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ABSTRACT 
This doctoral thesis is aimed at the development of new analytical instrumentation for the detection of 
trace vapor species in the atmosphere at concentrations of parts per quadrillion (ppq =  
1x10-15 atmospheres of partial pressure) and below. The work is structured around three overall objectives:  

 To optimize the analytical performance of the planar differential mobility analyzer (DMA) and 
the secondary electrospray ionization source (SESI), so as to bring their performance closer to the 
ideal one. 

 To develop an explosive vapor detector, based on DMA-triple quadrupole mass spectrometry 
technology (DMA-MS/MS), capable of detecting explosive vapors at sub-ppq concentrations. 

 To develop an explosive vapor detector based on analyzers and detectors far simpler and more 
economical than mass spectrometry, yet still capable of detecting explosive vapors at 
concentrations of a few ppq. 

The SESI ionization source was redesigned to achieve successful desolvation of the electrospray cloud, 
preventing droplets and neutral vapors from reaching the DMA. This improvement yielded ideal tail-free 
mobility peaks with a tailing ratio (TR) much larger than previously observed (100-1000 times better), 
reaching the theoretical limit ~105 (Gaussian peaks). Furthermore, the ionization efficiency was also 
improved, delivering an unprecedented value for TNT of one ion out of 140 neutral molecules. The planar 
DMA was adapted to minimize vapor emissions which, combined with the desolvation in the SESI ion 
source, allowed eliminating a previously existing mobility peak tailing problem phenomenon. The 
laminarization in the DMA was also improved, allowing to achieve resolutions of 110, practically 
matching the theoretical limit of the planar DMA at the operating conditions. 
The improvements in the DMA and the SESI ion source significantly enhanced the analytical performance 
of the planar DMA, enabling the development of an explosive vapor detector, based on DMA-MS/MS 
technology with unprecedented sensitivity, capable of detecting explosive vapors at sub-ppq 
concentrations. The method of detection was patented and, through the analysis of hundreds of blank and 
loaded air samples, has demonstrated the capacity to detect explosive vapors at unmatched concentrations 
of only 0.01 ppq for RDX and 0.1 ppq for TNT.  

Despite the unique performance of the DMA-MS/MS technology, the use of mass spectrometry involves 
a higher cost (also volume and complexity) of the analyzer, limiting the number of potential customers. 
This fact motivated the development of a radically new technology, called tandem differential mobility 
analysis with ambient pressure ion fragmentation in between (henceforth DMA-F-DMA), which emulates 
the operation principle of the triple quadrupole mass spectrometer, at a substantially reduced level of 
complexity and price thanks to the operation at ambient pressure instead of under vacuum conditions. The 
traditional approach of ion mobility spectrometry has been used in airport security for several decades; 
however, its limited selectivity has limited its operativity, precluding vapor detection of most explosives. 
The radically new method presented here has the capacity to detect explosive vapors at concentrations of 
a few ppq. A first DMA-F-DMA prototype was used as a proof of concept to demonstrate the 
fragmentation feasibility of five explosives (RDX, PETN, NG, EGDN and TNT) at ambient pressure by 
thermal means exclusively. A second prototype was built, including a new fragmenter with better 
fragmentation ability and combining multicapillary gas chromatography in series with the DMA-F-DMA 
technology, which improved selectivity. The analyzer background was evaluated for the five explosives 
studied, using air samples of 500 L volume. An atmospheric background of only 5 ppq (2.5 pg in 500 L) 
was found for TNT, being somewhat higher for the rest of the explosives studied. The GC-DMA-F-DMA 
technology was also tested with commercial explosives hidden in cargo pallets at the Spain’s National 
Institute of Aerospace Technology (INTA), achieving successful detection of four (EGDN, NG, TNT and 
PETN) out of the five explosives. The DMA-F-DMA development has been funded by the United 
Kingdom Government by three consecutive projects (EffeX, EffeX II and HITEX) and also by the 
Horizon 2020 Research and Innovation Programme (COSMIC), highlighting the potential of this 
technology. The tandem mobility analysis with intermediate ion fragmentation at ambient pressure has 
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recently been demonstrated (results published in 2019) by only one other research group worldwide, 
illustrating the degree of novelty of this technology. 
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RESUMEN 

Esta tesis doctoral tiene como propósito el desarrollo de nueva instrumentación analítica para la detección 
de trazas de vapor en la atmósfera en concentraciones de partes por cuatrillón americano e incluso 
inferiores (ppq = 1x10-15 atmósferas de presión de vapor). El trabajo se ha estructurado en base a tres 
objetivos globales: 

 Optimización del rendimiento analítico del analizador diferencial de movilidad (DMA) y de la 
fuente de ionización secundaria por electrospray (SESI), de manera que sus rendimientos se 
aproximen al ideal. 

 Desarrollo de un detector de vapores de explosivo basado en la combinación del DMA y de la 
espectrometría de masas de triple cuadrupolo (DMA-MS/MS), con capacidad para detectar 
vapores de explosivo en concentraciones inferiores a 1 ppq. 

 Desarrollo de un detector de vapores de explosivo basado en analizadores y detectores más 
simples y económicos que los usados en espectrometría de masas, con capacidad para detectar 
vapores de explosivo en concentraciones de unas pocas ppq. 

Se llevó a cabo un rediseño de la fuente de ionización SESI que permitió lograr una desolvatación eficiente 
de la pluma de electrospray, evitando la penetración de gotas y vapores neutros en el DMA, y reduciendo 
las colas de movilidad en un factor comprendido entre 100 y 1.000 con respecto a la tecnología previa. 
Además, también se mejoró la eficiencia de ionización, alcanzando el valor sin precedentes de un ión de 
TNT por cada 140 moléculas neutras. Las mejoras en la desolvatación de la fuente de ionización SESI, 
en combinación con las adaptaciones del DMA plano para minimizar su emisión de vapores, permitieron 
la eliminación del problema de colas de movilidad previamente existente en el DMA. La laminarización 
en el DMA también se mejoró, permitiéndole alcanzar resoluciones de 110, un valor prácticamente 
coincidente con el límite teórico en las condiciones de operación. 

Las mejoras llevadas a cabo en el DMA y en su fuente de ionización SESI mejoraron de manera muy 
significativa su rendimiento analítico, haciendo posible el desarrollo de un detector de vapores de 
explosivo basado en la tecnología DMA-MS/MS con una sensibilidad sin precedentes. A través del 
análisis de cientos de muestras atmosféricas, con y sin carga de vapores de explosivo, el analizador 
demostró su capacidad para detectar dichos vapores en concentraciones de 0,01 ppq para el explosivo 
RDX y de 0,1 ppq para el TNT. El método de detección fue patentado. 

A pesar del excepcional rendimiento de la tecnología DMA-MS/MS, el uso de la espectrometría de masas 
supone un incremento significativo del coste final del analizador (también de su volumen y complejidad), 
limitando el número de potenciales clientes. Este hecho motivó el desarrollo de una tecnología 
radicalmente nueva, denominada análisis diferencial de movilidad en tándem con fragmentación 
intermedia de iones a presión ambiente (en adelante DMA-F-DMA), que emula el principio de operación 
del espectrómetro de masas de triple cuadrupolo, con un nivel de complejidad y precio reducido, gracias 
a la operación en condiciones de presión ambiente en vez de vacío. El planteamiento tradicional de la 
espectrometría de movilidad iónica, se viene utilizando en la seguridad de los aeropuertos desde hace 
varias décadas; sin embargo su escasa selectividad ha limitado su funcionalidad, impidiendo la detección 
de vapores de la mayor parte de explosivos. El nuevo método aquí presentado permite, sin embargo, 
detectar vapores de explosivo en concentraciones de unas pocas ppq. El primer prototipo DMA-F-DMA 
permitió demostrar la factibilidad de la fragmentación de cinco explosivos (RDX, PETN, NG, EGDN y 
TNT) a través del uso de elevadas temperaturas en condiciones de presión ambiente. Posteriormente se 
fabricó un segundo prototipo con mayor capacidad de fragmentación, que combinó eficazmente la 
tecnología DMA-F-DMA con la cromatografía de gases multicapilar, lo que contribuyó a mejorar su 
selectividad. A través de muestras atmosféricas de 500 L de volumen se evaluó el fondo del analizador 
para cinco canales de explosivo. Para el TNT se registró un fondo de tan solo 5 ppq (2,5 pg en 500 L), 
siendo algo mayor para el resto de los explosivos estudiados. La tecnología GC-DMA-F-DMA fue 
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posteriormente evaluada en el INTA (Instituto Nacional de Técnica Aeroespacial) utilizando explosivos 
comerciales ocultos en palés de carga, consiguiendo detectar con éxito cuatro (EGDN, NG, TNT y PETN) 
de los cinco explosivos ensayados. El desarrollo del DMA-F-DMA ha sido financiado por el Gobierno 
del Reino Unido a través de tres proyectos consecutivos (EffeX, EffeX II and HITEX) y a través del 
Programa de Innovación e Investigación Horizonte 2020 (COSMIC), demostrando el potencial de esta 
tecnología. El análisis de movilidad en tándem con fragmentación intermedia de iones ha sido 
recientemente demostrado (resultados publicados en 2019), por tan sólo otro grupo de investigación a 
escala global, ilustrando el grado de novedad de esta tecnología.  
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INTRODUCTION 

Ion mobility spectrometry (IMS) is a widely used analytical technique employed to separate gas-
phase ions based on their mobilities in a carrier buffer gas under the influence of an electric field.  

