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Abstract. The newly developed planar differential mobility analyzer (DMA) serving as particle sizer can achieve higher 

transmission and selection precision at ambient pressure compared with conventional cylindrical DMA, and show potentials 

on coupling with atmospheric pressure interface mass spectrometer (API-MS) for cluster detection with an additional ion 15 

mobility dimension. In this study, we assessed the performance of a commercial planar DMA (DMA P5) integrated with the 

home-build recirculation system. The sizing range of the system in this work is 0-sub-3.9 nm, although larger sizes can be 

measured with a sheath gas flow restrictor. The resolving power under different recirculation setups (suction mode and 

counterflow mode) and different sheath flow rates was evaluated using electrosprayed tetra-alkyl ammonium salts (TMAI, 

TBAI, THAB and TDAB). The maximum resolving power of THA+ under suction and counterflow mode are 61.6 and 84.6, 20 

respectively. The sizing resolution of DMA P5 is 75-16 times higher than conventional cylindrical DMAs. The resolving power 

showed approximately linear correlation with √𝑉𝐷𝑀𝐴 under counterflow mode, while the resolving power of THA+ under 

suction mode stopped linearly increasinge with √𝑉𝐷𝑀𝐴 when the VDMA was above 3554.3V and entered a plateau due to the 

interference of sample flow on the laminarity of sheath flow. The transmission efficiency of DMA P5 can reach 54.3%, about 

one factor order of magnitude higher than the commercial DMAs. The mobility spectrum of different electrosprayed tetra-25 

alkyl ammonium salts and the mass to charge ratio-mobility 2D spectrum of sulfuric acid clusters was also characterized with 

the DMA P5 (-MS) system. 

1 Introduction 

Measurement of the physical and chemical properties of sub-3 nm particles is essential for understanding atmospheric aerosol 

nucleation mechanisms (Kerminen et al. 2018). Differential mobility analyzer (DMA) has long been used for aerosol sizing 30 
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and classifying (Knutson & Whitby, 1975). TSI Nano-DMA (Model 3085, Chen et al., 1998) and TSI 1 nm-DMA (Model 

3086, Stolzenburg et al., 2018) were designed for particle sizing down to 3 nm and 1 nm, respectively. Equipped with these 

DMAs, the  newly developed DEG-based scanning mobility particle sizer (SMPS) system (Jiang et al., 2011) can be applied 

to measure the size distributions of sub-3 nm particles (Cai et al., 2017).  

Various mass spectrometry-based approaches have been utilized for measuring the chemical composition of clusters and their 35 

precursors (Chen et al., 2020; Peng et al., 2022). However, these approaches lack direct measurement of cluster size and 

structure. In Thermal Desorption Chemical Ionization Mass Spectrometer (TDCIMS) system (Smith et al., 2004), size resolved 

particles were separated by DMA(s), and analyzed by mass spectrometry when sufficient particles were accumulated thorough 

electrostatic deposition. Currently, the detect limit of TDCIMS was 5 nm (Perraud et al., 2020). For cluster study, a much 

longer accumulation period is needed, due to the drastic decrease of charging efficiency with decreased particle diameter and 40 

low ion transmission of the applied DMAs. DMAs coupled directly to mass spectrometer (DMA-MS) can achieve spontaneous 

detection of ion mobility and chemical composition, and can serve as a promising tool to study the physicochemical properties 

of atmospheric clusters and the formation mechanism of particle nucleation and initial growth (Zhang et al., 2022). The 

performance of the applied DMA on sizing sub-3 nm particles is the only limitation of this technique. 

Planar DMAs have been successfully coupled to several commercial atmospheric pressure interface mass spectrometer (API-45 

MS) under high resolving power and high transmission (Hogan and Fernandez de la Mora, 2009; 2010; Hogan et al., 2011; 

Criado-Hidalgo et al., 2013). The physicochemical properties of various atmospheric clusters such as metal iodide clusters 

(Oberreit et al., 2014; Oberreit et al., 2015), dimethylamine (DMA) and sulfuric acid complexes (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) were investigated by DMA-MS. Rus et al. (2010) have characterized several prototypes of planar DMAs and the 50 

transmission of DMA P4 was ~50%. On the basis of DMA P4, DMA P5 updated the design of outlet, guaranteeing that the 

assemble/disassemble of DMA to/from MS would not break the vacuum (Amo-González and Pérez, 2018).  

To our knowledge, the characterization of commercial DMA P5 have not been reported. In this work, the performance of DMA 

P5 under different working conditions with a home-build recirculation circuit was characterized. The resolving power and 

transmission efficiency were characterized using standard ion clusters. The DMA P5 was also deployed to measure the ion 55 

mobility spectrum of electrosprayed clusters of different tetra-alkyl ammonium salts and the mass to charge ratio-ion mobility 

2D spectrum of sulfuric acid. 

