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Abstract 15 

It is well known that the duty cycle of common drift-tube ion mobility experiments is of-16 

ten below 1%. However, multiplexing approaches such as Fourier and Hadamard puls-17 

ing schemes have been shown to independently enhance the throughput of ion mobility 18 

spectrometry (IMS) experiments to levels that approach 50%. While challenges remain 19 

to their broad scale implementation we describe a new Fourier transform (FT) IMS ex-20 

periment that is directly compatible with standard drift tube ion mobility mass spec-21 

trometers (DT-IMMS). Compared to previous FT-IMS experiments, our new approach 22 

requires only a single gate and circumvents the need for signal apodization by combin-23 

ing data from two frequency pulsing sequences 180° out of phase. Assessment of our 24 

initial results highlights an increase in signal-to-noise (SNR) relative to both previous 25 

implementations FT-IMS experiments and signal averaged (SA) experiments. For select 26 

tetraalkylammonium salts SNR improvements of more than one order of magnitude are 27 

routinely possible. To explore the performance metrics associated with the technique a 28 

number of experimental variables were systematically altered including frequency 29 

sweep range, sweep time, and data acquisition time. Using this experimental design we 30 

present the key aspects, considerations, and minimum resources necessary for other 31 

IMS researchers to incorporate this operational mode into their research. The two-32 

phase FT-IMMS technique offers a tractable mechanism to enhance sensitivity for 33 

IMMS measurements and its broad-scale adoption by IMMS researchers promises to 34 

enhance the acquisition speed for mobility measurements using hybrid instrumentation. 35 

 36 
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1. Introduction 1 

Finding heavy application in the field as an analytical tool, drift-tube ion mobility 2 

spectrometry (DT-IMS) is largely unmatched in its ability to rapidly screen passengers, 3 

cargo, and the surrounding environment for narcotics, explosives, and chemical warfare 4 

agents.1-3 With strong ties to the fundamentals of gas-phase kinetic theory DT-IMS also 5 

finds utility as an informative tool to probe gas-phase ion chemistry, kinetics, and under 6 

select conditions gas-phase ion conformations.4-8 Regardless of its intended application, 7 

the ability to rapidly resolve and detect ion populations remains paramount. However, 8 

as with many time-dispersive techniques challenges related to duty cycle are quite 9 

common for DT-IMS measurements. The duty cycle in most DT-IMS experiments are 10 

usually on the order of < 1% and this limitation in ion throughput naturally impacts sensi-11 

tivity.9, 10 Despite this limitation a suite of vendors have begun producing a range of mo-12 

bility-based instruments, including DT-IMS systems, for the research community and 13 

this access has further propelled the adoption of the technique.11-13 While these ion mo-14 

bility-mass spectrometry (IMMS) instrument enable a broad class of researchers, they 15 

are still limited by duty cycle which constrains their ultimate potential. These classic 16 

trade-offs are by no means new problems but few solutions have been wholly adopted 17 

by the community. 18 

The first explicit attempt at enhancing the duty cycle of DT-IMS was reported in 19 

1985 by Knorr et al. through the inventive use of the Fourier transform.14 By frequency 20 

modulating a set of ion gates located at the ends of a drift tube these researchers were 21 

able to produce an ion interferrogram that could be transformed into the time domain to 22 

extract mobility information. In subsequent publications stretching into the 2000’s this 23 
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approach for standalone FT-IMS was demonstrated for a range of compound classes 1 

and was even employed as means to capture mobility data following chromatographic 2 

separations.15-18  It should be noted, that while the FT-IMS method described by Knorr 3 

et al. was the first to directly employ the Fourier method to ion mobility systems, early 4 

work by Tyndall demonstrated a conceptually similar device for measurement 5 

mobility.19, 20 Tyndall’s experiment also frequency modulated a set of ion gates but these 6 

experiments were designed for considerably different reasons. Due to the lack of digital 7 

recording and modern current amplification electronics in the early 20th century modulat-8 

ing ion gates in the frequency domain effectively coupled comparatively high-speed 9 

gas-phase processes with more manual approaches to data acquisition.  10 

Historically, FT-IMS experiments, though clearly an improvement over the SA 11 

approach, never realized the full SNR potential suggested by theory.17, 21, 22 12 