Several analyzers have been developed in the last two decades within the ion mobility spectrometry 
family, making it possible to distinguish between narrow-band mobility-filters, which separate ions 
in space and the rest of the analyzers that usually separate ions in time. Within the second family, the 
most widespread technologies are the drift-tube IMS (DT-IMS),1,2,3 high-resolution ion-cyclotron-
mobility spectrometry (HR-ICMS),4 and trapped-ion-mobility spectrometry (TIMS),5 offering a 
pulsed stream of ions. In contrast, the narrow-band mobility-filters offer a continuous flux of selected 
mobility ions in a similar way as the triple quadrupole extracts a single ion mass-to-charge ratio out 
of a complex mix for subsequent study or manipulation. Examples of narrow-band mobility-filters 
include the field asymmetric ion-mobility spectrometry (FAIMS, also referred to as differential-
mobility spectrometry, DMS),6,7,8,9 transversal-modulation IMS (TMIMS),10,11 the periodic-focusing 
differential-mobility analyzer (PFDMA),12 overtone mobility spectrometry (OMS),13 and the 
differential mobility analyzer (DMA).14,15,16 

 

 

Figure 1. a) Planar differential mobility analyzer (DMA) architecture. B) DMA principle of 
operation (after Rus et al.).16  

The DMA operation principle, shown in Figure 1, combines a laminar flow of sheath gas with an 
orthogonal electric field between two parallel plates, such that ions of different mobilities penetrating 
through a slit in the inlet plate open up in a fan as they drift toward the outlet plate. Accordingly, only 
a small range of mobilities is sampled through the slit in the outlet plate. The selected mobility ions 
can be either detected and quantified by a Faraday cup electrometer17 or directed to a second analyzer 
for tandem analysis, which offers extended analytical selectivity thanks to the separation based on 
unrelated properties of the compounds (also known as orthogonal separation). Among the tandem 
analysis options, the most popular is the combination of the DMA with a mass spectrometer (Chapters 
3 and 4), allowing simultaneous classification of ions based on their ion mobility and mass-to-charge 
ratio (m/z). Another option, also addressed in this thesis, is the tandem DMA configuration (Chapters 
5 and 6), generally known as tandem IMS, which enables to benefit from the chemical orthogonality18 
provided by selective ion transformations taking place between the mobility analysis regions: 
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mobility-selected ions from a first DMA are modified in an intermediate reaction region and the 
resultant products are analyzed again in a second DMA. 

The planar DMA is particularly suitable to be coupled in the interface region of an atmospheric 
pressure mass spectrometer, as noted by Rus and colleagues,16 due to the following characteristics:  

1. Atmospheric pressure operation in the mobility classification region, which minimizes ion 
fragmentation 

2. High transmission > 50 % 
3. High resolving power > 50 
4. Narrow-band mobility filter capacity and extremely low ion residence time, lower than 1 ms, 

hence not generating delays in the mass spectrometers acquisition methods (either multiple 
ion monitoring or multiple reaction monitoring).  

 

Figure 2. Coupling of a SESI ionization source + a Differential Mobility Analyzer 
(DMA) + a Triple Quad Mass Spectrometer (MS). 

The combination DMA-MS/MS (Figure 2) has demonstrated excellent performance in a variety of 
analytical and basic applications.19,20,21,22 From the analytical perspective, the DMA can be viewed 
as a chromatography of sorts, removing 98%–99% of the ion mobilities in a complex mix23 while 
being able to shift from one mobility to another in a few milliseconds. The background suppression 
capability of the DMA allows to significantly increase the sensitivity attainable by modern mass 
spectrometers in the analysis of complex samples. 

Figure 3, extracted from Chapter 2, shows a DMA-MS analysis of a complex sample consisting of 
an extra virgin olive oil sample, 1,000-fold diluted in the electrospray liquid. It properly illustrates 
the additional information provided by a high-resolution DMA to a mass spectrometry analysis, 
enabling the quantification of many isobar/isomer species completely resolved in mobility. 
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Figure 3. Electrospray DMA-MS contour plot of the extra virgin olive oil solution, including a 
magnified version in the mass region for oleic and linoleic acids. Graph extracted from the 
scientific article presented in Chapter 2. 

The aforementioned DMA's unique characteristics make it also suitable to be used in tandem DMA 
configuration. Especially critical is the feature of the low ion residence time within the DMA, 
decreasing ion transformations within the mobility analysis regions, which would produce tails in the 
tandem mobility spectra and ultimately a loss of analytical performance. 

To a great extent, this thesis revolves around the improvement of the analysis performance of the 
planar DMA and its application to explosive vapor detection. IMS has been the most widespread 
technology for explosive trace detection since the 1970s. Explosive trace detection based on IMS has 
been the main technology used at security checkpoints in airports worldwide from the 1990s to the 
present day.24 However, given the extremely low vapor pressures of military explosives and the 
limited selectivity of standalone drift tube IMS analyzers, the available vapor concentration for most 
of the explosives was well below the sensitivity of IMS explosive trace detectors, restricting their 
detection capability to solid particles rather than vapors.25,26 

In 2009 Martínez-Lozano and colleagues laid the groundwork for explosive detection based entirely 
on vapors, at concentrations below parts per trillion (ppt), using a secondary electrospray (SESI) 
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charger and several mass spectrometers (MS).27 The key to that achievement was the SESI ionization 
of vapors, discovered some years before by Fenn and colleagues, who noted that an electrospray 
cloud had the singular ability to produce ions from ambient vapors present in its surroundings at very 
low concentrations.28,29 

Fernandez de la Mora studied the ionization probability of a standard SESI, similar to the one used 
by Martínez-Lozano and colleagues,27,30 in which the ionized vapor molecules are drawn to the 
analyzer by means of a gas current. He found that given enough time of exposure of the vapors to the 
spray, an equilibrium condition was reached where the rate of ion production was balanced by the 
rate of dilution by space charge. In this limit, the estimated equilibrium ratio between ionized and 
neutral vapors for a unipolar charger is of the order of ni/nv ~ 10–4, being ni the concentration of 
ionized vapor molecules and nv the concentration of neutral vapor molecules, and ni/nv the ionization 
probability (pi).31 In 2012, Vidal-de-Miguel and colleagues refined the design of the standard SESI 
improving pi by reducing the sample flow and transmitting the generated sample ions to the analyzer 
by electric fields.32 The reduction of the sample flow increases the exposure time of the sample 
molecules to the electrospray cloud, increasing pi. The transmission of the generated sample ions by 
electric fields instead of by a gas current, noticeably reduces the ion residence time from the ionization 
region to the DMA inlet, thus considerably reducing the dilution produced by the space charge in that 
region. The new ionizer was termed Low-Flow SESI (LFSESI) and was first designed to be coupled 
with a DMA-MS instrument devoted to the analysis of explosive vapors. This new SESI charger 
increased the ionization probability to 1/700 (one ion for every 700 vapor molecules). The sample 
background of the explosive analyzer was also reduced by maintaining the ionization source walls at 
170 – 200 ºC, minimizing sample adsorption and memory effect issues. Most of the common 
electrospray solvents are not a liquid at such high temperatures, so following Fernandez de la Mora's 
recommendations, new high boiling point electrospray solvents were selected for the electrospray in 
order to continuously operate it at temperatures between 170 – 200 ºC.  

This early version of SEADM´s explosive vapor detector, named ACES E1 (ACES stands for Air 
Cargo Explosive Screener), benefited from two improvements with respect to the SESI-MS used by 
Martínez-Lozano and colleagues: the addition of the DMA to the triple quadrupole mass spectrometer 
(Sciex´s API 5000) and the improved ionization probability achieved by the LFSESI ion source.  

Table 1. Most relevant properties, from the detection perspective, of the explosives studied in 
this thesis. 

