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Abstract: Trace explosive detection is an essential aspect for ensuring public safety. Ion mobility
spectrometry (IMS) is an effective technique for detecting explosives and compounds related to
explosives. IMS technique operating at atmospheric pressure has numerous advantages, including
simple structure, clear spectra, high sensitivity, and fast analysis speed, making it widely applied in
fields such as on-site detection of explosives. However, the limitations of traditional ion mobility
spectra lie in their low resolution and lack of fine structural information, making it difficult to
differentiate ions with similar mobility, which can easily lead to false positive results. To address this
issue, referencing collision-induced dissociation (CID) in mass spectrometry, explosives can be

similarly dissociated under atmospheric pressure through radio frequency strong electric fields. This
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process generates rich secondary fragment ions, conferring mobility spectra with structural
information of the analyte. Through simulation studies of the electric field of the drift tube and
optimization of several structural parameters of the fragmentation grid, a tandem ion mobility
spectrometry with a dual ion gate structure was developed. By changing the switch status of the ion
gate and fragmentation grid, this system is capable of selecting specific parent mobility ions for
fragmentation under ambient pressure. Three representative substances, ammonium nitrate (AN),
cyclotrimethylene trinitramine (RDX), and pentaerythritol tetranitrate (PETN), along with their
dopants, were used to obtain primary mobility spectra of explosives under atmospheric pressure.
Based on their mobility spectra, parent ions were separated and then subjected to strong electric field
fragmentation to acquire secondary fragment ions. Under the conditions of 170 °C and atmospheric
pressure, AN achieves a dissociation rate of 95% for the parent ion at a frequency of 2.6 MHz and a
peak voltage of 900 V. The dissociation rates for the product ions [RDX+NO,] of RDX and product
ions [RDX+CI] of RDX doped with C,Cl, are 93% and 15% at a frequency of 2.6 MHz and a peak
voltage of 1 500 V, respectively. The dissociation rates for [PETN+NO;] and [PETN+CI] are 54%
and 48%, respectively. The degree of ion fragmentation is mainly influenced by the structural
characteristics of the parent ions, while increasing the electric field and temperature further promote
their fragmentation. Although introducing radio frequency electric fields may result in a certain
degree of ion loss, the combination of secondary fragments and parent ion drift times provides

additional chemical information for explosive detection, potentially reducing false positives in

detection of explosive.

Key words: explosives; tandem ion mobility spectrometry (tandem IMS); ion fragmentation
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Fig. 1 Schematic diagram of tandem DTIMS system
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Fig.2 Schematic diagram of radio frequency power supply



513

XURRIASE . 3 TR T O 4% 5 HL 37 10 2L B T () BRI 8 T RS BT b 5 1k A A 109

Rk o) L R P U R /8Py & RN UL R=2
2 Fi BH % 12 B T R A A SR b, DR IR T TR RE A
Ui 2% B, [l DR AE R SR TARIRAS . 1
WIGAR I b 2 D) 345 ORI L 5 5, TR
G 2k P 3 4 LR M . S A A 5 A T LR
)10 pF HLZE, 5 U0 G 28 Bl 55 001 HRL IS B
LC FFIRIR PR L I o Ry 17 T S 003 £ 0 i 11 v
(L ) R, fof P SR U 8 2 0 o 1 s o0 S 4
P H B R E L T0 I, Lﬁuﬁmm
A5 VR RE S S B ZY 2.6 MR AR, JF HL i

e {1 7 3 4wg%%%ﬁ%&%@&ﬁm&%

~

a

# 2.639 MHz,
T 3,
JiE SR R R S, E S 2 1R S Lt 2 S
FIE BE T 37 . (] COMSOL £ ¥ #3715 |
AR RS A N L 3 AT L, 45 R OR T
4o LM 1 AR R B (RN ) L S SR 2 1A
7 AR Ry 5 A B SR SR T I AL B L 3 R
E o IR S A T R M ), S L
(57 B 37 5 B, T v () A7 Y 37 5 0 AT B 4
5o LArb B I L S 3R, T8 ST, e 0 {1 R
i 1200 V i}, HL 3758 B AT 35 20 000 Viem LA E

W WA (L 3 eV 118 0314 5 57 0 T

2.639 MHz, 3 kV
a0 a\

3 SHSRERIRSSYE (a) FIGHSR4E S SCE (b)
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ST FEATI% /M Hz 2.64
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Table 2 Dissociation rates corresponding to different ionic effective temperatures at 170 °C

H I (. fift 2% Dissociation rate/%

Peak voltage/V NO,;(HNO;) [RDX+NO,] [RDX+CI]” [PETN+NO;]° [PETN-+CI]”
500 28(255 )
600 42(293 C)
700 57(338 °C)
800 73(390 °C)
900 95(443 )
1100 19(368 °C) 0(382 °C) 15(306 °C) 2(316 °C)
1200 36(406 °C) 2(423 °C) 20(333 C) 7(344 °C)
1300 48(447 °C) 5(467 °C) 28(362 °C) 14(375 C)
1400 67(492 C) 10(516 °C) 41(393 °C) 26(408 °C)
1500 93(536 C) 15(562 °C) 54(423 C) 48(440 °C)