This observation was in large part due to the requirements of the signal processing rou-13 

tines used for the Fourier transform. More specifically, software and hardware imple-14 

mentations of the fast-Fourier transform (FFT) followed the classic Tukey Coolidge FFT 15 

approach that requires signal vector lengths that scale as a power of 2n - 1.23 An imme-16 

diate byproduct of this approach combined with the Faraday plate detector using in the 17 

original FT-IMS experiment was a requirement to apply apodization functions to effec-18 

tively reconstruct the ion signal in the drift time domain.16, 17 Such functions have the un-19 

fortunate impact of drastically reducing the available signal intensity.16 20 

The benefits of signal multiplexing significantly enhance a number of classical 21 

experiments routinely used in analytical chemistry.24, 25 For example Fourier transform 22 

infrared spectroscopy and nuclear magnetic resonance (NMR) measurements all rely 23 
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heavily upon multiplexed approaches to signal acquisition. For more complex multidi-1 

mensional NMR experiments Hadamard multiplexing also finds utility. As opposed to 2 

the Fourier transform mathematics which rely upon periodic functions (i.e. sin and cos), 3 

the Hadamard approach uses discrete on/off cycles to encode information.17 First im-4 

plemented in 2005, Hadamard transform IMS demonstrated significant gains over SA-5 

IMS and these results prompted the rapid integration of this technique with hybrid ion 6 

mobility time-of-flight mass spectrometry measurements.26-29 This mode of operation 7 

does not require any hardware specific modifications to implement and given the range 8 

of Hadamard sequences available is readily adapted to a range of drift tube ion mobility 9 

experiments. Though outside the scope of this discussion, other notable multiplexing 10 

approaches to IMS experiments include the use of modified pseudo-random sequenc-11 

es,28, 30 Barker codes,31 phase-modulated IMS,32 and most recently overtone mobility 12 

spectrometry (OMS).33, 34 In all cases, the primary focus is to enhance ion throughput 13 

and maximize signal to noise ratio for a technique that has historically be challenged by 14 

low duty-cycles.  15 

Following the pioneering FT-IMS work by Knorr et al. we demonstrate for the first 16 

time a new Fourier-based approach to yielding mobility information from a drift-tube ion 17 

mobility system coupled with a TOF-MS. These initial experiments suggest Fourier 18 

transform IMMS (FT-IMMS) approaches are a highly tractable, require only a single ion 19 

gate, do not require apodization, and provide marked improvements in signal to noise 20 

ratio compared to signal averaging experiments. Additionally, our FT-IMMS technique 21 

does not suffer from the potentially detrimental artifacts observed for select forms of 22 

Hadamard IMS experiments.27, 35, 36 23 
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 1 

2. Experimental  2 

2.1  Atmospheric Pressure Ion Mobility Time-of-Flight Mass Spectrometer 3 

Fourier multiplexing experiments were conducted using a custom atmospheric 4 

pressure ion mobility system interfaced to a compact time of flight mass spectrometer 5 

(TOF-MS, TOFWERK, Thun, Switzerland). This instrument, based upon a stacked-ring 6 

drift tube design is capable of operation from ~100 to 250 °C with a homogeneous elec-7 

tric field of ~350 V/cm used in these experiments.37 Counter-current flow of high-purity, 8 

dry nitrogen was introduced at the exit of the drift cell at ~1 L/min and atmospheric 9 

pressure (~690 Torr in Pullman, WA). Following ionization using an electrospray ioniza-10 

tion source, ions traversed a short desolvation region (~10 cm) before encountering a 11 

Bradbury-Nielsen ion gate (BN-gate).38 The circular BN-gate frame was constructed us-12 

ing two 99% alumina rings (50 mm ID x 58 mm OD x 3.5 mm thick) that served to hold 13 

two electrically isolated sets of parallel wires made of Alloy-46 (California Fine Wire Co., 14 

Grover Beach, CA).  The wire was approximately 75 µm in diameter and the spacing of 15 

the BN-gate was 0.64 mm.  The entire gate assembly was held together using a high 16 

temperature ceramic epoxy supplied from Cotronics (Resbond 940, Brooklyn, NY).  The 17 

choice of materials for this BN-gate was guided by the desire to match the thermal coef-18 

ficients of expansion to maintain gate integrity. Symmetric pulsing of the BN-gate (+/- 45 19 

V) was accomplished using a custom floating power supply which enabled ions to enter 20 

the 23 cm-long drift tube connected to the TOF-MS. Serving as the detector, this mass 21 

spectrometer acquired full mass spectra (0-1200 m/z) in 60 µs for a sampling rate of 22 

16,667 kHz. Signal averaging experiments utilized ion gate pulse widths ranging from 23 