Explosive EGDNa NGb PETNc RDXd TNTe 

Precursor ion m1 (Da) 187 262 351 257 226 
Product ions m2 (Da) 62f 46f or 62g 46f or 62g 46f 46f or 196h 

Ionization mechanism EGDN-Cl- NG-Cl- PETN-Cl- RDX-Cl- TNT- 

Structure 
     

Vapor Pressure (ppbv)i 1.02 × 105 645 9.15 1.07 × 10-2 4.85 × 10-3 
a Ethylene glycol dinitrate b Nitroglycerin. cPentaerythritol tetranitrate. d1,3,5-Trinitroperhydro-1,3,5-triazine. 
eTrinitrotoluene. f NO2

-. g NO3
-. h C6H2N2O5CH2

-. iVapor pressures obtained from Ewing et al. 2012.33 
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The explosives evaluated with this explosive vapor detector are detailed in Table 1, whereas their 
detection thresholds in the ACES E1 explosive vapor detector are summarized in Table 2.  

Table 2. ACES E1 thresholds (ppq) in atmospheric air samples (~ 600 L). 

  EGDN NG PETN TNT RDX 
ACES E1 thresholds (ppq) 30,000 40 12 6.5 5.5 

* Data extracted from an internal report property of the company SEDET (year 2012). 

The thresholds were calculated through atmospheric samples pre-concentrated in a Tenax adsorbent 
filter. It should be noted that sample pre-concentration enables to increase the analysis sensitivity, 
only in the event that the analyzer is able to filter all the atmospheric analyte interference vapors 
which are also pre-concentrated in the adsorption filter. The results of the ACES E1 explosive vapor 
detector were not published in order not to disclose sensitive information to possible commercial 
competitors. 

Despite the significant increase in the ionization probability and the important improvement achieved 
in the analyzer background, the LFSESI-DMA configuration promoted the presence of small tails in 
the DMA mobility peaks, generated in part by the inability of the DMA counterflow to prevent neutral 
vapors and high-boiling point droplets from entering the DMA. The presence of small tails in the 
mobility peaks is particularly critical, since it may obscure the presence of traces of analytes of 
interest, hence limiting the utility of the DMA for explosive vapor trace detection. The causes of this 
problem are further described below. 

As shown in Figure 4, the drying gas originates from inside the DMA, where it moves leftwards at 
speeds of many tens of m/s. Therefore, the drying gas jet emerging outwards through the slit impacts 
the ES cloud at a substantial angle, being unable to fully avoid the diffusion of vapors from the spray 
into the DMA. Furthermore, the drying capacity of the jet at a temperature < 70 ºC, is insufficient to 
evaporate the high-boiling point electrospray droplets generated by the electrospray.  

 

Figure 4. The high leftward gas velocity within the DMA creates a horizontal component in the 
drying counterflow jet exiting the slit upward, facilitating partial vapor penetration from the 
spray region into the analyzer. 
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Therefore, the first objective of this work was to optimize the analytical performance of the planar 
differential mobility analyzer (DMA) and the secondary electrospray ionization source (SESI), so as 
to bring their performance closer to the ideal level. Chapter 1 covers the improvements in the DMA 
and the ionization source that enabled to obtain tail-free Gaussian peaks matching the theoretical 
shape imposed by the Brownian ion diffusion and, at the same time, further improving the vapor 
ionization efficiency of the previous LFSESI ion source.32 As described in Chapter 1, to completely 
eliminate the tailing phenomenon in the mobility peaks, it was not enough just to eliminate neutral 
vapors coming from the ionization source, it was also necessary to eliminate vapors coming from the 
internal circuit of the DMA and from the gas supply source. Sources of vapors in the DMA circuit 
were the plastics at high temperature (outgassing) and the DMA blower, which when run at a high 
temperature (70 ºC) released vapors into the DMA’s drift gas, most likely from the lubricant and the 
plastic shaft seal. The solutions adopted to minimize drift gas contamination from the internal sources 
are reported in Chapter 1. Furthermore, an assessment of the influence of the gas purity on the 
mobility peak tailing was carried out, defining the minimum gas purity compatible with tail-free 
mobility peaks. A sensitive diagnostic tool was developed to assess the effectiveness of the different 
actions performed during the research period on the level of gas-phase contamination in the closed 
DMA sheath gas circuit.  

In addition to the improvements of the DMA and the SESI ion source described in Chapter 1, and to 
fully comply with the first objective of this thesis, Chapter 2 covers the improvements in the DMA 
that promoted an important resolving power improvement. The resolving power attained virtually 
matches the theoretical limit imposed by both the Brownian diffusion and the sheath to sample flow 
rate ratio in the DMA. The enhanced DMA was coupled to a triple quad mass spectrometer to perform 
a mobility/mass analysis of a complex sample, illustrating the additional information provided by a 
high resolution DMA to a mass spectrometry analysis.  

The improvements in the ionization efficiency and the DMA tailing suppression (Chapter 1), in 
combination with the improvement of DMA resolution (Chapter 2), significantly enhanced the 
analytical performance of the planar DMA. This enabled the fulfillment of the second objective of 
this thesis which was the development of an explosive vapor detector, based on DMA-MS/MS 
technology, capable of detecting explosives at sub-ppq concentrations. The sensitivity delivered by 
the state-of-the-art technology (SEADM´s explosive vapor detector ACES E1) is reported in  
Table 2. 

The new explosive vapor detector capable of detecting explosive vapors of TNT and RDX at sub-
ppq concentrations was named ACES E2.1 and, like its predecessor, was developed for the air cargo 
security application. Unlike other competing technologies, explosive vapor screening allows to scan 
a full truck without the need to unload its cargo (see Figure 5), resulting in significant savings in 
terms of time and cost. It is the evolution of the pre-existing ACES E1 explosive vapor detector, and 
besides incorporating the abovementioned improvements in the ionization source and the DMA, it 
also equips a new variable temperature desorber, which allows it to liberate the vapors collected in 
the adsorption filter according to their pressure vapor. The variable temperature desorption enables 
to remove those atmospheric interferences with vapor pressure different from the analyte of interest. 
From the analytical perspective, the variable temperature desorber can be viewed as a low-resolution 
gas chromatography system.  
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Figure 5. Concept of operation of the explosive vapor detector (EVD) based on DMA-MS/MS. 

 

Figure 6. Schematic of the components of the DMA-MS/MS analyzer. 1.- Desorption system.  
2.- Adsorption filter containing the vapors collected by the sampling system, which are liberated 
during the desorption and conveyed by a small flow of gas into the ionizer. 3.- Secondary 
electrospray ionizer (SESI). 4.- Differential mobility analyzer (DMA). 5.- Triple quadrupole 
(MS/MS) mass spectrometer. 

The operation mode of the DMA-MS/MS explosive vapor detector is shown in Figure 5, whereas the 
analysis sequence is exposed in Figure 6. 

The DMA-MS/MS operation principle, the validation tests conducted as well as the results obtained 
are thoroughly explained in Chapter 3. Chapter 4 is devoted to explaining the vapor detection method, 
which was patented. The detection limits achieved by this technology are world records at the time 
of this writing.  

In spite of the outstanding performance of the DMA-MS/MS explosive vapor detector, one of the 
world's leading security agencies, and potential customer of SEADM´s explosive vapor detectors, 
advised SEADM to design a new detector not relying on mass spectrometry due to its high cost and 
volume. This customer´s requirement gave rise to the third and last objective of this work, consisting 
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in the development of an explosive vapor detector based on analyzers and detectors far simpler and 
more economical than mass spectrometry, yet still capable of detecting explosive vapors at 
concentrations of a few ppq.  

Ion mobility spectrometry (IMS) allows for the rapid, inexpensive and portable classification of ions 
at atmospheric pressure, though with a modest resolving power compared to that achieved by mass 
spectrometry. One approach to overcome this limited selectivity is to combine IMS with other devices 
(such as chromatography or mass spectrometry), often at the cost of analysis speed, simplicity or 
affordability. Another approach, preserving the positive characteristics of IMS, is to benefit from the 
chemical orthogonality provided by selective ion transformations in a tandem IMS configuration: 
mobility-selected ions from a first IMS analysis region are modified in an intermediate reaction 
region, and the products are analyzed again in a second IMS analysis region. Tandem analysis with 
intermediate ion fragmentation has been exploited for many years in the triple quadrupole mass 
spectrometry Q3-MS. A key to the success of this analyzer is the singular ability of the quadrupole to 
extract, for as long as desired, a single mass-to-charge ratio out of a complex ion mix before and after 
ion manipulation. As commented above, several IMS systems, including the DMA, also function as 
narrow-band ion-mobility filters separating ions in space, delivering a continuous stream of selected 
mobility ions. Besides, the DMA has demonstrated having the highest resolving power among the 
mobility filters (Chapter 2), in combination with a short ion residence time within the analyzer and a 
desolvation system which prevents mobility peak tailing (Chapter 1). For all these valuable features, 
the DMA is proposed as the apparently most suitable IMS for tandem configuration. 

