. S3. For solution concentrations ex-
ceeding 0.5 mM, distinct THA+ monomer, dimer and trimer
peaks are discernible. Elevated solution concentrations en-
hance the signal-to-noise ratio but inversely affect the dimer-
to-monomer ratio. Equations (1) and (4) infer that both VDMA
and the associated sizing resolution for THA+ are augmented
with an increasing sheath flow rate. Figure 2a illustrates the
resolving power dependence on

√
VDMA to size 1.47 nm ions

(THA+) in both recirculation modes, modulated by vary-
ing the sheath flow velocity. The inlet flow rate (Qin) is
set at 5 L min−1 in suction mode, while the counterflow rate
(Qcount) is maintained at 0.5 L min−1 in counterflow mode.

In suction mode, a positive linear correlation between R
and
√
VDMA was observed, characterized by a slope of 1.024

and an intercept of 1.894 when VDMA was below 3554.3 V.
Beyond this voltage threshold, R remained essentially con-
stant despite increases in

√
VDMA. Specifically, in the high

VDMA range, which corresponds to higher sheath flow ve-
locities, R was confined within 60± 3. Conversely, in coun-
terflow mode, a robust linear relationship (R2

= 0.95) be-
tween R and

√
VDMA was demonstrated across the opera-

tional sheath flow velocity range of the system, with a slope
and intercept of 1.067 and 10.315, respectively.

The resolving power of THA+ typically exhibited higher
values in counterflow mode, closely aligning with theoretical
predictions. As sheath flow velocity increased, the dispar-
ity between measured and theoretical resolving power pro-
gressively widened. In suction mode, the presence of a poly-
dispersed sample flow resulted in resolving power being re-
duced by 14.9 %–21.7 % compared to counterflow mode for
√
VDMA values less than 59.6. This discrepancy escalated

to 24.9 % as
√
VDMA reached 66.0. The divergences in re-

solving power between the two recirculation modes and the
deviations from theoretical calculations can be primarily as-
cribed to turbulence effects. At higher sheath flow velocities,
the flow is more prone to turbulence, which is corroborated
by the observation that resolving power ceased to increase at
VDMA values exceeding 3554.3 V. The growing gap between
measured and theoretical resolving power can be attributed to
the sheath flow insufficient stabilization under laminar condi-
tions. The introduction of an additional set of pre-laminarizer
screens in the sheath flow recirculation circuit in counterflow
mode has been shown to enhance resolving power, bring-
ing it closer to the theoretical maximum (Amo-González and
Pérez, 2018).

Figure 2b illustrates the relationship between the peak sig-
nal intensity of THA+ and its resolving power as a func-
tion of various inlet flow rates (Qin) in suction mode. The
results indicate that variations in Qin exert a minimal im-
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pact on the resolving power, which ranged between 58.06
and 61.58, corresponding to a relative deviation from−3.5 %
to 2.3 %. Conversely, the signal intensity, which reflects the
number concentration of the sizing aerosol, is significantly
affected by changes in Qin. With a constant outlet flow rate
(Qout) of 2 L min−1, the peak signal intensities for THA+

were measured at 1.31, 1.13, 1.1 and 1.02 V forQin values of
10, 7.5, 5 and 2.5 L min−1, respectively. A notable reduction
in signal strength was observed when Qout was lowered to
1.0 L min−1. It is also worth mentioning that an increase in
signal intensity from the electrometer was achieved in suc-
tion mode at the expense of decreased resolving power. In
comparison to counterflow mode, the peak signal intensity
of THA+ in suction mode was significantly higher, ranging
from 108.2 % to 167.3 % for the same Qout.