Page 5 of 26 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 6

120-360 µs and ion mobility scan times of ~90 ms. Fourier transform spectra were ob-1 

tained by sweeping the ion gate opening frequency from a minimum of 5 Hz up to a 2 

maximum of ~10 kHz. More specifically, the terminal frequencies examined in this effort 3 

were 2505, 5005, 7505, 8338, and 10,005 Hz. The time these pulsing sequences were 4 

swept varied between 1, 2, 4, and 8 seconds. While exact matching of experimental 5 

lengths between the FT-IMMS and SA-IMMS was not always possible, all efforts were 6 

made to acquire data in the respective modes that enabled relevant comparison with 7 

respect to the number of averages. The length of data acquisition for both the Fourier 8 

and SA-IMMS experiments was adjusted between 1, 2, 4, 5, and 8 minutes. Frequency 9 

scanning and waveform generation was accomplished using an Analog Discovery mi-10 

crocontroller (Digilent, Pullman, WA) capable executing a frequency sweep and deliver-11 

ing the pulsing sequence as a TTL-compatible signal. In addition to the frequency 12 

sweep this unit also contained the built-in capacity to alter the phase of the pulsing se-13 

quence.   14 

2.2  Chemicals and Reagents 15 

A range of tetraalkyimmonium salts (Sigma-Aldrich, St. Louis, MO) were used to 16 

evaluate the performance of the FT-IMMS technique relative to the signal averaging ex-17 

periments. More specifically, the following salts were used throughout this study: 18 

tetrapropylammonium bromide (T3A, m/z 130.1596), tetrabutylammonium bromide (T4A, 19 

m/z 242.2848), tetrahexylammonium bromide (T6A, m/z 354.4100), tetraheptylammoni-20 

um bromide (T7A, m/z 410.4726), tetraoctylammonium bromide (T8A, m/z 466.5352), 21 

tetradecylammonium bromide (T10A, m/z 578.6604), tetradodecylammonium chloride 22 

(T12A, m/z 690.7856). A shorthand notation for each quaternary ammonium cation was 23 
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adopted with the number indicating the number of carbons in each side chain. Because 1 

only the cation was observed in the current study, the m/z listed for each analyte corre-2 

sponds to the accurate mass of only that species and not the molecular weight of the 3 

full salt including the halide anion.  4 

Used without any further treatment individual 50 µM solutions of these salts were 5 

made in a 50:50:0.1 mixture of acetonitrile, water, and formic acid (FA), respectively. 6 

From these stock solutions a mixture contain all of the quaternary ammonium salts was 7 

constructed with concentrations range from ~100 nM to 5 µM. This range was chosen to 8 

explore the ability of the system to capture information on analytes in mixtures of vary-9 

ing concentration. These samples diluted in 50:50:0.1 ACN:H2O:FA were infused into 10 

the electrospray unit using syringe pump (KD Scientific, ) at 3 µL/min held at ~2800 V 11 

above the entrance to the IMS desolvation region.  12 

 13 

3 Results and Discussion 14 

3.1  Pulse Design, Signal Processing, and Data Transformation 15 

There are a number of excellent reviews on Fourier transformation and many that 16 

are tailored specifically to challenges in the chemical sciences.25, 39 Building upon these 17 

fundamentals, we introduce a customized approached to data acquisition for FT-IMMS 18 

experiments designed to circumvent some of undesirable artifacts that arise in a stand-19 

ard FT-IMS experiment.  20 

Because a discrete on/off cycling of the BN-gate(s) is necessary for the classic 21 

implementation of the FT-IMS experiment the basic windowing function used to recover 22 

data in the mobility domain was based upon the rectangular pulsing scheme used for 23 
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the gating function.14 This direct treatment of the data prior to performing a Fourier 1 

transform often produces a range of ringing artifacts due to the discrete truncation of the 2 

signal.16 To address such threats to signal recovery apodization functions have histori-3 

cally been applied when using the FT-IMS technique, however, these functions also 4 

discard real signal to minimize the contributions of transform noise. The experimental 5 

sequence used in this implementation of the FT-IMMS experiment is outlined in Figure 6 