2 Experimental setup and methodology 

In this study, DMA P5 (SEADM, Valladolid, Spain) was used, which consisted of a pair of plate parallel electrodes plates 

separated by insulated holders. The combination of horizontal laminar sheath flow and vertical electric field between the 60 

separation region of the two electrodes acts a spatial mobility filter (Purves et al., 1998). Polydispersed aerosols penetrating 

through inlet slit at the inlet electrode move toward the outlet electrode under the electric field force. For a fixed sheath flow 
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velocity and electric field pair, monodispersed aerosols with super narrow ion mobility range can penetrate through the outlet 

hole at the outlet electrode and transmit to the detectors. The detailed design and critical dimensions of DMA P5 has been 

described by Amo-González and Pérez (2018). The theoretical principle of planar DMA on particle sizing is described in SI 65 

(Section 1). The ion mobility of selection can be estimated by the following the formula: 

𝑍 =  
𝑈·ℎ2 

𝐿·𝑉𝐷𝑀𝐴
             (1) 

where Z represents the ion mobility of selection, U represents the velocity of sheath flow in the symmetry plane going through 

the center of the inlet slit, h represents the distance of the two electrodes, L represents the horizontal distance between inlet slit 

and outlet hole, VDMA represents the voltage difference between the two electrodes. 70 

The home-made recirculation circuit needed for DMA P5 system was adapted,  should be able to provideing particle free 

sheath flow with stable velocity and temperature. The recirculation circuit deployed in this study consists of air blower (Ref 

497.3.265-361, Domel), home-build water cooler coupled with constant temperature water bath (DCW-2008, SCIENTZ), 

particle filter adapted for high flow velocity, particle filter (Ref 34230010, Megalem MD143P3, Camfil Farr) adapted for high 

flow velocity, NW40 and NW 50 corrugated stainless-steel tubes and connectors. The particle filter consists a planar 75 

commercial HEPA filter (Ref 34230010, Megalem MD143P3, Camfil Farr) and two stainless assembly. The top side of the 

assembly is a NW40 connector, while the bottom side fits the geometry of the planar HEPA filter. The HEPA filter is 

sandwiched between the two bottom surfaces of the assembly, sealed with O-ring and screws. All the components are 

purchased from the local market. Alternative products with similar performance should not affect the operation of the whole 

system. The rotational speed of the blower was controlled by 0-10 Vdc analogue signal (Vblower). The flow rate under different 80 

control voltage was calculated by Eq. (1) using the ion mobility and VDMA of standard ion (THA+) (Fig.S2). The temperature 

was controlled to be 24 Celsius degrees. 

The nano-ESI ionization source (SEADM, Valladolid, Spain) was adapted. The main body of the nano-ESI ionization source 

is a PEEK cubic electrospray chamber, assembled with the inlet electrode of DMA P5 on its bottom, sealed on front and back 

ends by two glass windows, coupled with 1/8” capillary guide on the top middle. There were another two 1/4” ports for flow 85 

injection and exhaust on the top left and right of the ionization chamber.  

In this study, two types of recirculation circuit setup (suction mode and counter flow mode) were characterized based on the 

design of ionization source. Under suction mode, aerosols were transport to the inlet slit by the combination of the electric 

field between the electrospray and the DMA inlet electrode and the polydisersed aerosol flow (Qin) and sucked into the 

separation region under the monodispersed aerosol flow (Qout), the excess flow (Qexcess) was exhausted from another port. 90 

Under counter flow mode, only one port was used to exhaust the counter flow (Qcount) out of the inlet slit. Compensate flow 

(Qc), with the flow rate equal to the sum of Qcount and Qout, was introduced into the circuit thorough a T connector. The detailed 

recirculation circuit setups are illustrated in Fig. 1. 
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Fig.1 Schematic diagram of the recirculation circuit setups (a) suction mode; (b) counter flow mode of DMA P5 system. 95 

 

The performance of the DMA P5 was characterized by classifying aerosols generated via electrospraying of salt solutions. A 

silica capillary (FS360-50-N-5-C50, New Objective) fitted in the capillary guide of nano-ESI ionization source was applied to 

connect the ionization chamber and the vial of solution. The connections on both ends of the capillary were established with 

standard capillary connections used for liquid chromatography. The vial was connected to a pressure sensor and a syringe 100 

equipped with a valve thorough a T-connector. The solution was pushed through the capillary by compressing the gas inside 

the vial until the desired pressure above the solution surface was achieved. The valve in front of the syringespringer was then 

turned off, keeping the pressure constant for a long period. High voltage was applied to the solution through an inert metal 

wire immersed in it. Similar methodologies have been proposed by Jiang et al. (2011) and Cai et al. (2018). With positive 

voltage applied and without subsequent neutralization, singly charged, positive polarity aerosols can be generated (Ude and 105 

Fernández de la Mora 2005). In this study, pressure (PES) and voltage (VES) of the electrospray source were set to ~20 kPa and 

~2000 V, respectively. The Faraday cage electrometers (Lynx E11&E12, SEADM, Valladolid, Spain, Fernandez de la Mora 

et al., 2017) was were used as particle counter. The output signal range was 0-2V, with an amplification of 1011 V/A and 1012 

V/A, respectively. Based on Eq. (1), the ion mobility of any aerosols with known DMA voltage can be calibrated with standard 

ions under constant sheath flow velocity by the following formula:  110 

𝑍 =
𝑉𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑∗𝑍𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑉𝐷𝑀𝐴
        (2) 

where Zstandard represents the electric mobility of standard ion, VDMA and Vstandard represent the DMA voltage of target aerosol 

and standard ion under the same sheath flow rate. Standard ion (THA+), with the known mobility of 0.97 cm2 V-1 s-1 (Ude and 