Controlled fragmentation of the selected parent ion by broadly applicable methods, however, is a key 
requirement where atmospheric pressure surrogates of the triple quadrupole have lagged behind their 
vacuum kin. This lag has greatly diminished thanks to extensive pioneering studies by Eiceman and 
colleagues on ion fragmentation at ambient pressure. Ion fragmentation at atmospheric pressure has 
been studied in single drift-time IMS with thermal activation at temperatures below 224 °C, leading 
to the observation of fragmentation of species such as butyl acetate34 and proton bound dimers. 35 
Thermal and electric field energy has been combined to study the ion fragmentation in a single 
DMS.36,37 Tandem drift-time IMS studies have demonstrated the feasibility of fragmentation of 
explosive chloride adducts within the second IMS analysis region.38,39,40 Tandem DMS (FAIMS-
DMS) has been used to study the different responses of the two instruments, either without altering 
the precursor ion41 or dissociating it through the intense electric fields present in the first mobility 
analysis region (FAIMS) while analyzing the products in the second one (DMS). 42  

In the cited studies,35-42 ion fragmentation takes place within the mobility analysis region, such that 
some product ions are dispersed in a mobility tail distributed between the natural precursor and 
product ion mobility peaks. However, when the reaction region is located between the two mobility 
analysis regions, the product ion intensity is ideally concentrated in a single Gaussian peak with no 
tailing. The first tandem IMS study with intermediate ion reactant region took place in the mid 
1980s.43,44 Similar configurations have been used in later years under reduced pressure (below 12 
Torr of helium gas), under which electrically activated fragmentation is simpler to achieve.45,46 The 
feasibility of an atmospheric pressure tandem IMS with fragmentation is accordingly proven. What 
remains is selecting the most appropriate of the various IMSs, as well as increasing the available 
activation energy to successfully fragment the most resilient species.  

The first DMA-F-DMA prototype, described in Chapter 5, demonstrates the feasibility of explosive 
fragmentation at ambient pressure using exclusively thermal energy. The analyzed samples were 
electrosprayed from liquid solutions and showed clean product ion mobility spectra proving the 
absence of ion decomposition within the mobility analysis regions (DMA1 and DMA2) demonstrating 



Introduction 

 

19

the suitability of DMAs for the tandem DMA configuration. Previous studies with drift time IMS 
showed wide mobility tails between the precursor ion and its fragments.34,35 

A purely thermal fragmenter was used to provide ions with the necessary activation energy to achieve 
explosive ion decomposition at ambient pressure. This is in contrast to prior studies by Eiceman and 
colleagues36,37,42 in which ion decomposition was achieved by a combination of intense oscillating 
electric fields and moderate heating up to about 200 ºC. The reason for this simplification is explained 
below. 

As previously observed,38,39,40 the fragmentation of some explosives such as EGDN, NG and DNT, 
follows a first-order rate law expressed by the equation (1): 

݁ݐܴܽ = ݁ି௧, (1) 

where k is the rate constant and t is the time. The Arrhenius equation relates the rate constant k with 
the temperature of the system T, the activation energy E, the gas constant R and the pre-exponential 
factor A: 

݇ =  ா/ோ் (2)ି݁ܣ

Since in (2) the decomposition rate k increases exponentially with T, given a fragmenter capable of 
reaching high temperatures, the approach of relying exclusively on heating to achieve the necessary 
activation energy for decompositions seems simple. This assumption was confirmed through the 
fragmentation results reported in Chapter 5. However, the fact of achieving jointly high temperatures 
and an efficient ion transmission along the fragmentation chamber (hereafter fragmenter) is not a 
trivial matter. Achieving high temperatures means placing the heating metallic elements very close 
to the ion path, shielding the electric field created between the fragmenter inlet and outlet electrodes, 
seriously hampering ion transmission.  

 

Figure 7. Isometric view (a) and transversal section (b) of the fragmenter (sketch). (1) 
Fragmenter inlet electrode at voltage V1. (2), (3), (4), (5) and (6) are the different heating coil 
levels at voltage Vn and through each coil passing an electrical current In. (7) Fragmenter outlet 
electrode at voltage V7. (8) Mirror polished walls. (9) Thermocouple position. d represents the 
transversal coil distance (orthogonal to the ion flow direction). 

This weakness was overcome with the development of a completely new thermal fragmenter, shown 
in Figure 7 and thoroughly described in Chapter 6. This thermal fragmenter, placed between the 
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DMAs, allows independent control of the thermal and electric fields inside the fragmenter, which 
enables the improvement of both thermal fragmentation and ion transmission. 

 

Figure 8. Schematics of the GC-DMA-F-DMA. Ambient vapors collected in a filter are liberated 
in the thermal desorber, separated in time in the GC and ionized in the ion source. Ions are 
then selected in the DMA1, thermally decomposed in the fragmenter, while the generated 
product ions are mobility selected in the DMA2 and, finally, quantified in the ion detector.  

Chapter 6 covers the design, tests and results of the second prototype version named GC-DMA-F-
DMA (Figure 8), and demonstrates its capacity to detect explosives in air at ppq concentrations. 

In addition to the new thermal fragmenter (Figure 7), this new prototype includes a thermal desorber 
connected to a multicapillary GC. The thermal desorber allows for the desorption of atmospheric 
samples (500 Litres) collected on Tenax GR adsorbent filters. The liberated vapors are led to a cold 
trap, in order to focus the vapor injection into the multicapillary GC. The multicapillary GC separates 
the different desorbed compounds in time, delivering them for ionization to the SESI charger which 
is coupled to the DMA-F-DMA instrument. Both the multicapillary GC and the ion fragmentation 
provide orthogonal separation to the mobility analysis, maintaining the analysis time within 3 
minutes. The atmospheric chemical background is evaluated through the analysis of real blank 
atmospheric samples of 500 L of air. Samples taken from cargo pallets loaded with commercial 
explosives (EGDN, NG, TNT, PETN and RDX) are analyzed, assessing the ability of detection under 
this scenario for the different explosives. 
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AIM OF THE THESIS AND OBJECTIVES  

This doctoral thesis is aimed at the development of new analytical instrumentation for the detection 
of trace elements in the atmosphere at concentrations of parts per quadrillion (ppq =  
1x10-15 atmospheres of partial pressure) and below. 

As outlined in the introduction section, this thesis has three overall objectives: 

1. To optimize the analytical performance of the planar differential mobility analyzer (DMA) 
and the secondary electrospray ionization source (SESI), so as to bring their performance 
closer to the ideal level. 

2. To develop an explosive vapor detector, based on DMA-triple quadrupole mass spectrometry 
technology (DMA-MS/MS), capable of detecting explosive vapors at sub-ppq concentrations. 

3. To develop an explosive vapor detector, based on analyzers and detectors far simpler and more 
economical than mass spectrometry, yet still capable of detecting explosive concentrations of a 
few ppq. 

Specific objectives for the new SESI ionization source (Chapter 1). 

 To develop a new SESI ionization source by integrating a desolvation stage to efficiently 
prevent droplets and neutral vapor from entering the DMA. 

 To maintain or, if possible, improve the ionization efficiency obtained by its predecessor.32 

 To develop an electrospray solvent cooling system to enable the use of low boiling point 
electrospray solvents while maintaining the ion source temperature at 170 ºC. 

Specific objectives for the enhanced planar DMA to achieve ideal Gaussian 
mobility peaks (Chapter 1). 

 To minimize the internal outgassing in the DMA components in order to maintain, as low as 
possible, the presence of vapors in the DMA sheath gas.  

 To minimize the lubricant emissions of the DMA sheath gas blower. 

 To develop a sheath gas heating system capable of operating the DMA at a high temperature. 

 To assess the influence of the gas purity on the mobility peak tailing, defining the minimum 
gas purity compatible with tail-free mobility peaks. 

 To develop a sensitive diagnostic tool to evaluate the level of gas-phase contamination of the 
closed DMA sheath gas circuit.  
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Specific objectives of the enhanced planar DMA to bring its resolution closer to 
the theoretical limit (Chapter 2). 

 To study the influence of the sheath gas pre-laminarization as a way to minimize turbulence 
in the mobility analysis region. 

 To minimize the steps or gaps between the DMA laminarization-screen exits and the wetted 
surfaces following immediately after them. 

 To reduce the residence time in the DMA as much as possible in order to minimize ion-beam 
spreading by Brownian diffusion.  

Specific objectives of the explosive vapor detector based on DMA-MS/MS 
technology (Chapters 3 and 4). 

 To efficiently integrate the enhanced ionization source and DMA with the desorber and the 
mass spectrometer.  

 To develop a variable temperature desorber that releases vapors of decreasing volatility at 
increasing times, according to a temperature history.  

 To study the cutoff size and material for a prefilter to remove the aerosol particles present in 
the atmosphere in order to reduce the statistical noise which forces having to raise the 
threshold for positive detection, artificially reducing the sensitivity of the instrument 

 To develop an explosive vapor sampler and a filterholder to host the vapor collector 
(adsorption filter) and the prefilter.  

