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Abstract:

Ion mobility mass spectrometry (IM-MS) can be used to differentiate and identify isobaric ions.
To improve IM-MS resolution, the second generation of traveling wave ion mobility (TWIM)
technology was launched. There were reports showing ions were heated up by TWIM. With
higher ion energy, it could alter the conformation of larger ions or MS/MS experiments. To
monitor the energy exchange relating to the TWIM process, the combined use of thermometer
ions with unique molecular structure and theoretical calculations to determine the effective
temperature of ions had been explored. In this report, the use of a simple experimental approach
to estimate the variation on the ion energy that result from changing a TWIM parameter setting is
demonstrated. The approach aims to achieve the same percentage of ion dissociation in a
collision cell, which is part of the original instrument and located at the exit of TWIM cell.
Similar to the traditional MS/MS experiments, the same level of ion dissociation could be
achieved by adjusting the electrical potential that was applied to the collision cell. The higher the
ion energy after the TWIM separation, the lower the electrical potential was required to achieve
the same level of ion dissociation. Together with the information on the number of electrical
charge in the selected ion, the difference in the required electrical potentials could be converted
into electron volt of ion energy that resulted from changing the TWIM parameter setting. The
results showed ion energy could be changed 1-9 eV when the parameter of TWIM was adjusted.
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Article:
Introduction

The coupling of ion mobility spectrometry to mass spectrometry is considered as a game changer
for molecular analysis. The ion mobility spectrometry can provide information on the mobility of
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ions in the gas phase, which depends on the mass, charge and shape of ions [1,2,3,4,5,6]. Due to
the lack of structural coverage from the ion fragmentation in tandem mass spectrometry, the
differentiation of isomeric compounds that may be co-eluted from a chromatography column
remain challenging. With the ability to distinguish ions with different molecular shapes, ion
mobility spectrometry can be very useful for analyzing structural isomers.

The ion mobility technology that has been coupled to mass spectrometry and commercially
available include: drift tube [7, 8], differential ion mobility or high-field asymmetric waveform
ion mobility [9], traveling wave [10] and trapped ion mobility [11]. Among the commercialized
platforms for ion mobility mass spectrometry (IM-MS), the Waters Synapt series, which bases
on the traveling wave technology, has a unique and most versatile instrumental design
[12,13,14]. In the Waters Synapt IM-MS instrument, following a switchable ion source, the ions
can be sorted out by a quadrupole mass filter before reaching to the setup for traveling wave ion
mobility separation. To the best of our knowledge, the Waters Synapt is the only commercialized
IM-MS platform that offers the possibility to select molecular ions with specific masses prior to
the ion mobility separation. After the ions are transmitted across the traveling wave ion mobility
cell, the accurate mass of ions is measured by using an orthogonal time-of-flight mass analyzer.
Within the instrumental setup for traveling wave ion mobility separation, it first starts with a trap
cell whose primary function is to divide the continuous flow of ions from the quadrupole into
batches of ions. Each batch of ions is then analysed in the traveling wave ion mobility cell. Since
traveling wave operates under a higher gas pressure than the subsequent time-of-flight mass
analyzer, there is a transfer cell at the end of the setup, whose primary function is to transfer ions
from the ion mobility cell to the time-of-flight mass analyzer. The unique design of Water
Synapt includes making both trap cell and transfer cell to be available for the dissociation of
ions. In other words, there are two consecutive collision-induced dissociation (CID) cells, one
before the ion mobility cell and one after the ion mobility cell. As a result, there are numerous
different ways to utilize the Waters Synapt IM-MS platform.