Fernández de la Mora 2005), was generated via positive electrospraying of 0.5 mM THABr solution in 9:1 methanol/water 

mixture. The mobility diameter in this manuscript is calculated with the Stokes-Cunningham equation (Tammet, 1995; 115 

Wiedensohler et al., 2012). Detailed information about the mobility diameter calculation is described in SI (Section 2). The 

sizing range under different rotational speed was calculated using Eq. (2), given the upper VDMA limit of 10 kV. The sizing 
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upper limit of DMA P5 in the current configuration was 1.9-3.9 nm, although using a flow restrictor in the sheath gas circuit 

the upper size can be extended. Higher sheath flow rate corresponded to lower sizing range (Fig. S2). 

The sizing resolution of specific aerosol (R) is defined as the ratio of the central electrical mobility (Z) and the full width at 120 

half maximum for the peak (ΔZFWHM) (Flagan 1999):  

R=
𝑍

𝛥𝑍𝐹𝑊𝐻𝑀
     (3) 

The theoretical calculation of planar DMA sizing resolution is given by the following equation (Amo-González and Pérez, 

2018 and SI Section 3 for detailed derivation process): 

𝑅−1 =
∆𝐿0.5𝛥𝑍𝐹𝑊𝐻𝑀

𝐿𝑍
= √[(

𝑄𝑖𝑛+𝑄𝑜𝑢𝑡

𝐿𝑠𝑙𝑖𝑡2 𝑅𝑒 𝜈
)

2

+
16𝑙𝑛2𝑘𝑇

𝑉𝐷𝑀𝐴𝑁𝑒
(1 + [

ℎ

𝐿
]

2

)]     (4) 125 

where, Qin represent the polydispersed aerosol flow rate and Qout is the monodispersed aerosol flow rate, respectively, Lslit is 

the length of inlet slit, Re is the Reynolds number, ν is the viscosity of the sheath gas, k is the Boltzmann’s constant, T is the 

absolute temperature of the sheath gas, Ne is the net charge on the aerosol. 

3 Results and Discussion 

3.1 Resolving Power under different recirculation modes 130 

The key point of applying ESI source with DMA P5 is that the ESI voltage is not constant under scan mode. The voltage 

applied to the nano-ESI source floats above the inlet electrode voltage of DMA P5 with the floating value being the exact ESI 

voltage. Such configuration can avoid the influence of the voltage change during the scanning mode on the formation and 

stability of electrospray. Moreover, the electric field between the capillary tip and the inlet electrode guides the aerosol into 

the DMA separation chamber. According to such design, as being illustrated in the former section, two recirculation modes 135 

can be applied for DMA P5 operation for characterizing its performance with standard aerosol generated from nano-ESI source. 

Under suction mode, polydispersed aerosols are sucked into the DMA separation region. Under counter flow mode, the 

aerosols are inserted electrically into the DMA, the inlet slit counter flow accelerates the evaporation of droplets and prevent 

the neutral droplets from entering the DMA separation region.  

Based on Eq. (4), large Re is expected in order to achieve high sizing resolution, under which condition the sheath flow velocity 140 

needs to be very large based on the following equation: 

𝑅𝑒 =
𝑈ℎ

𝜈
      (5) 

Suction of aerosol sample can easily disturb the sheath flow, and decrease the sizing resolution. Moreover, incomplete 

desolvation of solvent and entrance of neutral droplet into the DMA separation region under suction mode may also affect the 

peak shape, obscuring the identification of analytes of interest (Amo-González and Fernández de la Mora, 2017). On the other 145 

hand, suction mode can obtain higher aerosol number concentration at the expense of resolving power and peak shape. 
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Fig 2. (a) The dependency of the resolving power of THA+ on DMA voltage (VDMA) under suction mode and counter flow mode; (b) 

dependency of the resolving power and signal intensity on the Qout under suction mode and the comparison with counterflow mode. 

 150 

According to Eq. (1), VDMA is approximately linearly correlated with the sheath gas velocity under fixed ion mobility. 

According to Eq. (4), R increases with the increase of √𝑉𝐷𝑀𝐴 with determined DMA physical structure (h, L), sheath flow 

properties (ν, T, U) and aerosol charge state (Ne). The performance of DMA P5 for obtaining the THA+ mobility spectrum 

under suction mode is shown in Figure S3. With solution concentration higher than 0.5mM, well separated THA+ monomer, 

dimer and trimer can be observed. Hihger solution concentration leads to the increase of the signal/noise ratio, but decreases 155 

the dimer/monomer ratio. As can be derived from Eq. (1) and Eq. (4), both the VDMA and corresponding sizing resolution of 

THA+ increases with the increase of sheath flow rate. Figure 2a shows the dependency of the resolving power of sizing 1.47 

nm ions (THA+) on√𝑉𝐷𝑀𝐴 under two recirculation modes by changing the sheath flow velocity. Qout is 2 L/min under the two 

recirculation modes. Qin is 5 L/min under suction mode. Qcounter is 0.5 L/min under counter flow mode. 