1. This figure only shows the first 200 ms of a frequency sweep ranging from 5-7505 Hz 7 

over the course of 2 seconds but serves to highlight the multi-step experimental process 8 

necessary to recover mobility spectra from the multiplexed experiment without apodiza-9 

tion. Figure 1a corresponds to the linear frequency sweep applied to the BN gate and is 10 

denoted as the 0° pulsing sequence. This sequence initiates the experiment with the BN 11 

gate in the open configuration and proceeds through the frequency sweep with a 50% 12 

duty cycle. Using the TOF-MS as a detector the raw data in the time-domain were ex-13 

tracted based upon a specific range of m/z values. Figure 1b represents the raw, un-14 

smoothed signal data for T8A at m/z 466.5 that correspond to the 0° pulsing sequence 15 

(Figure 1a). It should be noted that a discrete transformation of these data result in an 16 

observable mobility peak but with significant ringing due to the truncation of the signal 17 

for the closed gating cycle (See Supplementary Information Figures S1-S3.). In many 18 

ways, the ideal time-domain signal approaches a free-induction decay (FID) similar to 19 

the spectral themes observed in NMR and Fourier transform ion cyclotron experiments. 20 

However, in order to achieve such a result for a FT-IMMS setup a complementary signal 21 

set is required. This result can be attained by operating the frequency sweep 180° out of 22 

phase relative to the initial pulsing sequence. Figure 1e outlines the pulse sequence 23 

Page 8 of 26Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 9

that accomplishes this goal relative to Figure 1a and it, too, produces a characteristic 1 

time-domain signal that when transformed produces signal ringing in the frequency do-2 

main. To avoid confusion, Figure 1d is derived from the application of the pulsing se-3 

quence shown in Figure 1e to show the algorithmic approach used to arrive at the com-4 

bined signal shown in Figure 1c. The combined phase data represents a direct ap-5 

proach without apodization that effectively fills the gaps in the raw data that would oth-6 

erwise be observed as zeros and establish the condition conducive to ringing upon 7 

transformation. In many ways this is direct means of efficiently simulating a second ion 8 

gate algorithmically.21 When the raw data from the two-data are combined they result in 9 

a signal that largely adopts the shape of FID and is centered about 0. Figure 2 high-10 

lights such a result and represents the experimental scheme shown in Figure 1 but for 11 

T6A and a sweep time of 4 s and a maximum frequency of 8338 Hz or ½ the frequency 12 

of the TOF-MS system acquisition rate.  13 

Following the experimental steps outlined in Figure 1 raw mobility signals in the 14 

time domain may be constructed for each m/z similar to the spectrum shown in Figure 15 

2. Though the main trace shown in Figure 2 has been smoothed using a binomial func-16 

tion only the raw data were used for SA-IMS comparison. These raw data and full FID 17 

for the T6A are shown within the inset of Figure 2. The smoothed blue traces in Figure 2 18 

are presented to highlight spectral features with all other traces (light red) corresponding 19 

to the raw signal. 20 

Transitioning from the raw data shown in Figure 2 spectra to traditional DT-IMS 21 

may be constructed through the application of the fast Fourier transform (FFT). The FFT 22 

used to produce the transformed spectra in Figure 3 is a multidimensional prime factor 23 
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decomposition derivative of the Cooley-Tukey algorithm (IGOR Pro, Wavemetrics, Lake 1 

Oswego, OR). Positive trending peaks correspond to the FFT of the raw signal for each 2 

TXA salt, whereas the negative trending peaks were obtained using the signal-averaging 3 

mode. The inversion of peaks was conducted only for presentation purposes and the 4 

stacked plot also aids in the visual inspection of the range and type of noise observed 5 

for each operational mode.  6 

Before discussing the figures of merit related between the two modes of opera-7 

tion it is necessary to address the systematic frequency shift observed with the FT-8 

IMMS experiment. Using a standard two-gate system to acquire FT-IMS data, the 9 

mechanism to recover drift time is achieved by dividing the experimentally measured 10 

frequency (i.e. result following FFT) by the sweep rate in Hz/s. This step produces a 11 

spectrum with peak locations that directly correspond to the IMS drift times simply be-12 

cause the two gate configuration explicitly defines the drift region. In the case of the FT-13 

IMMS experiment using a TOF-MS there are additional, though comparatively small, 14 

contributions to the recorded time that correspond to ion flight times that are not gov-15 

erned by mobility. Typically ion transit times in the compact TOF-MS, including the m/z 16 

separation, are up to a few hundred microseconds. These contributions do not shift the 17 

overall drift time significantly but can contribute to the errors in mobility calculations. 18 