The drawback of the current ion mobility technology including the traveling wave technology
are the lack of sufficient resolving power to distinguish larger ions with similar collision cross
sections and the poor rate of ion transmission. In the latter case, one of the possible contributing
factors could be the heating of ions inside the ion mobility cell, which may lead to unintended
ion dissociation and/or deconformation of larger molecular ions. To address this issue on using
the Waters Synapt IM-MS platform, several research groups have attempted to determine the
thermal status of ions inside the ion mobility cell. Based on theoretical prediction, Shvartsburg
and Smith first reported ion heating in the traveling wave ion mobility separation [13]. De Pauw
et al. reported the use of a tailor-made fragile p-methoxybenzylpyridinium as a thermometer ion,
and theoretically calculated the effective temperature of ions inside the ion mobility cell [15].
Whereas, Merenbloom et al. reported using a dimeric ion as a probe, and determined most of the
ion heating occurred when the ions were injected into the ion mobility cell [16]. Despite the
applications of IM-MS have continued to expand, it remains an analytical challenge to
investigate the ion energetics in the gas phase during the actual IM-MS measurements. In this
report, without using any specific thermometer ions or theoretical calculation, the variation on
the ion energy that result from using different parameter settings in traveling wave ion mobility
mass spectrometry was estimated.



Materials and methods
Adenosine 3’-monophosphate (AMP)

The AMP ion at 346 m/z was selected as a model precursor ion in this study. AMP was
purchased as lyophilized powder with 99% purity (Sigma Aldrich, St. Louis, MO, USA) and was
used without any further purification. A stock solution of 1 g/l was prepared by dissolving AMP
in autoclaved deionized water and stored at -20 °C. Before the experiments, 10 pM AMP was
freshly prepared from the stock solution by using 50:50 HoO:MeOH as a diluent. For calculating
the % dissociation of AMP precursor ion, the fragment ions of PO3™ at 79 m/z, adenine at

134 m/z, and pentose phosphate at 211 m/z were selected.

Traveling wave ion mobility mass spectrometric measurements

All experimental data was acquired using a Waters Synapt G2 high definition mass spectrometer
(Waters, Milford, MA, USA) equipped with an ESI source. The instrument was calibrated using
sodium formate solution as recommended by the manufacturer. The sample was delivered by
direct infusion at a flowrate of 10 uL/min. The instrument was operated under the MS/MS
mobility TOF mode. The source temperature was set 120 °C, the desolvation temperature at

240 °C, the cone gas flowrate was maintained at 50 L/h, and the desolvation gas flowrate at

50 L/h while the other ESI parameters were optimized for an effective ion transmission. Unless
otherwise stated, the traveling wave ion mobility cell was operated under the default settings,
which included a flow of Argon gas to the trap and transfer cell at 2 mL/min, a flow of Helium
gas to the Helium cell at 180 mL/min, a flow of Nitrogen gas to the ion mobility cell at

90 mL/min, wave height at 40 V, and wave velocity at 650 m/s. To minimize the fragmentation
of ions in the ion mobility cell, IMS bias voltage was set at 3 V. The TOF mass analyzer was
operated under the resolution mode, and the negative ion mode was used. In each experiment, the
signals obtained from the sample was acquired for 1 min.

Calculation of % dissociation of precursor ion
The MS/MS spectrum of AMP was retrieved by integrating 1 min time in the ion chromatogram.

The ion counts for the precursor ion and the selected fragment ions were used to calculate the
percentage of dissociation using the equation below.

x 100

% dissociation =

where F is the sum of ion counts of selected fragment ions, and P is the ion count of any
remaining precursor ion.

No significant hazards or risks are associated with the reported work.
Results and discussion