Under suction mode, R showed positive linear correlation with √𝑉𝐷𝑀𝐴 , with the slope and intercept of 1.024 and 1.894, 160 

respectively, when the VDMA was below 3554.3V. R remained nearly unchanged with the increase of √𝑉𝐷𝑀𝐴, when the VDMA 

was above 3554.3V. In high VDMA range (corresponding to higher sheath flow velocity), R was in the range of 60 ± 3. Under 

counter flow mode, R and √𝑉𝐷𝑀𝐴 showed good linear relationship (R2=0.95) within the sheath flow velocity range of the 

applied system. The slope and intercept of 1.067 and 10.315, respectively. 

Generally, the resolving power of THA+ was higher under counter flow mode, and was much significantly closer to the 165 

theoretical calculation. With the increase of the sheath flow velocity, the difference between the measurement and the 

theoretical calculation gradually increased. Under the suction mode, due to the interference of polydispersed sample flow, the 

resolving power was 14.9%-21.7% lower than that of the counter flow mode when √𝑉𝐷𝑀𝐴
 was lower than 59.6. The 

discrepancy increased to 24.9 % when √𝑉𝐷𝑀𝐴 reached 66.0. The reason for the difference of resolving power between the two 
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recirculation modes and the deviation from the theoretical calculation is the turbulence effect. The higher the sheath flow rate 170 

velocity is, the easier for the flow to become turbulent, consistent with the measurement result that the resolving power stopped 

increasing when VDMA was over 3554.3V. The increasing discrepancy of measured and theoretical resolving power was 

attributed to the insufficient stabilization of sheath flow to the laminar condition. Adding an additional pair of prelaminarizer 

screens into the sheath flow recirculation circuit under counter flow mode can increase the resolving power approaching it to 

the theoretical limit (Amo-González and Pérez, 2018). 175 

Figure 2b shows the change of THA+ peak signal intensity and resolving power to different Qin under suction mode. The 

change of Qin showed little effect on resolving power (58.06-61.58, with the relative deviation being -3.5%-2.3%), while had 

significant influence on signal intensity (number concentration of the sizing aerosol). With constant Qout of 2 L/min, the peak 

signal of THA+ is 1.31 V, 1.13 V, 1.1 V and 1.02 V, under Qin of 10 L/min, 7.5 L/min, 5 L/min and 2.5 L/min, respectively. 

When Qout was decreased to 1.0 L/min, the signal strength was significantly reduced. It should also be noted that at the cost of 180 

the decreased resolving power, higher signal intensity of electrometer was obtained under suction mode. The peak signal of 

THA+ under suction mode was 108.2%-167.3% higher compared with counter flow mode at the same Qout. 

Under the counter flow mode, there are two adjustable parameters, namely counter flow rate (Qcount), and monodispersed 

aerosol flow rate (Qout). Figure 3 shows the influence of Qcount and Qout on the sizing resolution and number concentration 

under the fixed sheath flow rate (about 1200 L/min, under which speed the recirculation system can operate for a long time 185 

without increase of temperature). Figure 3a and b show the change of THA+ central voltage and signal intensity under different 

Qout at Qcount of 0.5 L/min and 1.0 L/min, respectively. In general, the signal strength increased monotonously with the increase 

of Qout. According to theory (Knutson & Whitby, 1975), the THA+ central voltage decreased with the increase of Qout. 

Compared with Qcount, Qout had a greater impact on the measurement results. Figure 3c shows the relationship of the integrated 

peak area of THA+, the resolving power and the central voltage with Qout. With the increase of Qout from 0.5 L/min to 3.0 190 

L/min, the central voltage of THA+ decreased by about 20 V (less than 1%); the integrated peak area increased by 7.6 and 6.8 

times for Qcount of 1.0 L/min and 0.5 L/min, respectively; the resolving power decreased from 75 to 69. We defined the counting 

efficiency of electrometer as the integrated peak area / Qout. The relation of the counting efficiency with Qout (Fig. S3S4) 

indicated that the counting efficiency would increase with the increase of Qout before reaching 2 L/min and decrease afterward. 

Setting the total Qout over 2.0 L/min would result in the decreasing of both counting efficiency and resolving power and is not 195 

recommended when coupling with an API-MS. 

It should also be noted the above-mentioned recirculation set ups are applied for the study of aerosols generated from ESI 

source. For the measurement of atmospheric clusters, secondary electrospray ionization (SESI) (Rioseras et al., 2017) is applied, 

with the reagent ions generated via electrospraying of custom selected solutions. Under injection mode, clusters are introduced 

to the DMA from the polydispersed aerosol flow inlet. Under counter flow mode, the blocked port (red labeled in Fig. 1b) is 200 

used to introduce the atmospheric clusters, while the Ocount is equal to the sum of the counter flow rate and the sample flow 

rate. Gao et al. (2023) have deployed the SESI-DMA-TOF for the measurement of the products of α-pinene ozonolysis. 
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Fig. 3 Mobility spectrum of THA+ under different Qout with (a) Qcounter = 0.5 L/min; (b) Qcounter = 1.0 L/min; (c) Integrated signal 

intensity, resolving power and VDMA of THA+ under different Qout. 205 

 