 To research and develop strategies to prevent explosive contamination in the sampler, the 
filterholder, the analyzer and the sampling and analyzers' surroundings. 

 To study in detail the atmospheric background in each of the explosive DMA-MS/MS 
channels (TNT, RDX, NG and PETN) in order to assess the probability of detection (PoD) 
and the false alarm rate (FAR) of the instrument. For that purpose, hundreds of atmospheric 
blank and loaded samples must be analyzed.  
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Specific objectives of the first version of the explosive vapor detector not based 
on mass spectrometry: DMA-F-DMA (Chapter 5). 

 To develop a reaction region (fragmenter) capable of fragmenting explosive ions at 
atmospheric pressure by thermal means, transmitting the generated products along the 
reaction region. 

 Testing the developed fragmenter with EGDN, NG, PETN, TNT and RDX explosive ions and 
assessing the ability to fragment some or all of them. 

 To develop an ion transmission system in charge of transmitting the precursor ions from the 
first DMA, introducing them into the fragmenter, extracting the product ions from the 
fragmenter and finally introducing them into the second DMA. The ion transmission must be 
fundamentally assured by electrical fields in order to avoid the effects of the uncontrolled gas 
currents in the ion transmission system between the DMAs. Particular attention must be paid 
to the design of the DMA1's electrical ion outlet since the sample of the DMA had previously 
always been dragged by a gas stream.  

Specific objectives of the second version of the explosive vapor detector not 
based on mass spectrometry: GC-DMA-F-DMA (Chapter 6). 

 The new fragmenter must achieve independent control of the thermal (fragmentation) and 
electric fields (ion residence time) inside the fragmenter.  

 The temperature in the fragmenter ion path must exceed 700 ºC enabling the fragmentation 
of the five explosives studied (TNT, RDX, PETN, NG and EGDN). 

 To obtain the product ions reported in the literature. 

 To increase the selectivity of the DMA-F-DMA by connecting a multicapillary GC between 
the desorber and the SESI ionization source.  

 To maintain the analysis time within 3 minutes.  

 To optimize the fragmentation temperature for each target explosive. 

 To assess the atmospheric background for TNT, RDX, PETN, NG and EGDN. 

 To assess the sensitivity gain provided by the F-DMA by comparing the GC-DMA-F-DMA 
and the GC-DMA configurations. 

 To test the analyzer with commercial explosives hidden in cargo pallets and evaluating the 
capacity of detection under such conditions. 
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THESIS STRUCTURE 

This thesis is presented under the modality of compendium of publications (BOCYL 117/2016). The 
following five research articles cover the lines of research defined through the thesis objectives: 

 Mario Amo-Gonzalez, Juan Fernández de la Mora. Mobility Peak Tailing Reduction 
in a Differential Mobility Analyzer (DMA) Coupled with a Mass Spectrometer and 
Several Ionization Sources. Journal of The American Society for Mass 
Spectrometry 2017, 28, 1506-1517. Presented in Chapter 1. 

 Mario Amo-González, Sergio Pérez. Planar Differential Mobility Analyzer with a 
Resolving Power of 110. Analytical Chemistry 2018, 90 (11), 6735-6741. Presented 
in Chapter 2. 

 D. Zamora, M. Amo-Gonzalez, M. Lanza, G. Fernández de la Mora, J. Fernández de 
la Mora. Reaching a Vapor Sensitivity of 0.01 Parts Per Quadrillion in the Screening 
of Large Volume Freight. Analytical Chemistry 2018, 90 (4), 2468-2474. Presented 
in Chapter 3. 

 Mario Amo-González, Irene Carnicero, Sergio Pérez, Rafael Delgado, Gary A. 
Eiceman, Gonzalo Fernández de la Mora, Juan Fernández de la Mora. Ion Mobility 
Spectrometer-Fragmenter-Ion Mobility Spectrometer Analogue of a Triple 
Quadrupole for High-Resolution Ion Analysis at Atmospheric Pressure. Analytical 
Chemistry 2018, 90 (11), 6885-6892. Presented in Chapter 5. 

 Mario Amo-González, Sergio Perez, Rafael Delgado, Gonzalo Arranz and Irene 
Carnicero. Tandem Ion Mobility Spectrometry for the Detection of Traces of 
Explosives in Cargo at Concentrations of Parts Per Quadrillion. Analytical 
Chemistry 2019, 91 (21), 14009-14018. Presented in Chapter 6. 

The “Journal of The American Society for Mass Spectrometry” got an impact factor of 3.2 in 2018 
(InCites Journal Citation Reports), being in the first quartile in the disciplines of Analytical Chemistry 
(75.6 %) and Spectroscopy (86.6 %). The journal “Analytical Chemistry” got an impact factor of 6.4 
in 2018, appearing at the head of the first quartile Q1 in the discipline of Analytical Chemistry 
(92.3%). 

Each article is presented as a chapter of this thesis (chapters 1-3, 5-6). 

Besides, the patent covering the explosive vapor detection method is also presented as material for 
this thesis. The patent identification is as follows:  

 Title: Method for Detecting Atmospheric Vapors at Parts Per Quadrillion  
(PPQ) Concentrations. Patent No. US 9.297,785 B2. Mar. 29, 2016.  
Inventors: Mario Amo, Daoiz Zamora, Alejandro Casado, Gonzalo Fernandez 
 de la Mora, Guillermo Vidal-de-Miguel, Juan Fernandez de la Mora. 
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RESEARCH FUNDING SOURCES 

 

The resources necessary to carry out this thesis are listed below: 
 

 The developments in the DMA to avoid peak tailing, including the development of the DMA 
ionization sources, were funded internally by SEADM. 

 

 The developments in the DMA to increase the resolving power were co-funded under the 
project RESOLVE (Proyectos en I+D en PYMES, file number 04/16/VA/0031) by the 
Castile and Lion Regional Government ADE Agency and the FEDER (ERDF) Program under 
the responsibility of the European Commission. 

 

 The last stage of development of the Air Cargo Explosive Screener (ACES E2.1) based on 
DMA-MS/MS technology was co-funded under the ACES project by the EU within its H2020 
SME Phase 2 Programme (grant agreement number: 672001). 

 

 The development of the explosive vapor detector not based on mass spectrometry (GC-DMA-
F-DMA) was funded by the Future Aviation Security Solutions Programme, a joint UK 
programme run by the Department for Transport and the Home Office under contract numbers 
1000112322 (EffeX project phase I) and 1000121217 (EffeX project phase II). 

 

At the moment of completing this thesis, two more projects have been granted to continue with the 
development of the GC-DMA-F-DMA detector, albeit the results and developments achieved with 
this funding are beyond the scope of this thesis. The projects are as follows: 

 The COSMIC project has received funding from the European Research Council (ERC) 
under the European Union's Horizon 2020 Research and Innovation Programme (grant 
agreement n° 786945). 

 Project HITEX has been funded by the Future Aviation Security Solutions Programme, a 
joint UK programme run by the Department for Transport and the Home Office under contract 
number DSTLX1000139141. 
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CONCLUSIONS 

The main conclusions of this doctoral thesis are listed below: 

Thesis objective 1: To optimize the analytical performance of the planar 
differential mobility analyzer (DMA) and the secondary electrospray ionization 

source (SESI), so as to bring their performance closer to the ideal level. 

Scientific article title: Mobility Peak Tailing Reduction in a Differential Mobility Analyzer (DMA) 
Coupled with a Mass Spectrometer and Several Ionization Sources (Chapter 1). 

Three new ionization sources specially designed to be coupled to a DMA achieved complete 
elimination of vapors and associated ion clustering. Combined with an essentially vapor-free DMA 
gas recirculation circuit (including a cooled commercial blower), this improvement yielded ideal tail-
free mobility peaks with a tailing ratio (TR) much larger than previously observed (100-1000 times 
better), reaching the theoretical limit ~105 (Gaussian peaks). This improvement led to a greatly 
enhanced capacity of the DMA-MS/MS combination to analyze complex mixtures, including 
explosives in the atmosphere at concentrations below 10–2 ppq. The new SESI source designed 
(Desolvating-LFSESI), enabled the complete evaporation of droplets coming from the electrospray 
thanks to: (i) a heated (170 ºC) drying gas flow upstream of the DMA inlet slit, symmetrically directed 
towards the electrospray cloud, (ii) the use of a low-boiling point electrospray solution (MeOH:H2O 
9:1 + HCl 0.05%) allowing quick droplet evaporation and (iii) an electrospray capillary cooling 
system integrated into the ion source design, thanks to which, the low-boiling point electrospray 
solution is maintained in liquid form while the rest of the ion source is at 170 ºC. In addition to the 
droplet evaporation function, the ion source was designed for maximum sensitivity, delivering a gain 
for TNT of 190 counts/fg, equivalent to an unprecedented ionization efficiency of one out of 140 
neutral molecules, improving the ionization efficiency of its predecessors (1/700 of LFSESI and 1/104 
of SESI). Electron, Cl−, NO2

− and NO3
− ionization within the DMA was used as a sensitive diagnostic 

tool to evaluate the level of gas-phase contamination of the closed DMA circuit. Extremely high 
nitrogen purity is not essential to achieve good DMA TR in a background-free MS/MS channel, as 
comparable TR values were obtained with 99.9992% and 99.95% purity nitrogen. 