Different wave height settings



According to the instructions for using the Waters Synapt G2, the key parameters for achieving
optimal separation of isomeric or isobaric ions are the wave height and/or wave velocity in the
traveling wave ion mobility cell. De Pauw and his associates had reported the vibrational
effective temperature of ions inside the traveling wave ion mobility cell went up with increasing
wave height [15]. In this report, by allowing ions to pass through the ion mobility cell under the
mobility TOF mode and sequentially increase the collision energy in the transfer cell, the extent
of ion dissociation (% dissociation) was monitored. As shown in Fig. 1, the % dissociation starts
from barely detectable level to increase proportionally with the increasing collision energy being
applied to the transfer cell, and eventually levels off at 100% dissociation when excessive
collision energy is used. While the parameter settings remain unchanged except the wave height
is decreased from the default setting at 40 V, the % dissociation curve of the same precursor ion
starts to shift towards the right-hand side in Fig. 1, i.e. higher collision energy is required. This
result does comply with the principle of ions surfing and rolling over the traveling wave, thus
experience the changes in the wave height [17, 18]. To ensure the positioning of the %
dissociation curves in Fig. 1 is reproducible, the same experiment was repeated four times, and
the coefficient of variation of each data point was calculated. The average coefficient of variation
among the data points in a % dissociation curve was as low as 1.7%. Hence, the error bars of
each data point are too small to be effectively shown in Fig. 1. With the Transfer cell located
next to the exit of the ion mobility cell, the requirement for using higher collision energy in the
transfer cell to achieve the same level of ion dissociation represents the total internal energy of
ions was lowered as a result of decreasing the wave height from 40 V. In other words, there is a
direct proportional relationship between the total internal energy of ions and wave height. In this
study, the total internal energy of ions is defined as the sum of all the rotational, vibrational,
kinetic and potential energy of the ions. Without making any changes in the instrumentation or
applying any new theoretical calculations for the ion energy, the results of using this rather
simple approach to evaluate the ion energy do agree with De Pauw’s finding on the relationship
between vibrational effective temperature of ions and wave height [15]. In comparison to a
report from Williams, the approach in this study uses a precursor ion that is more thermally
stable, thus the ion dissociation does not occur until the ions reach the transfer cell [16]. Also, the
complete dissociation curve that corresponds to a specific parameter setting is acquired, which
then facilitates the comparison of % dissociation under different parameter settings.

The quantitative interpretation of the results in Fig. 1 can provide an estimate on the extents of
variation on the total internal energy of ions that resulted from changing the wave height setting.
By isolating the linear portion of a % dissociation curve in Fig. 1, and perform a linear regression
analysis, the corresponding equation was derived. After working out all the required collision
energies to achieve the same level of ion dissociation under the operation of using different wave
heights, the differences in the required collision energies are good approximation for the changes
in the total internal energy of ions. This is due to the facts that the charge on the ion of interest is
known and is equal to one. Plus, the ion collision in the transfer cell is the result of applying the
collision energy in voltage to the entrance of the transfer cell, which in turn generates a potential
difference between the exit of ion mobility cell and the entrance of transfer cell. When the ions
exit from the ion mobility cell, the electrical energy resulting from the potential difference is
applied to the ions, which is then converted into the kinetic energy of the ions. While the
pressure of Argon gas inside the transfer cell remains constant, the ions collide with the Argon
gas and the ion fragmentation is induced. Thus, the difference in the required collision energies



to achieve the same level of ion dissociation under two different wave height settings is a good
approximation for the variation on the total internal energy of ions results from changing the
wave height. For example, at the level of 50% ion dissociation, changing the wave height from
40 V to 10 V, the total internal energy of the selected precursor ion was calculated to be 9.0 eV
lower. The other variations in the total internal energy of ions from changing the wave height are
shown in Table 1. This information is applicable for setting up and/or interpreting the results of
MS/MS experiments in the mobility TOF mode. In contrast, this information can also be useful
to avoid some unwanted conformational change of larger molecular ions or ion fragmentation in
the mobility TOF mode by simply lowering the wave height accordingly.
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Figure 1. Effects of varying the setting of wave height in voltage (V) in the traveling wave ion
mobility cell. The percentage of ion dissociation (% dissociation) is plotted against the collision
energy which is being used to induce the ion dissociation in the transfer cell after the precursor
ions passing through the traveling wave ion mobility cell. By using the quadrupole located in
front of the ion mobility cell, negatively charged ion of AMP with a single charge was selected
as precursor ion. The calculation of % dissociation is as described in the "Materials and
methods" section. Among the data points, the average CV is ~1.7% (n =3)