The sizing resolution of THA+ monomer by DMA P5 and Half Mini DMA (Fernandez de la Mora and Kozlowski, 2013), 

measured in our lab, were compared with the reported results of different types of commercial DMAs (Jiang et al., 2011, 

Stolzenburg et al., 2018). The DMA P5 was operated under counter flow mode at the sheath flow rate of about 1500 L/min 

(corresponding to the Vblower of 8.5 V). The Half Mini DMA was operated at the aerosol-to-sheath flow ratio of 10/300 L/min. 210 

The reported resolution was measured under the aerosol-to-sheath flow ratio of 0.6/6 L/min for the Caltech nanoRDMA, of 

6/61.4 L/min for the Vienna DMA, of 2/21.9 L/min for the Grimm nanoDMA, of 2.0/20 L/min for TSI 3085, of 2.5/25 L/min 

for TSI 3086 and of 1.5/15 L/min for the Caltech RDMA. The aerosol-to-sheath flow ratio for all reported cylindrical DMAs 

(except HalfMini DMA) is approximately 10, which is the typical flow configuration for particle sizing in both lab and field 

measurements. The comparison results show that the planar DMA has the highest sizing resolution, which is 75-16 times 215 

higher than conventional cylindrical DMAs and 5-6 times higher than Half Mini (Fig. 4). On one hand, due to the high 

maintaining expenses for keeping the super high sheath flow rate, application of DMA P5 on atmospheric particle number size 

distribution measurements is unpractical. On the other hand, high resolution and high ion transmission are almost synonymous 
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for planar DMAs. This advantage is merit of being further exploited by coupling with mass spectrometer for cluster detection 

with an additional ion mobility dimension. The mobility spectrum of THA+ obtained from Half Mini is shown in Fig. S4S5. 220 

The obtained well separated THA+ ion beam was utilized for characterizing the ion transmission efficiency of DMA P5. 

 

Fig. 4 Comparison of the resolving power of DMA P5 and other commercial DMAs for detecting THA+. DMA P5 was operated 

under the sheath flow rate of 1500 L/min, Half Mini was operated under the sheath flow rate of 300 L/min. All the signal intensiy is 

normalized with the peak height. 225 

 

In addition to THAB, the sizing ability of DMA P5 was also characterized with three other tetra alkyl ammonium halides 

(tetra methyl ammonium iodide (TMAI), tetra butyl ammonium iodide (TBAI) and tetra decyl ammonium bromide (TDAB)). 

The concentration of the solution is 0.5 mM/L. Figure 5 and Figure 6 show the positive and negative ion mobility spectra. The 

results showed that well defined, single positive charged monomers and dimers can be obtained for the four salt solutions, 230 

trimers of TBAI and THAB can also be observed. The negative ions of halogen elements are the main products in the negative 

ion spectrum. Eq. (2) is used to calculate the mobilities of aerosol ions, and the results are shown in Table S1 and Table S2. 

The estimated results were consistent with the results reported by Ude et al. (2005). 
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Fig. 5 Positive mobility spectrum of electrosprayed tetra-alkyl ammonium ions, (a) TMAI, (b) TBAI, (c) THAB, (d) TDAB. 235 

 

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

 

According to equation Eq. (4), the resolving power of planar DMA is directly related to VDMA and Ne (net charge of the 

ions). The relationship between the resolving power of the positive charged monomers of THAB, TMAI, TBAI and TDAB 240 

with the VDMA under different sheath flow velocity is shown in Figure 7. The result showed that the resolving power (R) and 
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√𝑉𝐷𝑀𝐴 of different types of tetra alkyl ammonium cations presented an excellent linear relationship (R2=0.96), with the slope 

and intercept of 0.992 and 13.511. As illustrated in Fig. 7, most data points were within the 95% confidence interval. This 

result can be used as the reference for the variation of the resolving power of DMA P5 under the counterflow mode with 

different sheath flowrate. Moreover, the resolution function can also be used for multi-peak fitting, which can be applied in 245 

peak identification of the ion mobility spectrum of multi-component complexes.  

 

Fig. 7 Relation of resolving power of different cluster ions with VDMA 

 

3.2 Transmission efficiency 250 

The most important issue of applying the DMA P5 for atmospheric cluster studies is whether it can select sufficient 

amounts of ionized clusters for further analysis at an acceptable time scale. Therefore, the performance of DMA P5, especially 

the transmission efficiency, needs to be characterized. There are studies with electrospray sources directly facing a planar 

DMA inlet slit, showing many orders of magnitude gains in transmitted ion signal versus cylindrical DMAs: Javaheri et al. 

