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Abstract
In the present work, we studied the influence of the bath composition (e.g., organic modifiers) on the mobility resolving power,
resolution, and lifetime of familiar explosives during trapped ion mobility spectrometry (TIMS). Experimental results showed the
dependence of the mobility with the organic modifiers (mass and size) for the case of TIMS-MS. Different from trends observed in
drift tube like IMS devices, no correlation between the mobility resolving power and resolution in TIMSwas observed with the bath
gas composition (e.g., air, air + methanol, air +2-propanol, and air + acetone). Time decay plots showed that common explosives
with adduct complexes signal decrease over time as a function of the trapping time, without any significant improvement with the
addition of the organic modifiers. Theoretical calculation of potential clustering and dissociation pathways supported the time decay
findings since no major energetic differences between the pathways were observed as a function of the organic modifiers. Our
findings suggest that beside the size of the collision partner, there are specific intermolecular dynamics that drive the trapping
behavior of familiar explosives.
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Introduction

Ion mobility spectrometry (IM) is based on the separation of
charged species due to differences in their mobility under the
influence of an electric field in a bath gas. In a conventional drift
tube, the separation of chemical species results from numerous,
near-thermal collision between analyte ions and a chemically-
inert drift gas. The bath gas composition affects the separation
efficiency. For example, in high-field asymmetric waveform ion
mobility spectrometry (FAIMS) and differential mobility spec-
trometry (DMS), the carrier gas composition is commonly al-
tered to increase the resolution for closely spaced analytes. For
conventional low field IM techniques such as drift tube
(DTIMS) this practice is also utilized. Hill and coworkers dem-
onstrated enhanced analyte selectivity on an ambient pressure

drift tube when varying the drift gas from low to high polariz-
ability (helium, nitrogen, argon, and carbon dioxide) [1–4]. Yost
and coworkers demonstrated increased resolving power for sev-
eral isobaric steroids, analyzed in a reduced-pressure drift tube
instrument, using CO2 as the drift gas. Fjeldsted and coworkers
investigated the separation of isomeric carbohydrates,
fluoroalkyl phosphazenes, and various small molecule pesti-
cides under various drift gases (He, N2, Ar, CO2, N2O, SF6).
In addition, gas modifiers have been used to increase the ana-
lytical power of IMS by increasing the size of the collision
partner or inducing higher order multi-pole interactions, [5–10].

We have recently reported on the effect of bath gasmodifiers
on the conformational space of peptides and heme proteins
during trapped ion mobility spectrometry (TIMS). [11, 12]
Different from other IMS separations, in the case of TIMS,
ion are held stationary under the influence of an electric field
that compensated a drift force induced by a moving gas. [1–3,
13, 14] In TIMS, the increase in size of the collision partner size
leads to a larger electric field require to trap the ions and subse-
quently an increase in the resolution. However, since recent ex-
periments showed, the interaction between charge species and
bath gas modifiers can lead to the formation of meta-stable com-
plexes, that can lead to conformational rearrangement. [11]

In the present study we further investigate the role of bath
gas modifiers during TIMS experiments for the case of famil-
iar explosives. In particular, molecular ion species formed by
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HMX and PETN are studied as a function of the bath gas
composition and trapping time. Previous studies have also
shown that in the case of the molecular ion of familiar explo-
sives, the ion abundances decreases with the trapping time. [4]
Several dissociation pathways are considered theoretically to
understand the dissociation reactions.

Experimental methods

Materials and reagents Individual standards of 3-nitrooxy-
2,2-bis-(nitrooxymethyl) propyl nitrate (PETN) and
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) were
obtained from AccuStandard (New Haven, CT) and used as
received. Ammonium chloride, ammonium formate, and am-
monium nitrate salts and chromatography grade water, meth-
anol and acetonitrile solvents were obtained from Fisher
Scientific (Suwanee, GA) and used as received. HMX was
dissolved in 1: 1 water: methanol v/v ratio, and PETN was
dissolved in 1: 1: 1 water: methanol: acetonitrile v/v ratio to
a final concentration of 1 μM. Each ammonium salt contain-
ing solution was prepared separately and added to each explo-
sive solution to a final concentration of 10 mM of ammonium
salt. A Tuning Mix calibration standard (G24221A) was ob-
tained from Agilent Technologies (Santa Clara, CA) and used
as received.