Table 1. Extents of variation of total internal energy of ions in electron volt resulted from
changing the wave height between 10 V and 40 V

10V 20V 30V 40V
10V 0.0
20V +4.7 0.0
30V +7.9 +3.2 0.0
40 V +9.0 4.3 +1.1 0.0

The figures shown in the table are estimations at 50% dissociation of precursor AMP ion. The ion energy increases
when wave height is increased, and vice versa

Different wave velocity settings
To study the effects of wave velocity on the total internal energy of ions, the wave velocity was

either increased or decreased from the default setting of 650 m/s while all the other parameter
settings remained constant including the wave height. The results from using wave velocity from
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250 m/s to 1050 m/s were acquired and shown in Fig. 2a. When the wave velocity was decreased
step-by-step from 1050 m/s, the % dissociation curve of the AMP ion shifts towards higher
collision energy, which means more collision energy was required in the transfer cell to achieve
the same level of ion dissociation. This, in turn, represents the use of slower wave velocity leads
to lower total internal energy in the precursor ions. In other words, there is a direct proportional
relationship between the total internal energy of ions and wave velocity.
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Figure 2. Effects of varying the setting of wave velocity in meter per second (m/s) in the
traveling wave ion mobility cell. a The percentage of ion dissociation (% dissociation) of
precursor AMP ions is plotted against the collision energy being applied to the transfer
cell. b The bar chart represents the variation of drift time in millisecond (ms) of the precursor
AMP ion at different wave velocity. The error bars represent one standard deviation (n = 3). The
scatter plot represents the variation of ion speed at different wave velocities. The details for the
calculation of ion speed are discussed in the "Results and discussion" section

Since the total internal energy of ions should be directly related to the temperature of ions
including its vibrational effective temperature, which as mentioned above was investigated by
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De Pauw and his associates. According to De Pauw’s finding, there is an inverse proportional
relationship between the vibrational effective temperature of ions and wave velocity, i.e. the
opposite to what have been observed in Fig. 2a of this study [15]. To further investigate the
relationship between the total internal energy of ions and wave velocity, the drift time of the
selected AMP precursor ion was measured at different wave velocities. The results are shown in
Fig. 2b. The lower the wave velocity, the longer the drift time was measured. These results do
comply with the principle of ions surfing and rolling over the traveling wave in the ion mobility
cell. If the wave travels at a slower velocity, it would take a longer time for ions to travel across
the ion mobility cell. Based on the measured drift time, and approximating the length of the ion
mobility cell to be 0.185 m, the ion speed of the precursor ions while traveling across the ion
mobility cell with different wave velocities were calculated by using the equation derived by
Shvartsburg and Smith as shown below [13].

vZ = 2v40rw) s?/(s+ vd(TW))

where v is the ion speed, s is the wave velocity, vqrw) s the drift velocity which is equal to the
length of drift cell divide by the drift time of selected ion.

In Fig. 2b, the results of this study show the calculated ion speed increases with increasing wave
velocity. As De Pauw and his associates had also pointed out, the ion speed is a good predictor of
ion effective temperature [15]. If ion speed goes up with increasing wave velocity, the ion
effective temperature should also go up, which in turn increases the total internal energy of ion.
Hence, the direct proportional relationship between the total internal energy of ions and wave
velocity in Fig. 2a is confirmed. In summary, the results from using the approach of %
dissociation curve to evaluate the ion energy do agree with the other finding reported by De
Pauw [15].