More importantly for the current work, was an apparent bias associated with the applied 19 

frequency sweep rate. All linear sweep experiments across 1, 2, 4 and 8 seconds exhib-20 

ited a systematic bias towards larger frequencies upon transformation using the scheme 21 

outlined in Figure 1. Initial investigations of this behavior focused on aliasing effects, 22 

however, because the shift observed was toward higher frequency its origins are be-23 
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lieved to arise from another highly deterministic error. It is worthy to note that systematic 1 

alteration of the gate pulsing voltage was explored but determined not to play a role in 2 

the observed frequency shift. By directly comparing the experimentally determined sig-3 

nal-averaged drift times with those measured using the FT-IMMS experiment a Person’s 4 

coefficient of linearity (R2) of 0.9983 was determined. Using this relationship the meas-5 

ured frequencies were shifted according to the apparent bias induced by the hardware 6 

employed in this work. Following this correction the average percentage deviation in ob-7 

served drift times for the FT-IMMS was 0.020 +/- 0.77% compared to SA-IMMS experi-8 

ments.  9 

3.2 Evaluation of Transformed Signal to Noise Ratio 10 

Compared to the historical approach to FT-IMS experiments, the scheme shown 11 

in Figure 1 requires the acquisition of two data sets prior to applying the FFT. Because 12 

this additional spectrum doubles the required experiment time, comparison to single 13 

phase FT-IMMS experiments must be adjusted by this factor. Figure 4 shows the result 14 

of three representative transformations for the T6A signal including the 0°, 180°, and 15 

combined phase data sets. The SNR was calculated by measuring the standard devia-16 

tion of the noise across a range expected to be absent of ions (i.e. 10-20 ms), multiply-17 

ing this value by 3, and comparing this to the maximum signal intensity for a given peak. 18 

The SNR for the three different transforms shown in Figure 4 highlights the clear benefit 19 

afforded by the combining of the different phases. Another example demonstrating the 20 

benefits of the combined-phase approach additional figures may be found in the Sup-21 

plementary Information (Figures S1-S3). 22 
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The SNR for the 0°, 180°, and combined signals were 69, 89, and 326 respec-1 

tively. Based upon the principles of signal averaging doubling the experiment time to 2 

match the time required to produce the combined signal would maximally increase the 3 

SNR by a factor of √2. Even for the best SNR result from a signal phase FT-IMMS ex-4 

periment this only leads to a maximum SNR of 125 which differs from the combined 5 

phase approach by more than a factor of 2.5. Another interesting, yet unexploited, fea-6 

ture in the datasets shown are the periodic signals also found in the noise. Closer ex-7 

amination of the spectral regions that do not contain well-defined mobility peaks (i.e. in-8 

set of Figure 4) highlight the appearance of a cyclical noise component that corre-9 

sponds directly to 120 Hz noise. It has been our observation that the combined phase 10 

aids in reducing this noise component because the times at which each phase of the 11 

experiment are initiated differ. The increase in overall SNR observed for the combined-12 

phase FT-IMMS approach is derived from the increased number of resonant ion beats 13 

observed at the detector. Another interesting aspect of the combined approach is the 14 

small, yet consistent, shift in the drift times between the individual and combined phase 15 

results. The combined phase transform yields a peak centroid that is always between 16 

the value observed for 0° and 180° transformed results. Though a minor correction, the 17 

combined phase approach may aid in a more accurate reflection of drift time using FT-18 

IMMS approaches.  19 

Using the approach to calculating SNR for Figure 4 the SNR for T4A, T8A, and 20 

T12A across a range of frequencies and sweep times is shown in Figure 5. A full ac-21 

counting of SNRs for all of the TXA ions may be found in the Supplementary Infor-22 

mation. Figure 5 captures the SNRs observed for each of the target TXAs as a function 23 
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of both sweep range and time and for comparison equivalent SA-IMMS SNRs are 1 

shown as a subplot. To minimize the impact of differing averages, all of the data in Fig-2 

ure 5 were acquired for 2 minutes and the SA-IMMS data sets originated from experi-3 

ments using a 240 µs gate pulse width and 90 ms scan times. In all combinations of 4 

sweep times and frequency ranges the FT-IMMS experiments yielded SNRs that ex-5 

ceeded the SA-IMMS data sets. For the extended sweep times (i.e. 8 seconds) even 6 

with the same 2 minute acquisition time, the SNR gain for the FT-IMMS experiments 7 

were often an order of magnitude greater than the signal averaged data. However, this 8 

trend was not always true for the T12A species which did not exhibit as large SNR gains 9 

for higher sweep frequencies. This again is attributed to the reduced numbers of reso-10 