Trapped ion mobility spectrometry – Mass spectrometry
analysis (TIMS-MS) Details regarding the TIMS operation
and specifics compared to traditional IMS can be found else-
where. [1–3, 13, 14] Briefly, mobility separation in TIMS is
based on holding the ions stationary against a moving gas
using an electric field. The separation in a TIMS device can
be described in the center of the mass reference frame using
the same principles as in a conventional IMS drift tube. [15]
Since mobility separation is related to the number of ion-
neutral collisions (or drift time in traditional drift tube cells),
the mobility separation in a TIMS device depends on
the bath gas drift velocity, ion confinement and ion
elution parameters. The reduced mobility, K, of an ion in a
TIMS cell is described by:

K ¼ Vg

E
≈

A
Velution−Voutð Þ

where vg and E are the velocity of the gas and the applied
electric field across the TIMS analyzer region. Velution is the
voltage when the ions elute in the Vramp sweep and Vout is the
voltage applied at the end of the TIMS analyzer region. A is a
constant that relates to the velocity of the bath gas and electric
field axial distribution and can be calculated using mobility
standards. Notice that, once A is calculated for a given bath
gas (e.g., Tuning Mix as calibrants for N2 bath gas), it will not

change when using gas modifiers since the pressure difference
between P1 and P2 are kept the same (see details in Fig. 1).

A custom-built, pulled capillary nanoESI source was uti-
lized for all the experiments. Quartz glass capillaries (O.D.:
1.0 mm and I.D.: 0.70 mm) were pulled utilizing a P-2000
micropipette laser puller (Sutter Instruments, Novato, CA) and
loaded with 10 μL aliquot of the sample solution. A typical
nanoESI source voltage of ± 600–1200 V was applied be-
tween the pulled capillary tips and the TIMS-MS instrument
inlet. Ions were introduced via a stainless-steel tube (1/16 ×
0.020″, IDEX Health Science, Oak Harbor, WA) held at room
temperature into the TIMS cell. It should be noted that all
solvent studies were performed with nitrogen as the bath gas.

Fig. 1 Typical reduced mobility profiles as a function of the bath gas
composition for Tuning Mix standards (301 and 601 m/z) and four
familiar explosives molecular ions (HMX + Cl, HMX + CHOO,
HMX+NO3 and PETN + NO3)
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Mobility calibration was performed using the Tuning Mix
calibration standard (G24221A, Agilent Technologies, Santa
Clara, CA) in positive ion mode (e.g., m/z = 322, K0 =
1.376 cm2 V−1 s−1 and m/z = 622, K0 = 1.013 cm2 V−1 s−1).

[3] The A constant obtained in positive mode was used for
negative ion mode mobility calculations. TIMS operation was
controlled using in-house software, written in National
Instruments Lab VIEW, and synchronized with the maXis
Impact Q-ToF acquisition program. [13, 14] Gas modifiers
were introduced at the entrance of the TIMS cell via vapori-
zation of the respective solvents (e.g., methanol, 2-
propanl or acetone) at a ratio of 2:1 air: air modified
mix (scheme shown in Fig. S1); this method was pre-
ferred to guarantee reproducibility across the experi-
ments and simplified mobility calibration (i.e., constant
gas flow in the TIMS analyzer). Room humidity was
kept at 60% during all the experiments. For simplified
mobility calibration, the gas velocity was kept constant
in all experiments (P1 and P2 values). For TIMS, the
resolving power (R) and resolution (r) are defined as R =K/w
and r = 1.18*(K2 −K1)/(w1 + w2), respectively, where w is
the full peak width at half-maximum (w).

Theoretical calculations

Candidate structures were generated, and energy minimized
for the parent and characteristic complexes at the DFT/
B3LYP/6–31 + g(d) level using the Gaussian 09 software
[16]. Vibrational frequencies were calculated to guarantee that
the optimized structures correspond to real minima in the en-
ergy space.