(2008) have shown that almost all molecules of an electrosprayed dilute species in solution can be transmitted as ions to the 255 

atmospheric inlet orifice of a mass spectrometer. Similarly, over 1 nA of the dominant electrosprayed ion can be transmitted 

to the outlet slit of a planar DMA (Fernandez de la Mora, 2019). Such advantage of planar DMA has been exploited by Tauber 

et al. (2018) to introduce DMA-purified highly concentrated atomic ions into a nucleation chamber to study ion induced 

nucleation. This exceptional transmission cannot be achieved with any cylindrical DMA, which is the main reason why most 

successful couplings of DMAs with MS systems (mainly using electrospray sources) have involved planar DMAs. For example, 260 
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it took over an hour with a high resolution cylindrical DMA (passing 10 L/min of aerosol) set at a fixed voltage in tandem use 

with a Time of Flight (TOF) mass spectrometer to accumulate a single mass spectrum with useful information on 

(THABr)n(THA+)z clusters (Fernandez de la Mora et al. 2005). There are nevertheless exceptions involving quadrupole MS 

systems set at a fixed mass, while a cylindrical DMA scans over the voltage (Ude et al., 2004). Steiner et al. (2014) have 

successfully coupled a cylindrical DMA of relatively high resolution to a TOF-MS to investigate small ions from radioactive 265 

bipolar sources.  

However, an electrospray is an intense unipolar ion source injecting several hundred nA of current into an area typically 

smaller than 1µm2. In this case, the major source of ion loss is beam broadening by space charge, which would not be relevant 

in most atmospheric measurements. The transmission efficiency of DMA P5 in this study was characterized using a tandem 

DMA system (Fig. S6). Most of electrospray ions are lost by space charge in the aerosol inlet tube and in the annular region 270 

preceding the inlet slit to the analyzing region of the first DMA. Consequently, there is little space charge left when these ions 

reach the second DMA. Therefore, the losses measured are primarily diffusive losses, which is what would be relevant in 

atmospheric sampling. A Half Mini DMA operated at fixed sheath flow and voltage was applied as the upstream DMA 

selecting only THA+ monomer. Such configuration can also minimize the influence of multi-charged ions with larger molecular 

weights (Attoui et al., 2013).  275 

Standard aerosol ions (THA+) were generated following the same method described above. To verify that the upstream 

DMA carried only THA+ monomer, before each experiment, a full mobility spectrum was taken under voltage scanning mode 

and compared with published result (Liu et al., 2021). Lynx E11 and E12, with amplifications of 1x1011 and 1x1012 V/A, 

respectively, were used to measure the aerosol number concentration upstream and downstream of the DMA P5. An additional 

experiment connecting the two electrometers to the Half Mini DMA thorough a flow splitter (TSI 3780) with the same tube 280 

length was conducted to determine the correction factor. The Half Mini DMA was operated under fixed voltage, selecting only 

THA+ ions. The sample flow rates of the electrometers were measured using a bubble flowmeter. The signal of the two 

electrometers was measured simultaneously. The correction factor of the two electrometers was 10.34, which it is quite close 

to the theoretical amplification relation of the two electrometers. In order to correct the ion loss to the tube wall, the tube length 

between the flow splitter (TSI 3780) and the electrometers (excluding the DMA P5) were identical.  285 

Downstream to the Half Mini DMA, DMA P5 was connected between the flow splitter and the second electrometer. A 

3D-printed cubic chamber was used to connect the inlet tube and DMA inlet slit. The inner geometry of cubic chamber was 

cylinder-shaped, with the diameter of 32 mm, and the height of 6.5 mm. The inlet tube was inserted straightly into the centre 

of the cylinder-shaped space thorough the hole on the top of the cubic chamber. The space between the conductive silicone 

tube and the hole was sealed with silicone glue. The injection end of the inlet tube was connected to the beam splitter, while 290 

the exit end was at the same surface with the lower end of the chamber. When the cubic chamber was sealed to the inlet 

electrode of DMA P5, the distance between the exit end of inlet tube and the inlet slit of DMA P5 is about 5.2 mm. During the 

experiments, the voltage for Half Mini DMA was fixed and the voltage for the DMA P5 was scanned continuously. The ion 

http://www.baidu.com/link?url=HhZk8va_Bw35IxlySb2J5cDsAuOgd8msICNPAAuxH_fyVk3op4GwVvnZGx7G41OrncGQ4n8RKxTvObyHfBpJKSOWJXbXsREoVyb0xFeMsZJnN-kCGHZLPvN3F9SnKabW
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number concentration recorded by the two electrometers wasIon transmission efficiency was equal to the ratio between the ion 

number concentrations measured by the downstream and upstream electrometer, both given by the following equation: 295 

N = 𝑉𝐸𝑀/(𝑎𝑚𝑝 ∙ 𝑒 ∙ 𝑞)        (6) 

where VEM represent the signal of electrometer, amp is the amplification coefficient of the electrometer, q is the sample flow 

rate of electrometer and e represents elementary charge. The recorded concentration was then corrected using the correction 

factor. 

DMA P5 was operated under suction mode with inlet electrode grounded, and outlet electrode connected to the negative 300 

voltage. The grounded downstream electrometer was connected to outlet electrode with a straight 10 cm dissipative plastic 

tube (85A, FreelinWade, Oregon) (Attoui et al., 2016). The dissipative plastic tube was the key component of the experimental 

setup, which can avoid electrostatic accumulation on the inner tube surface. The dissipative plastic tube was kept straight, 

connecting to the outlet electrode and downstream electrometer in good electrical contact. Counter flow mode was not tested 

due to the difficulty to control the electric field needed for conventional positive voltage setting (inlet electrode connected to 305 

positive voltage, and outlet electrode grounded) to push the ions against the counter flow with the presence of the sample tube. 