nant ion beats that are observed in the raw data sets because a shorter amount of time 11 

is spent on the resonant frequencies for faster sweep times. There may be a temptation 12 

to interpret the observed changes in SNR as a function of m/z, however, the absolute 13 

concentrations of the different species were chosen to compensate for differences in 14 

ionization efficiencies. Long sweep times and lower terminal frequencies produced the 15 

largest SNR gains, however as Figure 6 illustrates reduced frequency ranges rarely 16 

yield spectra with the highest resolving power. Though outside the scope of this current 17 

investigation the changes in SNR for the same TXAs as a function of sweep time and 18 

frequency highlight a potential challenge for obtaining quantitative data. This issue and 19 

others are the focus of a separate investigation.  20 

 21 

3.3 Evaluation of Multiplexed Resolving Power 22 

Figure 6 provides a resolving power (Rp) comparison between the different 23 
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modes of analyses for 3 representative TXAs (T4A, T8A, and T12A). Only a subset of the 1 

data are shown here for discussion purposes and the full distilled data for all of the TXA 2 

salts may be found in the Supplementary Information. As with the SNR comparison, the 3 

frequency sweep range and time influences the resulting mobility spectra and it was for 4 

this reason that Rp of each spectrum was plotted as a function of sweep rate (Hz/s). 5 

The colored markers highlight data from the FT-IMMS data while the black dashed lined 6 

corresponds to the SA-IMMS data. This latter plot highlights a general trend that SA-7 

IMMS data provided modestly higher resolving powers than the multiplexed modes but 8 

a more detailed examination of the data illustrate a more complex relationship for the 9 

FT-IMMS experiments. Because these data are plotted as a function of sweep rate 10 

there are FT-IMMS results that were acquired using the same frequency range but re-11 

sult in data points at the extremes of the axes shown. For example a spectrum resulting 12 

from a 10 kHz sweep over 1 second yield FT-IMMS data points that are located to the 13 

far right of each plot while the same frequency range swept for 8 seconds produce data 14 

points with an x-axis value of 1250 Hz/s. Using Figures 1 and 2 as reference, the fidelity 15 

of the IMS peak from each frequency sweep is largely due to the number of resonant 16 

ion beats that are accurately recorded during the experiment. For high sweep rates the 17 

time the ion gate is cycling at any given frequency is shortened which in turn reduces 18 

the number of resonant ion packets that are available. It is this trade-off that produces 19 

the characteristic decline in FT-IMMS resolving power at higher sweep rates. It is worthy 20 

to note that in all cases shown in Figure 6 the highest resolving power for the FT-IMMS 21 

spectra were obtained for 8 second sweep times while the lowest resolving power was 22 

generally obtained for 1 second sweep times--this result is in direct contrast to the SNR 23 
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result which again highlights the trade-off inherent in this technique.  1 

Another relevant comparison between the SA-IMMS and FT-IMMS is the degree 2 

to which each approaches the theoretical resolving power predicted by a standard ap-3 

plication of diffusion rates. This conditional resolving power (Rc) may be determined as 4 

outlined in references 39 and 40 but is based upon the experimental conditions used to 5 

acquire DT-IMS data.40, 41 For the SA-IMMS data shown in Figure 6 the Rc for T4A, T8A, 6 

and T12A were 93, 105, and 109 respectively. These values were calculated using val-7 

ues of 690 Torr, 493 Kelvin, 250 V/cm and a 240 µs gate pulse width, and the reported 8 

reduced mobilities for the target TXA salts. For the T4A ion the measured resolving pow-9 

er reached 98% of the theoretical maximum (i.e. Rc) while the T12A species only 10 

reached 87% of the theoretical maximum for that species. The approach calculating Rc 11 

for the FT-IMMS experiment is directly related to the maximum frequency swept.14 For 12 

example, frequency sweeps that end at 10 kHz results in a BN gate 50% duty cycle that 13 

alternates between on and off states every 100 µs. Alternatively, conditional resolving 14 

power estimations for a FT-IMMS experiments terminating at 4,167 Hz would be equiva-15 

lent to a SA-IMMS experiment using a 240 µs gate pulse width. While that specific fre-16 

quency was not chosen for the FT-IMMS experiments, the outlined here data were ac-17 

quired for terminal frequencies of 5005 Hz. For those FT-IMMS data sets (equivalent to 18 