Scientific article title: Planar Differential Mobility Analyzer with a Resolving Power of 110. (Chapter 
2). 

The narrow-band planar differential mobility analyzer (DMA P5) demonstrated a high transmission 
and a resolving power exceeding 100 for ion mobilities of Z = 1 cm2/V/s. The keys to enable this high 
performance were (i) an unusually low ion residence time t in the separation channel of this instrument 
(t ~ 200 μs for Z = 1 cm2/V/s), which limits the ion-beam spreading by Brownian diffusion 
(proportional to √t), and (ii) the effectiveness in the laminarization of the sheath gas at the inlet of the 
DMA. The sheath-gas laminarization was improved by (a) the use of two prelaminarizer screens 
before and after the 90° elbow placed at the DMA sheath-gas inlet and (b) the introduction of 
laminarization-screen holders with minimal steps or gaps between their laminarization-screen exits 
and wetted surfaces following immediately after them. After these two actions, the DMA performed 
at the ideal resolving power, delivering reproducible mobility peaks with excellent Gaussian fitting 
R2 values. Its excellent resolving power working with highly diffusive small ions, its high 
transmission, and its ability to perform voltage changes in a few milliseconds make it an excellent 
option for IMS-MS analysis. An extra virgin olive oil sample was electrosprayed and analyzed via 
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DMA-MS delivering a two-dimensional spectrum showing many ions with the same m/z perfectly 
separated in mobility, illustrating that high-resolution ion mobility separation is an excellent tool for 
increasing the selectivity of a mass spectrometer. 

 

Thesis objective 2: Development of an Explosive Vapor Detector, based on 
DMA-MS/MS technology, capable of detecting explosive vapors at sub-ppq 

concentrations  

Scientific article title: Reaching a Vapor Sensitivity of 0.01 Parts Per Quadrillion in the Screening of 
Large Volume Freight (Chapter 3). 

The false alarm rate (FAR) and the probability of detection (PoD) of explosives with vapor pressure 
between 0.01 ppq and 0.10 ppq was investigated with unprecedented sensitivity and resolution, 
combining mobility filtration (DMA described in chapters 1 and 2) and triple quadrupole mass 
spectrometry (MS). The following conclusions can be drawn: (a) The atmosphere contained 
interfering vapors at concentrations above 0.01 ppq with the same MS/MS signature as all explosives 
investigated. (b) Within the narrow mobility interval analyzed for all four channels (TNT, RDX, NG 
and PETN), the atmosphere contained several mobility-resolvable species, one of which at least was 
typically much more abundant than the 0.01 ppq sensitivity target. (c) Mobility separation, through a 
combination of a DMA and a peak discrimination algorithm, was accordingly vital to exclude these 
interfering vapors and bring the lower detection limit (LDL) down to 0.01 ppq. (d) RDX was detected 
at partial pressure of 0.01 ppq with a PoD higher than 90% and a FAR below 1%. (e) Interferents and 
chemical noise in the RDX and TNT channels were reduced below the equipment sensitivity. Their 
detection threshold was accordingly limited only by the equipment. (f) Detection in the NG and PETN 
channels was limited by atmospheric compounds which the system could not distinguish from targets. 

Patent: Method for Detecting Atmospheric Vapors at Parts Per Quadrillion (PPQ) Concentrations 
(Chapter 4). 

Regarding the patented detection method, the main conclusions are as follows: A pre-filter with a 
cutoff size of 10 µm was proposed as a solution to remove the aerosol particles present in the 
atmosphere, preventing them from reaching the adsorption filter (vapor collector). When analyzed, 
these particles generated a large statistical noise (external background) forcing a high threshold for 
positive detection, and artificially reducing the sensitivity of the instrument. Consequently, the 
detection was based purely on vapors. A measure to minimize the analyzer's internal background was 
to maintain all the analyzer's vapor circuit at a high temperature (170 ºC), minimizing surface 
adsorption on the circuit walls. The following measures were validated to prevent contamination in 
the sampling process: (a) The filter holder device hosting the particle pre-filter and the sampling 
nozzle must be disposable. (b) The sampler (aspiration unit) must release the sampled gas to the 
atmosphere at a place remote from the location where the sampling takes place, so as to moderate 
possible contamination of the surroundings of the sampling area. (c) The sampler must include a 
contamination prevention means, preventing residual vapors accumulated downstream of the 
disposable filterholder from reaching the adsorption filter in a subsequent sampling process. (d) The 
exhaust of the analyzer ionization source (potentially containing non-ionized vapors) must be released 
at a place remote from the analyzer location to prevent these vapors from contaminating the analyzer 
N2 generator and, ultimately, the analyzer.  
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Thesis objective 3: Development of an Explosive Vapor Detector, based on 
analyzers and detectors far simpler and more economical than mass 

spectrometry, yet still capable of detecting explosive vapors at concentrations of 
a few ppq. 

Scientific article title: Ion Mobility Spectrometer-Fragmenter-Ion Mobility Spectrometer Analogue 
of a Triple Quadrupole for High-Resolution Ion Analysis at Atmospheric Pressure (Chapter 5). 

A first prototype of DMA-F-DMA was built from scratch enabling ion fragmentation of explosives 
at ambient pressure using exclusively thermal energy and transmitting ions from the DMA1 to the 
DMA2, without the need to resort to gas streams difficult to control in complex geometries. It was 
confirmed that the short ion transit time in DMAs facilitates a complete absence of ion fragmentation 
within the analyzer, sidestepping poor fragment resolving power previously observed in tandem-IMS 
studies. Both parent and fragment ions can accordingly be cleanly resolved via DMA-F-DMA. This 
offers a simple analogue to the triple quadrupole, with a drastic increase in the resolving power of 
conventional IMS. Effective fragmentation of EGDN, NG, PETN, RDX, and TNT was achieved. The 
first four explosives produced clean tandem IMS spectra enabling high-resolution explosive 
identification by IMS alone. New fragmentation channels were discovered for the far more thermally 
stable [RDX+Cl]− and [TNT−H]− ions, which had not been previously fragmented at atmospheric 
pressure. Fragmentation of TNT is particularly demanding due to its singular thermal stability. This 
previously known fact is confirmed and extended by showing that the beam of [TNT−H]− survives at 
atmospheric pressure in close proximity to a surface heated up to 700 °C. The high-temperature 
fragmenter yields product ions (m/z 210, 197, 182, and 167) of TNT. However, the proximity between 
fragment mobility peaks and their low abundance in comparison with the parent ion do compromise 
the clear recognition of these fragment peaks by IMS alone. Accordingly, TNT detection will benefit 
from the development of a fragmenter oven achieving temperatures above 700 °C. 

Scientific article title: Tandem Ion Mobility Spectrometry for the Detection of Traces of Explosives 
in Cargo at Concentrations of Parts Per Quadrillion (Chapter 6). 

The DMA-F-DMA architecture was successfully coupled to a multicapillary GC, allowing a 
remarkable selectivity thanks to the separation by three orthogonal principles: gas chromatography, 
ion mobility spectrometry and selective ion dissociation. The fragmenter was fully redesigned 
allowing both high fragmentation temperatures and high transmission thanks to the decoupling of the 
axial electric and thermal fields (patent pending). The complete analysis time was 3 min, one for 
sample desorption and cold trapping, and 2 min for GC-DMA-F-DMA analysis. The fragmentation 
temperature was optimized for each target explosive, increasing the selectivity provided by the 
fragmentation. TNT was successfully fragmented into NO2

− at oven temperatures ranging from 550 
to 700 ºC. However, for the time being, the best TNT detection strategy is to work at temperatures of 
400 ºC to thermally decompose most of the interferences in the atmosphere while the high thermal 
stability of TNT keeps it intact. The atmospheric background of the GC-DMA-F-DMA was evaluated 
for the five explosives studied through analyzing air samples of 500 L with the following results: 2.5 
pg of TNT (5 ppq), 6.3 pg of PETN (9 ppq), 9.4 pg of NG (19 ppq), 23 pg of EGDN (67 ppq) and 33 
pg of RDX (67 ppq). In order to assess the additional sensitivity provided by the F-DMA, it was 
disassembled, transforming the GC-DMA-F-DMA into a GC-DMA. Similar samples of 500 L of air 
were analyzed, yielding atmospheric backgrounds 100 times higher on average with the GC-DMA 
architecture, confirming the high selectivity provided by the fragmenter and the second (tandem) 
DMA. The GC-DMA-F-DMA was tested with commercial explosives hidden in cargo pallets, 
successfully detecting vapors of EGDN, NG, TNT and PETN. However, PETN was only indirectly 



Conclusions 

 

100 

detected through traces of NG and TNT. In those analyses, the explosive detector ACES E2.1 was 
used to correlate/validate the results of both instruments. In a later test, PETN was easily detected 
(direct detection) in a 64 L box after 11 minutes of soaking time at 10 ºC. This test confirms the 
existence of remarkable differences in the vapor emanation rate of different forms (cord, flakes, 
powder, plastic) of the same explosive. 