These experiments were carried out under different sheath flow velocity (corresponding to different control voltage, Fig. S2).  

The transmission illustrated is the maximum transmission efficiency, which is defined as the peak height of the ratio of 

the aerosol number counted by the downstream and upstream electrometer (Ndown/Nup). The experimental results of Ndown/Nup 

under different working condition is shown in Fig. S7 and S8. The transmission efficiency as the function of Qout are shown in 310 

Fig. 5a8a. The transmission efficiency showed linearly correlation with increased Qout. The highest ion transmission was 54.3% 

under the highest Qout (3 L/min) and the lowest sheath flow velocity. Under the above-mentioned configuration, electric field 

between outlet electrode with a high negative voltage and the grounded electrometer will drag THA+ ions back to the DMA 

outlet constantly. Sufficient Qin Qout is called to compensate the electrical velocity. As depicted by Eq (1), higher VDMA is 

needed for selecting particle with the same mobility under higher sheath flow velocity. With increasing sheath flow velocity, 315 

the ion transmission efficiency decreased due to insufficient compensation of electrical velocity. It should be noted that under 

conventional DMA P5 configuration (both outlet electrode and detectors are grounded), the ion loss due to the electrical 

dragging force is negligible. Thus, the transmission efficiency is no longer related to the Qout. Consequently, our results 

represented the lower limit of the DMA P5 ion transmission. The ion transmission of TSI 1 nm-DMA (Model 3086) was also 

characterized with the same TDMA system. The ion transmission was 4.7% and 7.1% for sheath/ sample flow ratio of 25 320 

L/min /2.5 L/min and 30 L/min / 3.0 L/min, respectively. DMA P5 illustrated 4.5-17.5 times higher ion transmission efficiency 

compared with other cylindrical DMAs (Fig. 5b8b). 
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Fig. 5 8 (a) Ion transmission efficiency of P5 under different Qout; (b) Comparison with other cylindrical DMAs (the red bars 

represent the experimental results). 325 

3.3 Applications on aerosol sizing andof DMA P5 by coupling with mass spectrometer 

There are excellent commercial instruments able to measure both mobility and mass in tandem (ion mobility spectrometry-

mass spectrometer, IMS-MS). Most of them use either intense potentially fragmenting electric fields in the mobility analyzer, 

or carry the mobility analysis in a region of reduced pressure (May and McLean, 2015). What is special about the DMA P5 is 

that it operates at atmospheric pressure and has little tendency to fragment even weakly bound clusters, which is very suitable 330 

for the detection of atmospheric clusters. Sulfuric acid molecules and clusters, as important participants of new particle 

formation (Kulmala et al., 2000), were chosen to evaluate the performance of DMA P5 as an ion mobility filter for the study 

of atmospheric relevant clusters. The experimental set-up consisted of the nano-ESI ionization source, connected to the DMA 

P5. The exit of the DMA P5 was connected to a Lynx E11 electrometer and to an API-ToF-MS (TOFWERK AG, Switzerland), 

thorough a customized interface (MION, Valladolid, Spain). API-ToF-MS has a very low background noise level and detection 335 

limit (< 1 ion/cm3, Junninen et al., 2010). Moreover, both Api-TOF and Api-TOF coupling with a chemical ionization source 

(CI-API-TOF) have been successfully applied for atmospheric cluster measurement in laboratory and field, exhibiting the 

capability of detecting different atmospheric clusters, such as cluster complexes of sulfuric acid with ammonia (Kirkby et al., 

2011; Lehtipalo et al., 2016), amine (Almeida et al., 2013; Yin et al., 2021), and organics (Riccobono et al., 2014). By the 

combination of API-TOF and DMA-P5, it is also possible to study the physiochemical properties of the atmospheric relevant 340 

clusters by scanning the electric field strength within the transfer optics (Lopez-Hilfiker et al., 2016). 200 mM sulfuric acid 

solution in 1:4 methanol/water mixture was used to generate negatively charged sulfuric acid clusters by ESI. The generation 

procedure was the same as the former sections. The mobility of sulfuric acid clusters was calibrated before each experiment 

with THA+. Hereafter the bisulfate ions (HSO4
-), negatively charged sulfuric acid dimers (H2SO4HSO4

-), trimers 
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((H2SO4)2HSO4
-) and tetramers ((H2SO4)3HSO4

-) are referred as sulfuric acid monomer (SA)1
-, dimer (SA)2

-, trimer (SA)3
- and 345 

tetramer (SA)4
-, respectively.  

Table 1 mobilities 1/Z (V s-1cm-2) and mobility diameter (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 

 

The ion mobility spectrum and ion mobility-mass to charge ratio 2D distribution (DMA-MS spectrum) are shown in Fig 9. 

The multi-peak fitting analysis of the ion mobility spectrum (Fig. 9a) was conducted with Igor Multi-peak Fitting package. 350 

The fitted peaks were then identified with the DMA-MS spectrum. Well separated (SA)3
- and (SA)4

- peaks were observed. 