In counterflow mode, two parameters can adjusted: coun-
terflow rate (Qcount) and the monodispered aerosol flow rate
(Qout). Figure 3a and b exhibit the variations in the central
voltage and signal intensity of THA+ with differentQout val-
ues at Qcount settings of 0.5 and 1.0 L min−1, respectively.
The signal strength generally exhibits a monotonic increase
with Qout. In accordance with Knutson and Whitby (1975),
the central voltage of THA+ inversely correlates with Qout.
Qout exerts a more pronounced effect on measurement out-
comes compared to Qcount. Figure 3c depicts the correlation
between the integrated peak area of THA+, resolving power
and central voltage as a function of Qout. As Qout rises from
0.5 to 3.0 L min−1, there is a decrement in the central volt-
age of THA+ by approximately 20 V (under 1 %), whereas
the integrated peak area surges by factors of 7.6 and 6.8 at
Qcount values of 1.0 and 0.5 L min−1, respectively, and the
resolving power diminishes from 75 to 69. The counting ef-
ficiency of the electrometer is defined as the integrated peak
area divided by Qout. The trend depicted in Fig. S4 indicates
that counting efficiency increases with Qout up to 2 L min−1

and declines thereafter. Therefore, setting a total Qout above
2.0 L min−1 is deemed inadvisable due to the resultant com-
promise in both counting efficiency and resolving power, par-
ticularly when interfaced with an API-MS.

It is pertinent to note that the recirculation setups de-
scribed above are designed for the analysis of aerosols origi-
nating from an ESI source. For atmospheric cluster measure-
ments, secondary electrospray ionization (SESI) (Rioseras et
al., 2017) is employed, wherein reagent ions are generated
through the electrospraying of selectively chosen solutions.
In injection mode, clusters enter the DMA via the polydis-
perse aerosol flow inlet. In counterflow mode, the obstructed
port, marked in red in Fig. 1b, serves as the entry point for
atmospheric clusters. Here, the overall counterflow (Ocount)

equates to the aggregate of the counterflow rate and the sam-
ple flow rate. Gao et al. (2023) utilized the SESI-DMA time-
of-flight (TOF) MS setup to quantify the products resulting
from α-pinene ozonolysis.

The size resolution of the THA+ monomer, determined us-
ing the DMA P5 and the Half Mini DMA (Fernández de la

Figure 3. Mobility spectrum of THA+ under different Qout with
(a)Qcount = 0.5 L min−1; (b)Qcount = 1.0 L min−1; (c) integrated
signal intensity, resolving power and VDMA of THA+ under differ-
ent Qout.

Mora and Kozlowski, 2013), was assessed in our laboratory
and compared with the outcomes reported for various com-
mercial DMAs (Jiang et al., 2011b; Stolzenburg et al., 2018).
The DMA P5 was operated in counterflow mode at a sheath
flow rate of approximately 1500 L min−1, which corresponds
to a Vblower of 8.5 V. The Half Mini DMA functioned at
an aerosol-to-sheath flow ratio of 10/300 L min−1. Resolu-
tions previously reported were obtained at aerosol-to-sheath
flow ratios of 0.6/6 L min−1 for the Caltech nanoRDMA,
6/61.4 L min−1 for the Vienna DMA, 2/21.9 L min−1 for
the Grimm nanoDMA, 2.0/20 L min−1 for the TSI 3085,
2.5/25 L min−1 for the TSI 3086 and 1.5/15 L min−1 for the
Caltech RDMA. For all the referenced cylindrical DMAs
(excluding the Half Mini DMA), the typical aerosol-to-
sheath flow ratio is approximately 10, which is the stan-
dard configuration for particle sizing in both laboratory and
field studies. The comparative analysis reveals that the pla-
nar DMA exhibits a superior sizing resolution, which is 5–16
times higher than that of cylindrical DMAs (Fig. 4). How-
ever, the high costs associated with maintaining the elevated
sheath flow rates render the DMA P5 impractical for at-
mospheric particle number size distribution measurements.
Conversely, the high resolution and ion transmission effi-
ciency are nearly synonymous with planar DMAs. This dis-
tinct advantage warrants further exploration, particularly for
enhancing cluster detection in conjunction with a mass spec-
trometer, thereby adding an additional ion mobility dimen-
sion. Figure S5 presents the mobility spectrum of THA+ ac-
quired using the Half Mini DMA. The distinctly separated
THA+ ion beam obtained in this way was subsequently em-
ployed to characterize the ion transmission efficiency of the
DMA P5.
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Figure 4. Comparison of the resolving power of the DMA P5 and
other commercial DMAs for detecting THA+. The DMA P5 was
operated under a sheath flow rate of 1500 L min−1, and Half Mini
was operated under a sheath flow rate of 300 L min−1. All the signal
intensities are normalized with the peak height.