200 µs SA-IMMS experiments) the experimentally observed resolving powers achieved 19 

between 86 and 98 % of the predicted Rc values. This range is due to a number of fac-20 

tors including the speed at which ions traverse the ion gating region and the depletion of 21 

the ion population that occurs as the ion gate returns to the closed state. The ion gate 22 

modeling and experimental work recently outlined by Puton et al. highlights the impacts 23 
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of different gating schemes on the ion population entering the drift cell.42, 43 The com-1 

bined impacts of gate depletion and the increasing frequency of ion gating cycling es-2 

tablish conditions for the decay of the FT-IMMS signal. This behavior is not entirely sur-3 

prising but also sets the stage for the inverse transform necessary to recover the origi-4 

nal IMS peak. Another factor that also contributes to some of this resolving power varia-5 

bility is the use of a time-to-digital converter rather than an analog-based acquisition 6 

system. Again it should be reiterated that the maximum Rp for the FT-IMMS experi-7 

ments was for the 8 seconds sweep times and it is our assertion that this observation is 8 

due to the increased numbers of resonance ion beats that may be observed for longer 9 

sweep times. This final observation regarding resolving power is based upon a general 10 

trend of increasing resolving power with decreasing analyte drift time (data not shown). 11 

Stated differently, higher FT-IMMS resolving powers were observed for ions with higher 12 

mobilities (shorter drift times) regardless of the frequency range swept.  13 

 14 

4. Conclusions 15 

 By modulating an ion beam in an ion mobility time of flight system using two fre-16 

quency chirps oriented 180° out of phase we have demonstrated a new FT-IMMS ap-17 

proach that enhances both SNR, ion throughput, and does not require any hardware 18 

modifications. Initial evaluations of the FT-IMS approach illustrated modest gains in sig-19 

nal-to-noise ratio (SNR) when compared to signal-averaged IMS experiments (SA-IMS) 20 

with maximum realized gain factors of ~3.14, 17 The inability of previous systems to fully 21 

realize multiplexing gains is attributed to a number of factors including the need for two 22 

physical ion gates and most importantly the need for apodization function to recover 23 
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IMS spectra from raw frequency-encoded ion signals.16 In contrast, the two-phase FT-1 

IMMS technique we outline is compatible with only a single ion gate and requires no 2 

apodization functions to reconstruct drift time. This latter benefit is a direct result of 3 

combining the data from the two respective pulsing phases. Because a wide range of 4 

factors was explored in this effort including frequency range, frequency sweep time, and 5 

data acquisition time an explicit SNR gain attributed to the FT-IMMS technique is diffi-6 

cult to deduce. However, without any advanced signal processing steps (e.g. smoothing 7 

or matched filtering) it is possible to realize SNR gains that approach an order of magni-8 

tude for the FT-IMMS technique compared to the traditional signal averaged mode of 9 

operation. Larger SNR gains are possible, however, these are for FT-IMMS pulse 10 

modes yield lower resolution ion mobility spectra.  In summary, the SNR gains afforded 11 

by the two-phase FT-IMMS approach are readily achievable using any standard DT-12 

IMMS and the ultimate performances is only limited by the maximum frequency at which 13 

the ion gate may operate effectively and the sampling rate of the detector.  14 

 15 

16 
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Figure Captions 1 

Figure 1. FT-IMMS multiplexing scheme that combines the raw time-domain data ((b) 2 

and (d)) from two different pulsing schemes that are 180° out of phase ((a) and (e)). 3 

This experimental sequence is followed to obtain a raw combined phase spectrum (c) 4 

suitable for transformation into the frequency domain which contains mobility data. By 5 

combining the two signal traces originating from the two pulse phases transform arti-6 

facts are greatly minimized.  7 

 8 

Figure 2. Combined phase time domain data resulting from the scheme outlined in Fig-9 

ure 1. The data in the main figure correspond to data extracted for the T6A ion (m/z 354) 10 

with only the first 400 ms being shown. The total frequency sweep time for these data 11 

were 4 seconds and these data are shown in the top right inset. For display purposes 12 

the blue traces in this figure were smoothed using a 25 point binomial function, while the 13 

semi-transparent red trace corresponds to the raw data. For all transformed data and 14 

comparisons shown in this manuscript only raw, unsmoothed data were used. 15 

 16 

Figure 3. Direct spectral comparison between FT-IMMS experiments and SA-IMMS da-17 

ta for all of the TXA salts examined. Positively oriented peaks correspond to the FT-18 