Results and discussion

The nESI-TIMS-MS analysis of HMX and PETN in the pres-
ence of various salts resulted in the observation of mainly four
adducts species: 1-HMX+Cl, 2- HMX+CHOO, 3-HMX+
NO3 and 4-PETN+NO3.While these species are easily resolved
in the 2D IMS-MS space, our discussion is based on the effect of
the bath gas composition on the resolving power, resolution and
lifetime as a function of the trapping time. Inspection of Fig. 1
shows that in the TIMS trapping experiments, the increase in size

Fig. 2 Dependence of the mobility resolving power and the mobility
resolution as a function of the bath gas composition. For the resolution
calculation, the following nomenclature was used 1-HMX + Cl, 2-
HMX + CHOO, 3-HMX + NO3 and 4-PETN + NO3 (more details
in Table 2)

Table 1 Mobility and resolving power for familiar explosives molecular ions as a function of the bath composition

Air Air + MeOH Air +2-propanol Air + Acetone

K ΔK R K ΔK R K ΔK R K ΔK R

[HMX+Cl]− 1.376 0.012 107 1.306 0.009 133 1.317 0.011 119 1.171 0.012 97

[HMX+CHOO]− 1.347 0.008 150 1.284 0.008 152 1.299 0.00869 149 1.156 0.010 114

[HMX+NO3]
− 1.310 0.008 153 1.255 0.007 168 1.267 0.00877 144 1.129 0.013 84

[PETN+NO3]
− 1.217 0.016 74 1.163 0.016 70 1.175 0.01924 61 1.061 0.022 47

301 1.497 0.014 104 1.428 0.014 100 1.447 0.01485 97 1.248 0.012 102

601 1.137 0.006 187 1.102 0.005 194 1.111 0.0067 165 1.011 0.002 354
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of the collision partner leads to an increase of electric field re-
quire to hold the ions for a constant bath gas velocity. That is, an

effective change in the mobility of the ions as a function of the
size of the collision partner (see Fig. 1) is observed. In the case

Table 2 Mobility resolution for
familiar explosives molecular
ions as a function of the bath
composition

Bath Gas Modifier

Molecular species Air Air + MeOH Air +2-propanol Air + Acetone

1–2 1.56 1.40 1.06 0.80

1–3 3.59 3.47 2.99 1.96

1–4 6.39 6.36 5.52 3.77

2–3 2.44 2.15 2.18 1.36

2–4 6.02 5.68 5.23 3.44

3–4 4.40 4.48 3.85 2.22

301–601 20.7 19.4 18.4 18.5

For the resolution calculation, the following nomenclature was used 1-HMX+Cl, 2- HMX +CHOO, 3-HMX+
NO3 and 4-PETN + NO3

Fig. 3 Relative abundance of familiar explosive molecular ions as a function of the trapping time and bath gas compositions: (a) HMX+Cl, (b) HMX+
CHOO, (c) HMX+NO3 and (d) PETN + NO3
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considered, as the bath composition changes from air to air
doped with methanol, 2-propanol and acetone, a reduction in
mobility (or increase in CCS) is observed for all the familiar
explosive complexes (see Table 1).

The dependence of the resolution and resolving power
as a function of the bath composition is summarized in
Fig. 2 and Tables 1 and 2. Differences in resolution are
observed as a function on the adduct form and of the bath
gas composition. We attribute these differences to the
flexibility of the different adduct forms in the gas-phase
and to the interaction of the molecular complexes with the
bath gas dopants. In the case of resolution, a significant
decrease (up to 2x fold) in resolution is observed for all
the familiar explosives in the presence of the bath gas
dopants (see Fig. 2). Under the same conditions, the res-
olution of the tuning mix ions (301 and 601 m/z) only
showed minor variations with the bath gas composition
(see Table 2). These effects suggest that there is a strong
interaction between the familiar explosive complexes and
the residual bath gas molecules.

The analysis of the relative abundance of the familiar ex-
plosives as a function of the trapping time is summarized in
Fig. 3 and Table 3. Only small changes in the lifetimes are

observed in the stability curves of the familiar explosives in
the presence of the dopants. These observations are in good
agreement with the theoretical clustering and dissociation re-
actions presented in Table 4 and Fig. S2. In our previous report
[4], we suggested that the familiar explosive complex stability
could be driven by bath gas impurities, where bath gas mole-
cules could act as scavengers of the adducted anions.
Inspection of Fig. 3 and Tables 3 and 4 suggest that the pres-
ence of water and/or other organic molecules does not changes
dramatically the energy for clustering and dissociation of the
complexes. However, the larger the number of clustering mol-
ecules, the higher the stability of the complex. If the clustering
mechanism involves several neutral molecules, a higher sta-
bility of the complex can be reached in a clustering / de-
clustering dynamics. This proposed mechanism will also ex-
plain the trends in resolving power and resolution shown in
Figs. 1 and 2 for the case of the familiar explosives, where the
increase in size of the bath gas dopant did not lead to
an increase in resolution. The comparison between the
different adducts for the case of HMX in the presence
of different bath gas dopants suggested that beside the
size, there are specific intermolecular dynamics that drive the
trapping behavior.