The tandem IMS technology with intermediate ion fragmentation at ambient pressure has recently 
been demonstrated by only one other research group worldwide (G. Eiceman research group at New 
Mexico State University, USA, results published in 2019), which illustrates the degree of novelty of 
this technology. Its potential is demonstrated by the fact that its development has been funded by the 
United Kingdom government by three consecutive projects (EffeX, EffeX II and HITEX) and also 
by the Horizon 2020 Research and Innovation Programme under the COSMIC project.  
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CONCLUSIONES 

Las principales conclusiones de esta tesis doctoral se citan a continuación: 

Objetivo 1: optimización del rendimiento analítico del analizador diferencial de 
movilidad plano (DMA) y de la fuente de ionización secundaria por electrospray 

(SESI), de manera que sus rendimientos se aproximen al ideal. 

Artículo científico: Mobility Peak Tailing Reduction in a Differential Mobility Analyzer (DMA) 
Coupled with a Mass Spectrometer and Several Ionization Sources (Capítulo 1). 

a) Se diseñaron tres nuevas cámaras de ionización para el DMA, que permiten evitar la penetración 
de vapores en el interior de éste último, y por tanto, su interacción perjudicial con los iones analizados 
(ion clustering).  

b) El DMA y su circuito de recirculación se adaptaron para minimizar sus emisiones de vapores, lo 
que en combinación con las nuevas fuentes de ionización, permite la obtención de picos de movilidad 
con ratios de colas (TR) del orden de 105, coincidentes con el límite teórico impuesto por la difusión 
Browniana (picos Gaussianos).  

c) Estos resultados suponen un factor de mejora comprendido entre 100 y 1.000 con respecto a la 
tecnología predecesora. 

d) La reducción de colas incrementa significativamente la capacidad analítica de la combinación 
DMA-MS/MS, lo cual es esencial en el análisis de muestras complejas, como la detección de 
explosivos en la atmósfera en concentraciones de 10–2 ppq. 

e) La nueva fuente de ionización diseñada, (Desolvating-LFSESI), permite la completa 
evaporación de las gotas provenientes del electrospray, gracias a: (1) la introducción de un flujo de 
gas de secado (170 ºC) aguas arriba de la ranura de entrada del DMA, simétricamente dirigido hacia 
la pluma del electrospray, (2) el uso de una disolución de electrospray de bajo punto de ebullición, 
(MeOH:H2O 9:1 + HCl 0,05%), que facilita la rápida evaporación de las gotas, y (3) un sistema de 
refrigeración del capilar que conduce el líquido del electrospray, gracias al cual se evita que el calor 
procedente de la cámara de ionización (170 ºC), evapore la disolución de bajo punto de ebullición.  

f) La fuente de ionización, además de proporcionar un excelente rendimiento en la desolvatación 
del electrospray (eliminación del disolvente del electrospray), fue diseñada para maximizar la 
sensibilidad. Se logra un valor de ganancia para el TNT de 190 cuentas/fg, equivalente a una 
eficiencia de ionización sin precedentes de un ión por cada 140 moléculas neutras, mejorando la 
eficiencia de ionización de sus predecesores (1/700 del LFSESI y 1/104 del SESI). 

g) La ionización en el interior del DMA por medio de electrones e iones Cl−, NO2
− y NO3

−, 
constituye una herramienta diagnóstica de gran sensibilidad, que permite evaluar el nivel 
contaminación del gas que circula por el interior del DMA.  

h) Se determina que, para conseguir buenos ratios de colas (TR) en el DMA, no es imprescindible 
el uso de un nitrógeno de muy alta pureza, ya que se consiguen ratios de colas similares con nitrógenos 
de pureza 99,9992% y 99,95%. 
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Artículo científico: Planar Differential Mobility Analyzer with a Resolving Power of 110. (Capítulo 
2). 

a) El analizador diferencial de movilidad plano (DMA P5), además de tener elevada transmisión 
de iones, demuestra en este trabajo su capacidad para funcionar con resoluciones superiores a 100, 
con iones altamente difusivos (movilidad Z = 1 cm2/V/s). Las claves para lograr esta resolución, sin 
precedentes en un filtro de movilidad de banda estrecha, han sido las siguientes:  

1) Un tiempo de residencia t en el canal de separación en movilidad extremadamente bajo  
(t ~ 200 μs para Z = 1 cm2/V/s), lo que limita en ensanchamiento del haz de iones por difusión 
Browniana, que es proporcional a √t. 

2) La eficacia en la laminarización del gas que circula por el interior del DMA, que fue 
optimizada a través de las siguientes dos medidas: (i) el uso de dos rejillas prelaminarizadoras 
ubicadas aguas arriba y aguas debajo a un codo de 90º, ubicado a la entrada del DMA y (ii) la 
utilización de portarejillas, que presentasen mínimos escalones o huecos entre la sección de 
salida del gas por la rejilla o malla laminarizadora y las superficies en contacto con el gas situadas 
justo a continuación de la malla.  

b) Tras estas dos medidas, el DMA entregó resoluciones prácticamente coincidentes con la 
resolución ideal, con picos de movilidad altamente reproducibles y con un excelente coeficiente de 
determinación (R2), obtenido al ajustar dicho picos a una Gaussiana.  

c) La excelente resolución del DMA plano trabajando con iones altamente difusivos, su elevada 
transmisión y su capacidad para cambiar de un voltaje a otro en pocos milisegundos, le convierten en 
un excelente candidato para llevar a cabo análisis ortogonales IMS-MS, cuya capacidad analítica es 
notablemente superior a la ofrecida por cualquiera de las dos técnicas de separación por separado.  

d) Para demostrar este punto se llevó a cabo un análisis DMA-MS sobre una muestra de aceite de 
oliva virgen extra, generando un espectro bidimensional (m/z, Z), en el que numerosos iones con 
relación masa carga similar, y por tanto no separables por el espectrómetro de masas, fueron 
perfectamente separados en movilidad por el DMA.  

 

Objetivo 2: desarrollo de un detector de vapores de explosivo basado en la 
tecnología DMA-MS, capaz de detectar vapores de explosivos en 

concentraciones inferiores a 1 ppq.  

Artículo científico: Reaching a Vapor Sensitivity of 0.01 Parts Per Quadrillion in the Screening of 
Large Volume Freight (Capítulo 3). 

A través de la combinación del DMA, descrito en los capítulos 1 y 2, y de un espectrómetro de masas 
de triple cuadrupolo (MS), se investigó, con resolución y sensibilidad sin precedentes, la tasa de falsas 
alarmas (FAR) y la probabilidad de detección (PoD) de explosivos con presiones de vapor 
comprendidas entre 0,01 ppq y 0,10 ppq. A continuación se citan las conclusiones más relevantes:  

a) En la atmósfera existen vapores en concentraciones superiores a 0,01 ppq para todos los canales 
MS/MS de los explosivos investigados. 

b) Dentro del estrecho rango de movilidad analizado para los cuatro canales de explosivo (TNT, 
RDX, NG y PETN) existen varios iones atmosféricos resolubles en movilidad, y al menos uno de 
ellos, está presente en una concentración notablemente mayor que la sensibilidad objetivo de 0,01 
ppq. 
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c) En consecuencia, la separación en movilidad a través del DMA y de un algoritmo de 
discriminación de picos, es esencial para separar esos vapores interferentes y bajar el límite de 
detección (LDL) hasta 0,01 ppq.  

d) El RDX es detectado a una presión parcial de vapor de 0,01 ppq con una probabilidad de 
detección (PoD) mayor al 90% y una tasa de falsa alarma (FAR) por debajo del 1%.  

e) El ruido químico y los interferentes atmosféricos en los canales de RDX y TNT se reducen por 
debajo de la sensibilidad del equipo. Por consiguiente, su límite de detección pasa a estar limitado 
únicamente por la sensibilidad del equipo y no por la concentración de los interferentes en la 
atmósfera. 

f) En los canales de NG y PETN, el analizador no es capaz de separar el explosivo de los 
interferentes atmosféricos, quedando el límite de detección en estos canales restringido por la 
concentración de dichos interferentes en la atmósfera.  