Figure 5. Positive mobility spectrum of electrosprayed tetra-alkyl
ammonium ions (a) TMAI, (b) TBAI, (c) THAB and (d) TDAB.

In our investigation, the DMA P5’s sizing capabilities
were extended beyond THAB to include three additional
tetra-alkyl ammonium halides: tetra methyl ammonium io-
dide (TMAI), tetra butyl ammonium iodide (TBAI) and tetra-
decyl ammonium bromide (TDAB), each at a concentration
of 0.5 mM L−1. Ion mobility spectra for both positive and
negative ions are illustrated in Figs. 5 and 6. The spectra in-
dicate that the solutions yield well-defined monomers and
dimers with a single positive charge. Additionally, trimers
were observed in solutions of TBAI and THAB. In the nega-
tive ion spectra, halogen elements predominantly emerge as
negative ions. The mobilities of aerosol ions were calculated
using Eq. (2), with the findings detailed in Tables S1 and S2.
The calculated mobilities align with the values previously re-
ported by Ude et al. (2005).

As delineated by Eq. (4), the resolving power of the pla-
nar DMA is a function of VDMA and Ne. Figure 7 eluci-
dates the relationship between the resolving power of pos-

Figure 6. Negative mobility spectrum of electrosprayed tetra-alkyl
ammonium ions, (a) TMAI, (b) TBAI, (c) THAB and (d) TDAB.

Figure 7. Relation of the resolving power of different cluster ions
to VDMA.

itively charged monomers, including THAB, TMAI, TBAI
and TDAB, and VDMA across varying sheath flow velocities.
The analysis revealed a strong linear correlation (R2

= 0.96)
between R and

√
VDMA for the various tetra-alkyl ammo-

nium cations, characterized by a slope of 0.992 and an inter-
cept of 13.511. As depicted in Fig. 7, the majority of the data
points are encapsulated within the 95 % confidence interval.
These findings provide a reference for predicting changes in
the resolving power of the DMA P5 operating in counter-
flow mode at different sheath flow rates. Additionally, the
resolution function may be utilized for multi-peak fitting, fa-
cilitating the identification of peaks within the ion mobility
spectrum of multicomponent complexes.

3.2 Transmission efficiency

The pivotal consideration in employing the DMA P5 for at-
mospheric cluster studies is its ability to isolate ionized clus-
ters in quantities sufficient for subsequent analysis within an
acceptable time frame. Thus, it is imperative to character-
ize the DMA P5’s performance, particularly its transmission
efficiency. Studies incorporating electrospray sources posi-
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tioned directly opposite a planar DMA’s inlet slit have docu-
mented significant increases in ion transmission compared to
cylindrical DMAs. Similarly, Fernandez de la Mora (2019)
reported the transmission of over 1 nA of dominant elec-
trosprayed ions to the outlet of a planar DMA. Such effi-
ciency has been leveraged by Tauber et al. (2018) to intro-
duce DMA-refined, highly concentrated atomic ions into a
nucleation chamber for the investigation of ion-induced nu-
cleation. This exceptional level of transmission is unattain-
able with cylindrical DMAs and underpins the prevalence
of planar DMAs in successful integrations with MS sys-
tems, predominantly those utilizing electrospray sources. For
instance, Fernández de la Mora et al. (2005) noted that it
took in excess of 1 h to accrue a single mass spectrum con-
taining relevant data on (THABr)n(THA+)z clusters using
a high-resolution cylindrical DMA with an aerosol flow of
10 L min−1 at a constant voltage in conjunction with TOF-
MS. However, there are exceptions, as Ude et al. (2004)
demonstrated with quadrupole MS systems fixed on a single
mass while a cylindrical DMA scanned across voltages. In
addition, Steiner et al. (2014) successfully coupled a high-
resolution cylindrical DMA with TOF-MS to study small
ions emanating from radioactive bipolar sources.