IMMS experiment while the inverted peaks originate from the signal-averaged experi-19 

ment (240 µs gate pulse width). These data illustrate the improved signal to noise ratios 20 

afforded by the FT-IMMS technique. Though many different parameters may be adjust-21 

ed for the FT-IMMS experiment the data provided in this figure were derived for a 4 se-22 

cond sweep spanning 8338 Hz. 23 

 24 

Figure 4. While possible to transform the raw data from individual signal chirps the 25 

combined phase data show a marked improvement in signal to noise ratio even when 26 

doubling the acquisition time for a single phase. Transformed data for each individual 27 

phase and their combination are shown. The inset shown for longer times highlights the 28 

common noise characteristics observed including the periodic contributions from 120 Hz 29 

noise.  30 

 31 

Figure 5. Impact of sweep time and frequency range on signal to noise ratio (SNR) for 3 32 

of the 9 TXA salts examined. For comparison the figure inset provides the SNR ob-33 

served for the SA-IMMS data. Maximum FT-IMMS SNR was observed from longer 34 

sweep times which is directly related to the number of well-resolved resonant ion beats 35 

found in the raw data.  36 

 37 

Figure 6. Resolving power comparison between different experimental variables for the 38 

FT-IMMS experiment. For the 3 TXAs shown (T4A, T8A, and T12A) the signal averaged 39 

resolving power is highlighted as a straight horizontal line. Shorter frequency ranges 40 

and sweep times yielded the lowest resolving power for the FT-IMMS experiment. Re-41 

solving powers that exceeded the SA-IMMS data were routinely observed for broader 42 

frequency sweeps and sweep times of 8 seconds.  43 

 44 

45 
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  1 

Figure 1. FT-IMMS multiplexing scheme that combines the raw time-domain data ((b) 2 

and (d)) from two different pulsing schemes that are 180° out of phase ((a) and (e)). 3 

This experimental sequence is followed to obtain a raw combined phase spectrum (c) 4 

suitable for transformation into the frequency domain which contains mobility data. By 5 

combining the two signal traces originating from the two pulse phases transform arti-6 

facts are greatly minimized.  7 
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Figure 2. Combined phase time domain data resulting from the scheme outlined in Fig-1 

ure 1. The data in the main figure correspond to data extracted for the T6A ion (m/z 354) 2 

with only the first 400 ms being shown. The total frequency sweep time for these data 3 

were 4 seconds and these data are shown in the top right inset. For display purposes 4 

the blue traces in this figure were smoothed using a 25 point binomial function, while the 5 

semi-transparent red trace corresponds to the raw data. For all transformed data and 6 

comparisons shown in this manuscript only raw, unsmoothed data were used. 7 

 8 
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 1 

Figure 3. Direct spectral comparison between FT-IMMS experiments and SA-IMMS da-2 

ta for all of the TXA salts examined. Positively oriented peaks correspond to the FT-3 

IMMS experiment while the inverted peaks originate from the signal-averaged experi-4 

ment (240 µs gate pulse width). These data illustrate the improved signal to noise ratios 5 

afforded by the FT-IMMS technique. Though many different parameters may be adjust-6 

ed for the FT-IMMS experiment the data provided in this figure were derived for a 4 se-7 

cond sweep spanning 8338 Hz. 8 

 9 
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 1 

Figure 4. While possible to transform the raw data from individual signal chirps the 2 

combined phase data show a marked improvement in signal to noise ratio even when 3 

doubling the acquisition time for a single phase. Transformed data for each individual 4 

phase and their combination are shown. The inset shown for longer times highlights the 5 

common noise characteristics observed including the periodic contributions from 120 Hz 6 

noise. 7 
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 1 

Figure 5. Impact of sweep time and frequency range on signal to noise ratio (SNR) for 3 2 

of the 9 TXA salts examined. For comparison the figure inset provides the SNR ob-3 

served for the SA-IMMS data. Maximum FT-IMMS SNR was observed from longer 4 

sweep times which is directly related to the number of well-resolved resonant ion beats 5 

found in the raw data.  6 

 7 
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 1 

Figure 6. Resolving power comparison between different experimental variables for the 2 

FT-IMMS experiment. For the 3 TXAs shown (T4A, T8A, and T12A) the signal averaged 3 

resolving power is highlighted as a straight horizontal line. Shorter frequency ranges 4 

and sweep times yielded the lowest resolving power for the FT-IMMS experiment. Re-5 

solving powers that exceeded the SA-IMMS data were routinely observed for broader 6 

frequency sweeps and sweep times of 8 seconds.  7 
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