TE: 45 5 BRI R A RBARIE, th TR, SEBR/N T

3 QE-L/Q [3] DU Z, SUN T, ZHAO J, WANG D, ZHANG Z, YU W.
A SR FH HR BE DTIMS 45 #4 , it 4% 5 B 35 e Development of a plug-type IMS-MS instrument and its
— 2 S v 2 applications in resolving problems existing in in situ

ZLETT, BEAE AT RS0 B R E AT F8 AR R I B PP &P s

detection of illicit drugs and explosives by IMS[J].
Talanta, 2018, 184: 65-72.
[4] KOZOLE J, TOMLINSON-PHILLIPS J, STAIRS J R,

5, FFAE TR 8 G R F 30 1 o Y 1
FIRE B IR 24, DT AR A% — GOE Rk (8], 1% R Bk

DTIMS Hr | A5 H 37 i 54 500 1) 45 74 e % 4 it HARPER J D, LUKOW S R, LAREAU R T,
2R EY S (G B, PR IE R0 E, BEAS BOUDRIES H, LAI H, BRAUER C S. Characterizing
HERIR B VEY), B FFE AR PE R, 42 = Al the gas phase ion chemistry of an ion trap mobility spec-
RS WTERPE R O] S e . AN T R trometry based explosive trace detector using a tandem
%ﬁ()ﬂq %I%:*u ‘(ﬁﬁﬁ ‘@’ uﬁgﬁyﬂ }i%%ﬁ'ﬁﬂé mass spectrometer[J]. Talanta, 2012, 99: 799-810.

[5] WARAKSAE, PERYCZ U, NAMIESNIK J, SIL-

PATE B G AR RFVTTE T AL 19 LANPAA M, DYMERSKI T, WOIJTOWICZ M

TEFE AR 5, E— 2040 2 A A ) 1O IR

PUTON 1J. Dopants and gas modifiers in ion mobility
spectrometry[J]. TrAC Trends in Analytical Chemistry,

5% Uk 2016, 82: 237-249.

[11 CAYGILL J S, DAVIS F, HIGSON S P J. Current trends [6] GAIK U, SILLANPAA M, WITKIEWICZ Z, PUTON 1J.
in explosive detection techniques[J]. Talanta, 2012, 88: Nitrogen oxides as dopants for the detection of aromatic
14-29. compounds with ion mobility spectrometry[J]. Analyti-

[2] REA, SE AIEW, mBOL TR TFiT cal and Bioanalytical Chemistry, 2017, 409(12): 3 223-
R 1 B WE AT R SO 0], Th [ BE T g A 3231.

2024, 30(5): 45-48. [7] HRHE, %, X, mvh, ETE, BRE, 2, K
WU Liangjie, JIA Jian, HE Xiuli, GAO Xiaoguang. e N, ZE UM 2RV N B B T
Development of a breath analysis system based on gas FETEREIN TATP KEZSFIBFFE[T]. Biitk2#4R, 2014, 35(6):
chromatography-ion mobility spectrometry[J]. China 481-487.

Medical Device Information, 2024, 30(5): 45-48(in Chi- WEN Meng, JIANG Lei, LIU Wei, CHENG Shasha,

nese). WANG Weiguo, CHEN Chuang, LIANG Xixi, ZHOU


https://doi.org/10.1016/j.talanta.2011.11.043
https://doi.org/10.3969/j.issn.1006-6586.2024.05.014
https://doi.org/10.3969/j.issn.1006-6586.2024.05.014
https://doi.org/10.3969/j.issn.1006-6586.2024.05.014
https://doi.org/10.1016/j.talanta.2018.02.086
https://doi.org/10.1016/j.talanta.2012.07.030
https://doi.org/10.1016/j.trac.2016.06.009
https://doi.org/10.1007/s00216-017-0265-2
https://doi.org/10.1007/s00216-017-0265-2
https://doi.org/10.7538/zpxb.youxian.2014.0028

114

[8]

9]

[10]

[11]

[12]

[13]

Qinghua, PENG Liying, LI Jinghua, LI Haiyang. Sensi-
tive detection of triacetone triperoxide (TATP) by ace-
tone-assisted photoionization ion mobility spectrometry
[J]. Journal of Chinese Mass Spectrometry Society, 2014,
35(6): 481-487(in Chinese).

RAEERL, BRIR, BV, Fd, M EA. LN A B e
FER E R BT TSR (0], R4, 2024, 45(4):
519-530.

ZHAO lJiawei, LU Ao, ZHAO Yang, MENG Bo, YE
Zihong. Comparative study on the methods for removal
of high-abundant proteins in serum proteome[J]. Journal
of Chinese Mass Spectrometry Society, 2024, 45(4): 519-
530(in Chinese).

XURGEE, W, JE T, 2], Sk, S, B,
iR, Jria), I IERE, YT, AT 3 AT AR -2
JE B 7 B B SO0 5 (L b W RIS 0], B oA 4,
2024, 45(3): 364-374.