Electrosprays represent intense unipolar ion sources, in-
jecting currents of several hundred nanoampere into areas
typically under 1 µm2. In such scenarios, ion loss is pre-
dominantly due to beam broadening from space charge ef-
fects, a phenomenon generally not pertinent to most atmo-
spheric measurements. The transmission efficiency of the
DMA P5 was assessed using a tandem DMA configuration
(see Fig. S6). The majority of ions generated by electrospray
are dissipated by space charge within the aerosol inlet tube
and the annular space before the analyzing region’s inlet slit
of the first DMA. As a result, by the time the ions reach the
subsequent DMA, the space charge effect is considerably re-
duced. Hence, the losses recorded are primarily attributed to
diffusion, which aligns with atmospheric sampling. To iso-
late the THA+ monomer, a Half Mini DMA operating at a
fixed sheath flow and voltage was utilized as the upstream
DMA. This setup also serves to reduce the impact of multi-
charged ions possessing higher molecular weights (Attoui et
al., 2013).

Standard aerosol ions (specifically THA+) were produced
using the previously outlined method. Prior to each exper-
iment, a comprehensive mobility spectrum was recorded
in the voltage scanning mode to ensure that only THA+

monomers were present, as confirmed by comparison with
the published result (Liu et al., 2021). Two electrome-
ters, Lynx E11 and E12, with amplification factors of 1×
1011 V/A and 1× 1012 V/A, respectively, were employed to
quantify the aerosol number concentration before and after
the DMA P5. An ancillary experiment was conducted to as-
certain the correction factor required, involving the connec-
tion of both electrometers to the Half Mini DMA via a flow
splitter (TSI 3780) with uniform tube lengths. The Half Mini

DMA functioned at a constant voltage to isolate THA+ ions
exclusively. Sample flow rates for the electrometers were de-
termined using a bubble flowmeter, with signals from both
electrometers recorded concurrently. The resultant correction
factor, 10.34, aligns closely with the theoretical amplification
ratio between the two electrometers. To compensate for ion
losses to the tube walls, the lengths of tubing from the flow
splitter (TSI 3780) to the electrometers, excluding the DMA
P5, were identical.

Following the Half Mini DMA, the DMA P5 was situ-
ated downstream, interfaced between the flow splitter and
the secondary electrometer. Connectivity was facilitated us-
ing a 3D-printed cubic chamber designed with a cylindrical
inner geometry featuring a diameter of 32 mm and a height
of 6.5 mm. The inlet tube was inserted directly through a hole
on the top of the chamber, aligning centrally within the cylin-
drical space. To ensure an airtight seal, the gap between the
conductive silicone tube and the chamber hole was filled with
silicone adhesive. The proximal end of the inlet tube was
linked to the beam splitter, with its distal end terminating
flush with the lower extremity of the chamber. Upon secur-
ing the cubic chamber to the inlet electrode of the DMA P5,
a 5.2 mm gap was maintained between the distal end of the
inlet tube and the DMA’s inlet slit. Throughout the experi-
mental procedure, the voltage applied to the Half Mini DMA
remained constant, whereas the voltage across the DMA P5
was varied progressively. The ion number concentration de-
tected by both electrometers was calculated using the follow-
ing equation:

N = VEM/(amp · e · q), (6)

where VEM represents the signal of the electrometer, amp is
the amplification coefficient of the electrometer, q is the sam-
ple flow rate of the electrometer and e represents the elemen-
tary charge. The recorded concentration was then corrected
using the correction factor.