Table 3 Time decays of familiar
explosive molecular ions as a
function of the trapping time and
bath gas composition

Air Air + MeOH Air +2-propanol Air + Acetone
τ (ms) τ (ms) τ (ms) τ (ms)

[HMX+Cl]− 172 150 170 228

[HMX+CHOO]− 129 135 99 108

[HMX+NO3]
− 101 190 86 127

[PETN+NO3]
− 117 136 135 104

Table 4 Energies associated to adduct formation and dissociation in the presence of water, methanol, acetone and 2-propanol molecules for [HMX+X]−

where X =Cl / CHOO /NO3

HMX+[X]− +H2O → [HMX+X]− +H2O → [HMX+X +H2O]
− → HMX+[X +H2O]

−

−44/−46/−38 kJ/mol −53/−56/−46 kJ/mol −14/−16/−14 kJ/mol

Methanol [HMX+X +CH3OH]
− HMX+[X +CH3OH]

−

−53/−57/−47 kJ/mol −14/−16/−13 kJ/mol

Acetone [HMX+X+(CH3)2CO]
− HMX+[X+(CH3)2CO]

−

−52/−54/−44 kJ/mol −14/−15/−14 kJ/mol

2-Propanol [HMX+X+(CH3CHOHCH3)]
− HMX+[X+(CH3CHOHCH3)]

−

−53/−56/−45 kJ/mol −15/−17/−14 kJ/mol

HMX+[X]− + (H2O)2 → [HMX+X]− + (H2O)2 → [HMX+X+(H2O)2]
− → HMX+[X+(H2O)2]

−

−44/−46/−38 kJ/mol −60/−65/−56 kJ/mol −25/−31/−25 kJ/mol

Methanol [HMX+X+(CH3OH)2]
− HMX+[X+(CH3OH)2]

−

−61/−66/−55 kJ/mol −27/−30/−25 kJ/mol

Acetone [HMX+X+((CH3)2CO)2]
− HMX+ [X+((CH3)2CO)2]

−

−58/−60/−55 kJ/mol −25/−25/−22 kJ/mol

2-Propanol [HMX+X+(CH3CHOHCH3)]
− [HMX +X+(CH3CHOHCH3)]

−

−60/−65/−54 kJ/mol −27/−31/−25 kJ/mol
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Conclusions

A systematic study of the influence of the bath gas composi-
tion using organic modifiers on the analytical performance of
trapped IMS (TIMS) is described for two familiar explosives:
HMX and PETN. In the presence of salts in the starting solu-
tion, the nESI process leads to the formation of single charged
characteristic molecular complexes of the form: 1-HMX+Cl,
2- HMX + CHOO, 3-HMX + NO3 and 4-PETN + NO3.
Experimental results show the dependence of the mobility
with the organic modifiers (mass and size). Different from
trends observed in drift tube like IMS devices with the use
of bath gases of varying size, no direct correlation and no
significant improvement in mobility resolving power and res-
olution is observed under the conditions considered (e.g., air,
air + methanol, air +2-propanol, and air + acetone). Time
decay plots showed that common explosives with adduct
complexes signal decrease over time as a function of the trap-
ping time, without any significant improvement with the ad-
dition of the organic modifiers. Theoretical calculation of po-
tential dissociation pathways showed that there are minor en-
ergetic differences between the processes considered with the
organic modifiers in the presence of water contaminants.
However, if the clustering mechanism involves several neutral
molecules, a higher stability of the complex can be reached in
a clustering / de-clustering dynamics. This proposed mecha-
nism will also explain the non-expected trends in resolving
power and resolutionwith the increase in the collision partner size.
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