LIU Liangze, XIE Jie, QU Ziyu, YI Keke, ZHANG Di,
HUANG Zejian, YAN Dan, DAI Xinhua, FANG Xiang,
SHI Zhengyuan, JIANG You, YU Xiaoping. Determina-
tion of methotrexate in serum by house-made quadrupole-
linear ion trap mass spectrometer[J]. Journal of Chinese
Mass Spectrometry Society, 2024, 45(3): 364-374(in
Chinese).

MENLYADIEV M R, TARASSOV A, KIELNECKER
A M, EICEMAN G A. Tandem differential mobility
spectrometry with ion dissociation in air at ambient pres-
sure and temperature[J]. The Analyst, 2015, 140(9):
2 995-3 002.

ALLERS M, BOHNHORST A, KIRK A T, UNGETHUM
B, WALTE A, ZIMMERMANN S. Transient simulation
of moving ion clouds in time-of-flight ion mobility spec-
trometers operating with DC and AC fields[J]. Interna-
tional Journal for Ion Mobility Spectrometry, 2015,
18(3): 107-115.

BOHNHORST A, KIRK A T, BERGER M, ZIMMER-
MANN S. Fast orthogonal separation by superposition of
time of flight and field asymmetric ion mobility spec-
trometry[J]. Analytical Chemistry, 2018, 90(2): 1 114-
1121.

AMO-GONZALEZ M, CARNICERO I, PEREZ S,
DELGADO R, EICEMAN G A, FERNANDEZ deLa
MORA G, FERNANDEZ deLa MORA J. Ion mobility
spectrometer-fragmenter-ion mobility spectrometer ana-
logue of a triple quadrupole for high-resolution ion anal-

ysis at atmospheric pressure[J]. Analytical Chemistry,

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

2018, 90(11): 6 885-6 892.

AMO-GONZALEZ M, PEREZ S, DELGADO R,
ARRANZ G, CARNICERO I. Tandem ion mobility
spectrometry for the detection of traces of explosives in
cargo at concentrations of parts per quadrillion[J]. Ana-
lytical Chemistry, 2019, 91(21): 14 009-14 018.
FOWLER P E, PILGRIM J Z, LEE G, EICEMAN G A.
Field induced fragmentation spectra from reactive stage-
tandem differential mobility spectrometry[J]. Analyst,
2020, 145(15): 5 314-5 324.

CHILUWAL U, LEE G, RAJAPAKSEM Y, WILLY T,
LUKOW S, SCHMIDT H, EICEMAN G A. Tandem ion
mobility spectrometry at ambient pressure and field
decomposition of mobility selected ions of explosives
and interferences[J]. The Analyst, 2019, 144(6): 2 052-
2 061.

CHILUWAL U, EICEMAN G A. Quantitative response
to nitrite from field-induced decomposition of the chlo-
ride adduct of RDX by reactive stage tandem ion mobil-
ity spectrometry[J]. The Analyst, 2021, 146(2): 565-573.
JURADO-CAMPOS N, CHILUWAL U, EICEMAN G
A. Improved selectivity for the determination of trinitro-
toluene through reactive stage tandem ion mobility spec-
trometry and a quantitative measure of source-based sup-
pression of ionization[J]. Talanta, 2021, 226: 121 944.
SHOKRI H, GARDNER B D, FOWLER P E, BERNAT
T, STONE J A, EICEMAN G A. Successive reactions in
field induced fragmentation spectra from tandem ion
mobility spectrometry at ambient pressure and their influ-
ence on classification by neural networks[J]. Interna-
tional Journal of Mass Spectrometry, 2021, 470: 116 701.
KOZOLE J, LEVINE L A, TOMLINSON-PHILLIPS J,
STAIRS J R. Gas phase ion chemistry of an ion mobility
spectrometry based explosive trace detector elucidated by
tandem mass spectrometry[J]. Talanta, 2015, 140: 10-19.
BOHNHORST A, KIRK A T, YIN Y, ZIMMERMANN
S. Ion fragmentation and filtering by alpha function in
ion mobility spectrometry for improved compound dif-
ferentiation[J]. 2019, 91(14):
8 941-8 947.

WILKS A, HART M, KOEHL A, SOMERVILLE J,
BOYLE B, RUIZ-ALONSO D. Characterization of a

Analytical Chemistry,

miniature, ultra-high-field, ion mobility spectrometer[J].
International Journal for Ion Mobility Spectrometry,
2012, 15(3): 199-222.

Clichie H 491: 2024-04-15; & M1 H 1 2024-06-06)


https://doi.org/10.7538/zpxb.youxian.2014.0028
https://doi.org/10.7538/zpxb.2023.0082
https://doi.org/10.7538/zpxb.2023.0082
https://doi.org/10.7538/zpxb.2023.0082
https://doi.org/10.1039/D0AN01778G
https://doi.org/10.1016/j.talanta.2015.03.001
https://doi.org/10.1007/s12127-012-0109-x

	1 实验部分
	1.1 主要仪器与装置
	1.2 主要材料与试剂
	1.3 实验条件

	2 结果与讨论
	2.1 爆炸物测试结果
	2.2 解离率分析

	3 结论
	参考文献