The DMA P5 was operated in suction mode, with the in-
let electrode grounded and the outlet electrode connected
to a negative voltage. A straight 10 cm length of dissipative
plastic tubing (85A, FreelinWade, Oregon) provided an elec-
trically stable connection between the outlet electrode and
the grounded downstream electrometer, effectively mitigat-
ing electrostatic buildup on the tube’s interior surface (Attoui
and Fernández de la Mora, 2016). The integrity of this setup
was critical, ensuring that the dissipative tubing remained
straight and in firm electrical contact with both the outlet
electrode and the electrometer. Owing to challenges in man-
aging the requisite electric field, counterflow mode was not
evaluated. The conventional configuration, which employs a
positive voltage at the inlet electrode and grounds the outlet
electrode, could not effectively propel ions against the coun-
terflow, particularly with the sample tube in place. Experi-
ments were conducted across varying sheath flow velocities,
each corresponding to distinct control voltages as delineated
in Fig. S2.
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Figure 8. (a) Ion transmission efficiency of the DMA P5 under dif-
ferent Qout. (b) Comparison with other cylindrical DMAs (the red
bars represent the experimental results).

The transmission illustrated is the maximum transmission
efficiency referring to the peak value of the aerosol num-
ber ratio counted by the downstream to upstream electrom-
eters (Ndown/Nup). This metric is depicted as the height of
the peak in the ratio distribution. Figures S7 and S8 illus-
trate the experimental data of Ndown/Nup under various op-
erational conditions. The relationship between transmission
efficiency and Qout is presented in Fig. 8a, demonstrating
a linear correlation with an increase in Qout. The optimal
ion transmission reached 54.3 % at the maximum Qout of
3 L min−1 paired with the lowest sheath flow velocity. In
this setup, a significant negative voltage at the outlet elec-
trode, combined with a grounded electrometer, generates an
electric field that constantly draws THA+ ions towards the
DMA outlet. An adequate Qout is required to counterbal-
ance the electrical velocity, as indicated by Eq. (1). For par-
ticles with consistent mobility, a higher VDMA is essential
to facilitate selection at increased sheath flow velocities. As
sheath flow velocity escalates, ion transmission efficiency di-
minishes due to the inadequacy in compensating for electri-
cal velocity. It is important to note that, under the standard
DMA P5 configuration, where both the outlet electrode and
detectors are grounded, ion loss attributed to electrical drag
is insignificant. Therefore, transmission efficiency becomes
independent of Qout. Hence, the findings presented here sig-
nify the lower threshold of ion transmission capability for
the DMA P5. The ion transmission of the TSI 1 nm-DMA
(Model 3086) was evaluated using the same TDMA system.
Ion transmission rates were determined to be 4.7 % and 7.1 %
for sheath / sample flow ratios of 25 L min−1/2.5 L min−1 and
30 L min−1/3.0 L min−1, respectively. Compared to the other
cylindrical DMAs, the DMA P5 exhibited an ion transmis-
sion efficiency that was 4.5 to 17.5 times greater, as shown in
Fig. 8b.

3.3 Applications of the DMA P5 by coupling with a
mass spectrometer

Commercial instruments that are capable of simultaneous
ion mobility and mass measurements, such as ion mobility
spectrometry-mass spectrometers (IMS-MSs), are prevalent
in the industry. Typically, these systems employ either in-

Table 1. Table 1 mobilities 1/Z (V s−1 cm−2) and mobility diam-
eters (nm) of sulfuric acid clusters.