Due to insufficient resolution, (SA)1
- and (SA)2

- were not separated within the ion mobility spectrum. The ion mobility 

(diameter) of (SA)1
- and (SA)2

- were obtained thorough DMA-MS spectrum. Table 1 shows the ion mobility and diameter of 

sulfuric acid monomer and larger clusters. The measured diameter of (SA)3
- was 1.11 nm, showed high consistency with the 

reported value (Passananti et al., 2019). Since the voltage configurations can affect the fragmentation of the cluster inside the 355 

API-ToF-MS (Passananti et al., 2019), the DMA-MS spectrum is highly instrument dependent. Cautions should be paid on 

the comparison between different experiments. Given that the clusters forming as precursors to atmospheric nucleation are 

physically bound and often labile, the important issue arises as to whether the clusters observed in the mobility and the mass 

analyser are the original species present in the atmosphere, or rather their fragmentation products artificially generated during 

the transfer to the vacuum system. The situations are even more complicated if fragmentation arise prior to or during the 360 

mobility measurements. Therefore, it is important to consider the fragmentation when interpreting the DMA-MS measurements. 

Ions with smaller mass but appearing at the same mobility of parent ions are originated from dissociation or decomposition. 

Under the condition that not all parent ions are fragmented into smaller ions within the mass analyser, we can determine which 

ions detected are the original ions selected in the DMA, and which are fragments. As shown in Fig. 9b, except for SA multimers, 

cluster of methyl sulfate with (SA)1
- (CH4SO4HSO4

-) was observed at the different mobility (VDMA of about 1800 V and 2250 365 

V). Cluster of ammonia molecule adducted on (SA)4
- was also identified at VDMA of about 2450V. The first three peaks 

identified in the mobility spectrum (Fig 9a) were NO2
-, CO3

- and CHO4
-. To further interpret the fragmentation, the ion 

mobility spectrum at the mass to charge ratio of the main observed ions/cluster-ion adducts was discussed (Fig S9): both (SA)1
- 

and CH3SO4
- showed two peaks, with the latter one being fragments originated from CH4SO4HSO4

-. The mobility of (SA)1
- 

and (SA)2
- was close, making the separation of (SA)1

- and (SA)2
- fragments difficult. Hower, it is unlikely that (SA)2

- 370 

fragmented contributed largely to (SA)1
-, due to an obvious difference in central mobility. The latter two peaks of (SA)2

- were 

the fragments from (SA)3
- and cluster of methyl sulfate with (SA)2

- (CH4SO4 (H2SO4) HSO4
-). (SA)4

- would fragment into 
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(SA)3
- via losing one sulfuric acid molecule and originate from the fragmentation of NH3-(SA)4

- and larger clusters. Under our 

experimental configuration, the interference of fragmentation on the intensity of SA clusters is minor (<10%). When the (CI)-

API-TOF was deployed for atmospheric measurements, the instrument configuration should be checked by using similar 375 

experimental set up to avoiding underestimate of the clusters due to large de-cluster ratio.  

 

Fig. 9 Negative ion mobility spectrum of electrosprayed sulfuric acid of (a) electrometer and (b) DMA P5 coupled to API-ToF-MS. 

The signal of DMA-MS spectrum within each ion mobility step (VDMA increased with the stepwise of 0.5V) is normalized to the total 

signal intensity of the corresponding ion mobility step. 380 

4 Conclusions and Recommendations 

We present the characterization results of a planar DMA (DMA P5) with a home-made recirculation system. With this 

recirculation system, tThe sizing range of DMA P5 is 0-sub 3.9 nm. Two operation modes can be applied (suction mode and 

counter flow mode). Under suction mode, the maximum resolving power can reach 60, while under counter flow mode, the 

maximum resolving power is 84, much closer to the theoretical limit. The resolving power of DMA P5 is can be 75-16 times 385 

higher than commercial DMAs. Under suction mode, the obtained monodispersed aerosol number concentration can be 

modified by changing the injection flow rate. Under counter flow mode, although the resolving power is higher than the suction 

mode, the obtained monodispersed aerosol number concentration is lower due to the absence of injection flow. The ion 

transmission of DMA P5, tested by a TDMA system, exceeds 54.3%, which is about 7-8 times higher than commercial DMA 

(TSI 3086). 390 

The application of DMA P5 was also characterized. Positive and negative aerosol ions of four tetra alkyl ammonium halides 

(THAB, TMAI, TBAI and TDAB) were measured, and high-resolution ion spectra were obtained. Finally, P5 was combined 

with an API-TOF-MS to successfully measure the two-dimensional (mass to charge ratio V.S. ion mobility) distribution of 

sulfuric acid clusters. The mobility diameters of sulfuric acid clusters (monomer to tetramer) were measured.  



17 

 

This system can be used to simultaneously measure the ion mobility and chemical composition of atmospheric clusters. In 395 

addition, this system can also be applied to calibrate the mass dependent ion transmission efficiency of mass spectrometry and 

study the impact of the collision induced cluster fragmentation (CICF) inside the mass spectrometry on the measurement 

results of atmospheric clusters. 
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