Buffer gases in ion mobility cell

Based on the principle of traveling wave ion mobility spectrometry, one possible way to further
improve the ion mobility separation of ions with very similar collision cross sections is to extend
the distance travels by the ions of interest inside the traveling wave ion mobility cell. The longer
the travel distance, the higher the resolution on collision cross section. On the other hand, the
longer travel distance inside the ion mobility cell could potentially lead to higher level of ion
heating. To evaluate the effectiveness of using buffer gas to cool down ions inside the ion
mobility cell, the supply of buffer gas to the ion mobility cell was turned off and the extent of ion
heating resulted from the absence of buffer gas was evaluated in this study. In the current design,
the traveling wave ion mobility cell consists of two parts. At the front of the ion mobility cell,
there is a cell filled with Helium buffer gas. The primary function of the Helium cell is to cool
down ions prior to the ion mobility separation. In the second half of the ion mobility cell, where
ion mobility separation is taken place, the cell is filled with Nitrogen buffer gas. In an initial
study, the supply of both buffer gases were turned off, but no signal could be detected. When
only one of the two buffer gases was missing in the ion mobility cell, detectable signals
corresponded to the selected ion could be resumed. Through the same experimental approach of
using the level of ion dissociation after the ions were transmitted through the ion mobility cell,
the extent of ion heating without one of the buffer gases was evaluated. The same AMP ion was



selected as precursor ion, and the % dissociation curve obtained by using the default parameter
settings with the presence of both buffer gases was considered as a reference (Fig. 3). By
repeating the same measurements when either Helium or Nitrogen buffer gas was turned off, two
additional % dissociation curves were acquired. The results are shown in Fig. 3. Both additional
% dissociation curves are shifted to the left-hand side of the reference plot in Fig. 3. Shifting the
% dissociation curve to the left-hand side of the plot means lower collision energy was required
to achieve the same level of % dissociation. This represents the ion energy was increased when
one of the two buffer gases was absent. In general, this result does comply with the ion heating
reported before when traveling wave ion mobility mass spectrometry was used [15, 16]. In
comparison to the earlier reports, in which specific thermometer ions were used, the approach of
using the level of ion dissociation after the ions are transmitted through the ion mobility cell can
be applied to the evaluation of ion heating in a variety of molecular ions. Also, without making
any assumption to calculate the effective temperature of ions as reported in the earlier work, it is
a direct yet simple approach to evaluate the variation of ion energy. For the proof of concept as
described above, the difference between % dissociation curves was used to evaluate the extent of
ion heating. To construct each % dissociation curve, multiple data points were acquired that
corresponded to the use of different collision energies in the transfer cell. It is, however, possible
to estimate the extent of ion heating by using the differences between the percentage of ion
dissociation that are obtained under one or two collision energies in the transfer cell. By referring
to the horizontal gap between the linear portion of the % dissociation curves that are parallel to
each other in Fig. 3, the use of both Helium and Nitrogen buffer gas at the default flowrates had
managed to cancel out as much as ~17 eV of heating from the transmission of AMP ions in the
current traveling wave ion mobility cell.
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Figure 3. Extent of ion heating without one of the buffer gases in the traveling ion mobility cell.
The percentage of ion dissociation (% dissociation) of precursor AMP ions is plotted against the
collision energy being applied to the transfer cell. The default curve represents default settings
were being used. The He off and N> off curves represent the supply of the corresponding gas was
turned off

Conclusions
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By making use of the unique and versatile design in the Waters Synapt G2 instrument, this report
demonstrates the feasibility of using a simple yet practical approach to estimate the variation on
the total internal energy of ions which results from using different settings of the key parameters
in the traveling wave ion mobility mass spectrometry. There are pros and cons from the results of
ion heating when ions are exposed to the traveling wave within the ion mobility cell. If ion
dissociation is desirable after the ion mobility separation, the ion heating will be helpful. On the
other hand, for the analysis of larger ions, the ion heating may lead to unwanted conformational
changes, which will lead to incorrect drift time measurements and sample identification. To
control the ion heating in the traveling wave ion mobility cell, the use of both Helium and
Nitrogen buffer gas are effective and shown to avoid most of the ion fragmentation. The
developed approach can provide a simple way to estimate the changes in ion energy that result
from using different parameter settings in traveling wave ion mobility mass spectrometry.
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