Peak+ 1/Z Diameter

(SA)−1 0.497 1.02
(SA)−2 0.502 1.024
(SA)−3 0.589 1.111
(SA)−4 0.676 1.191

tense electric fields within the mobility analyzer that may
induce fragmentation of samples or conduct the analysis
under conditions of reduced pressure (May and McLean,
2015). Unique to the DMA P5 is its operation at atmospheric
pressure, which notably reduces the fragmentation of even
weakly bound clusters, making it particularly apt for detect-
ing atmospheric clusters. Sulfuric acid molecules and clus-
ters, which play a pivotal role in new particle formation (Kul-
mala et al., 2000), were selected to validate the performance
of the DMA P5 as an ion mobility filter for the examina-
tion of atmospherically relevant clusters. The experimental
apparatus incorporated a nano-ESI ionization source con-
nected to the DMA P5, with the latter output linked to a
Lynx E11 electrometer and an API-TOF-MS (TOFWERK
AG, Switzerland) via a customized interface (MION, Val-
ladolid, Spain). The API-TOF-MS boasts an exceptionally
low background noise level with a detection limit below one
ion per cubic centimeter (Junninen et al., 2010). API-TOF
and the combination of API-TOF with a chemical ionization
source (CI-API-TOF) have been proven to be effective for
the detection of various atmospheric clusters including sul-
furic acid complexed with ammonia, amines and organics in
both laboratory and field investigations (Kirkby et al., 2011;
Lehtipalo et al., 2016; Almeida et al., 2013; Yin et al., 2021;
Riccobono et al., 2014). Coupling DMA P5 with API-TOF
also facilitates the study of the physicochemical properties
of atmospheric clusters by adjusting the electric field strength
within the transfer optics (Lopez-Hilfiker et al., 2016). A so-
lution containing 200 mM sulfuric acid in a 1 : 4 methanol–
water mixture was employed to generate negatively charged
sulfuric acid clusters via ESI using the same procedure out-
lined in the preceding sections. The mobility of these clusters
was calibrated using THA+ ions before each experimental
run. Hereafter, the nomenclature for the sulfuric acid clusters
will be standardized as follows: bisulfate ions (HSO−4 ), sul-
furic acid dimers (H2SO4HSO−4 ), trimers ((H2SO4)2HSO−4 )
and tetramers ((H2SO4)3HSO−4 ) will be designated as sul-
furic acid monomer (SA)−1 , dimer (SA)−2 , trimer (SA)−3 and
tetramer (SA)−4 , respectively.

Figure 9 illustrates the ion mobility spectrum alongside the
2D distribution of the ion mobility and mass-to-charge ratio
(DMA-MS spectrum). The ion mobility spectrum, depicted
in Fig. 9a, underwent multi-peak fitting analysis using the
Igor Multi-peak Fitting package. The identified peaks corre-
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Figure 9. Negative ion mobility spectrum of electrosprayed sulfuric acid of (a) the electrometer and (b) the DMA P5 coupled to API-TOF-
MS. The signal of the DMA-MS spectrum within each ion mobility step (VDMA increased with the stepwise 0.5 V) is normalized to the total
signal intensity of the corresponding ion mobility step.

sponded to those in the DMA-MS spectrum, with distinctly
resolved peaks for (SA)−3 and (SA)−4 . However, the resolu-
tion was insufficient to separate (SA)−1 and (SA)−2 within
the ion mobility spectrum. The ion mobility (diameter) for
(SA)−1 and (SA)−2 was derived from the DMA-MS spectrum.
Table 1 presents the ion mobility and diameter measure-
ments for the sulfuric acid monomer and larger clusters. The
measured diameter for (SA)−3 was 1.11 nm, aligning closely
with the value reported by Passananti et al. (2019). It should
be noted that the voltage settings can impact cluster frag-
mentation within the API-TOF-MS, making the DMA-MS
spectrum highly contingent on the instrument configuration.
Thus, caution is necessary when comparing results across
different experiments. Considering that clusters which serve
as precursors to atmospheric nucleation are often physically
labile, pivotal questions emerge: are the clusters detected in
mobility and mass analyzers the actual atmospheric species,
or are they fragmentation products created artificially dur-
ing vacuum transfer? This complexity is magnified if frag-
mentation occurs before or during the ion mobility measure-
ments. Consequently, factoring in fragmentation is vital for
interpreting DMA-MS data. Ions with lower mass that ex-
hibit identical mobility to parent ions typically result from
dissociation or decomposition. Assuming that not all parent
ions fragment within the mass analyzer, it is possible to dis-
cern which detected ions are the original species selected by
the DMA and which are fragments. As depicted in Fig. 9b,
apart from SA multimers, a cluster of methyl sulfate with
(SA)−1 (CH4SO4HSO−4 ) was detected at distinct mobilities
(VDMA of approximately 1800 and 2250 V). Additionally, a
cluster of an ammonia molecule adducted to (SA)−4 was iden-
tified at a VDMA of around 2450 V. The first three peaks in
the mobility spectrum (Fig. 9a) corresponded to NO−2 , CO−3
and CHO−4 . To further analyze fragmentation, the ion mobil-
ity spectrum at the mass-to-charge ratio of the primary ob-
served ions or cluster–ion adducts was examined (Fig. S9):
both (SA)−1 and CH3SO−4 exhibited two peaks, with the lat-
ter identified as fragments derived from CH4SO4HSO−4 . The
mobilities of (SA)−1 and (SA)−2 were similar, complicating

their separation; however, (SA)−2 fragmentation was unlikely
to significantly contribute to (SA)−1 given the marked differ-
ence in their central mobilities. The subsequent peaks for
(SA)−2 were fragments from (SA)−3 and the methyl sulfate
cluster with (SA)−2 (CH4SO4(H2SO4)HSO4. (SA)−4 was an-
ticipated to fragment into (SA)−3 by losing a sulfuric acid
molecule arising from the fragmentation of NH−3 (SA)−4 and
larger clusters. In our experimental setup, the fragmentation
impact on the intensity of SA clusters was minimal (< 10 %).
When deploying the (CI)-API-TOF for atmospheric mea-
surements, it is crucial to verify the instrument configuration
against a similar experimental setup to avoid underestimating
cluster concentration due to a high declustering ratio.

4 Conclusions and recommendations

This study delineates the characterization outcomes for a pla-
nar differential mobility analyzer (DMA P5). The DMA P5
features a sizing scope below 3.9 nm and is operable in two
distinct modes: suction and counterflow. In suction mode, it
achieves a maximal resolving power of 60, while in counter-
flow mode it can attain up to 84. The resolving power of the
DMA P5 is demonstrated to be 5 to 16 times superior to that
of conventional commercial DMAs. Within suction mode,
the concentration of monodispersed aerosols can be tuned
by adjusting the injection flow rate. Conversely, counterflow
mode, despite its enhanced resolving power, yields a lower
concentration of monodispersed aerosols due to the lack of
injection flow. Ion transmission efficiency of the DMA P5, as
assessed by a tandem differential mobility analyzer (TDMA)
system, surpasses 54.3 %, which is approximately 7 to 8
times greater than that of the benchmark commercial DMA
model (TSI 3086).

The utility of the DMA P5 was further explored by as-
sessing both positive and negative aerosol ions of four tetra-
alkyl ammonium halides (THAB, TMAI, TBAI and TDAB)
from which high-resolution ion spectra were acquired. Sub-
sequently, the DMA P5 was integrated with an atmospheric
pressure interface time-of-flight mass spectrometer (API-
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TOF-MS), enabling the successful determination of the 2D
distribution of sulfuric acid clusters based on mass-to-charge
ratio and ion mobility. The mobility diameters of sulfuric
acid clusters, ranging from monomer to tetramer, were pre-
cisely measured.

This integrated system affords simultaneous measurement
of ion mobility and the chemical composition of atmospheric
clusters. Moreover, it is applicable for calibrating the mass-
dependent ion transmission efficiency of mass spectrometers
and investigating the influence of collision-induced cluster
fragmentation (CICF) within the mass spectrometer on at-
mospheric cluster measurements.
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