Patente: Method for Detecting Atmospheric Vapors at Parts Per Quadrillion (PPQ) Concentrations 
(Capítulo 4). 

Las principales conclusiones, en relación al método de detección patentado, se citan a continuación: 

a) La deposición sobre el filtro de adsorción de las partículas presentes en la atmósfera genera un 
gran ruido estadístico durante el análisis, que obliga a elevar considerablemente el límite de detección.  

b) Como solución a este inconveniente se propone la utilización de un prefiltro con tamaño de poro 
de 10 µm, cuya función es la de retener las partículas evitando su deposición en el filtro.  

c) A través del uso del prefiltro, la detección pasa a basarse puramente en vapores.  

d) Para minimizar el ruido interno del analizador se incrementa la temperatura del circuito de 
vapores hasta los 170 ºC, lo que reduce drásticamente la adsorción en las paredes del circuito.  

e) Además, se validan las siguientes medidas para prevenir la contaminación en el proceso de 
muestreo y análisis:  

1) El portafiltros, que aloja el tubo de muestreo y el prefiltro de partículas, ha de ser desechable 
para evitar contaminación cruzada entre muestras.  

2) Con el objetivo de minimizar la contaminación en el área de muestreo y sus alrededores, la 
manguera de salida del muestreador (unidad de aspiración) se debe conducir hasta un lugar 
alejado de la zona de muestreo.  

3) El muestreador ha de equipar un mecanismo anti-contaminación, que evite que los vapores 
residuales acumulados aguas abajo del portafiltros desechable, puedan alcanzar el filtro de 
adsorción en un proceso de muestreo posterior.  

4) El gas de salida de la fuente de ionización puede contener restos de vapores no ionizados, 
por lo tanto, ha de liberarse en un lugar alejado del analizador, con el propósito de que dichos 
vapores contaminantes no puedan retornar al analizador, a través de la toma de entrada de su 
generador de N2. 
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Objetivo 3: desarrollo de un detector de vapores de explosivo basado en 
analizadores y detectores más simples y económicos que los usados en 

espectrometría de masas, con capacidad para detectar vapores de explosivo en 
concentraciones de unas pocas ppq. 

Artículo científico: Ion Mobility Spectrometer-Fragmenter-Ion Mobility Spectrometer Analogue of a 
Triple Quadrupole for High-Resolution Ion Analysis at Atmospheric Pressure (Capítulo 5). 

a) El primer prototipo de DMA-F-DMA, que se desarrolla partiendo de cero, permite demostrar la 
fragmentación de iones de explosivo, a través del uso de elevadas temperaturas en condiciones de 
presión ambiente.  

b) Es de especial relevancia la transmisión por campos eléctricos de los iones desde el DMA1 hasta 
el DMA2, pues evita la necesidad de recurrir a corrientes de gas, difícilmente controlables en 
geometrías complejas, que no permitirían un control preciso del tiempo de residencia en el 
fragmentador y que generarían pérdidas de iones en las paredes. 

c) Se confirma que el reducido tiempo de residencia en el interior del DMA favorece la inexistencia 
de fragmentación de iones dentro del analizador, a diferencia de lo que sucedía en los estudios previos 
de tándem-IMS, en los que la fragmentación en el interior del analizador degradaba su resolución, al 
aparecer colas comprendidas entre las movilidades del ión padre y de sus fragmentos.  

d) De una manera análoga al triple cuadrupolo, el DMA-F-DMA permite resolver limpiamente el 
ión padre y sus fragmentos, lo que se traduce en un incremento drástico en la selectividad del 
analizador, en comparación con los IMS convencionales.  

e) Se consigue una fragmentación eficiente de los iones de EGDN, NG, PETN, RDX y TNT. Los 
cuatro primeros explosivos generan espectros de movilidad tándem-IMS limpios, permitiendo su 
identificación con alta resolución, exclusivamente a través del análisis en movilidad.  

f) Se descubren nuevos canales de fragmentación para los iones más estables térmicamente, 
[RDX+Cl]− y [TNT−H]−, los cuales nunca antes habían sido fragmentados a presión atmosférica en 
un tándem-IMS.  

g) La fragmentación del TNT es particularmente complicada, debida a la excepcional estabilidad 
térmica de su molécula. Este hecho previamente conocido es ahora confirmado y ampliado, 
demostrando que bajo condiciones de presión atmosférica la práctica mayoría de los iones [TNT−H]− 
son capaces de mantener su estructura molecular en las cercanías de una superficie calentada hasta 
una temperatura de 700 ºC. El fragmentador de alta temperatura produce los siguientes fragmentos 
de TNT: m/z 210, 197, 182, y 167. Sin embargo, la proximidad entre los picos de movilidad de los 
fragmentos, unida a su baja intensidad en comparación con la señal del ión padre, complica 
significativamente la identificación de estos fragmentos en el espectro de movilidad. Por 
consiguiente, la detección del TNT mejorará en la medida en que el fragmentador consiga 
temperaturas de fragmentación por encima de 700 ºC.  
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Artículo científico: Tandem Ion Mobility Spectrometry for the Detection of Traces of Explosives in 
Cargo at Concentrations of Parts Per Quadrillion (Capítulo 6). 

a) El nuevo fragmentador se rediseñó por completo, incorporando una región de calentamiento 
notablemente más larga que la de su predecesor, lo que hace posible que la temperatura en la región 
central del horno sea muy cercana a la temperatura de las bobinas calefactoras. Esta notable mejora 
no hubiese sido posible sin el nuevo sistema de transmisión eléctrica de los iones dentro del 
fragmentador, que permite desacoplar los campos térmico y eléctrico, gracias al uso de las bobinas 
calefactoras como electrodos de enfoque de los iones (en trámites de patente).  

b) La arquitectura DMA-F-DMA se combina exitosamente con una columna GC multicapilar, 
permitiendo una notable selectividad gracias a la separación en base a tres principios ortogonales: 
cromatografía de gases, espectrometría de movilidad iónica y disociación selectiva de iones.  

c) El tiempo de análisis por muestra es de 3 minutos, uno se emplea en la desorción de la muestra 
y dos para el análisis GC-DMA-F-DMA.  

d) La baja inercia térmica del fragmentador le permite cambiar rápidamente de temperatura durante 
el periodo de análisis de cada explosivo, de manera que la fragmentación se da en las condiciones de 
temperatura que maximizan la relación señal/ruido en cada canal de explosivo.  

e) Gracias al nuevo fragmentador con mayor capacidad de fragmentación, se consigue, por vez 
primera en un tándem DMA, fragmentar el TNT en NO2

− a temperaturas comprendidas entre 550 y 
700 ºC.  

f) Sin embargo, la estrategia de detección que proporciona los mejores resultados para el TNT es 
la de mantener el horno a una temperatura de 400 ºC, con el objetivo de descomponer la mayoría de 
sus interferentes atmosféricos, mientras el TNT se mantiene intacto gracias a su gran estabilidad 
térmica. 

g) A través de análisis de muestras de aire de 500 L, el fondo atmosférico del GC-DMA-F-DMA 
se evalúa para los cinco explosivos estudiados, obteniendo los siguientes resultados: 2,5 pg de TNT 
(5 ppq), 6,3 pg de PETN (9 ppq), 9,4 pg de NG (19 ppq), 23 de of EGDN (67 ppq) y 33 pg de RDX 
(67 ppq).  

h) El aumento de sensibilidad promedio aportado por el tándem DMA + fragmentador es de un 
factor de 100, confirmándose la gran selectividad aportada por el análisis en tándem. Para llegar a 
este resultado se compararon los fondos atmosféricos obtenidos con la arquitectura GC-DMA-F-
DMA, con los obtenidos al trasformar dicho equipo en un GC-DMA. 

i) El GC-DMA-F-DMA se probó con explosivos comerciales ocultos en palés, siendo capaz de 
detectar con éxito EGDN, NG, TNT y PETN. No obstante, la PETN sólo se detectó indirectamente a 
través de trazas de NG y TNT. En esos análisis se utilizó de manera paralela el detector de explosivos 
ACES E2.1, con el objetivo de correlacionar y validar los resultados entre ambos instrumentos.  

j) En un ensayo posterior la PETN se detectó con facilidad (detección directa) en el interior de una 
caja de 64 L de volumen, tras 11 minutos de espera una vez depositado el explosivo en la caja y a una 
temperatura ambiental de 10 ºC. Este ensayo confirma la existencia de notables diferencias en la tasa 
de emanación del mismo explosivo bajo diferentes preparaciones (cordón, escamas, polvo, masa).   

k) La tecnología tándem IMS con fragmentación intermedia de iones a presión ambiente, ha sido 
recientemente demostrada por tan sólo otro grupo de investigación (grupo de investigación del 
profesor G. Eiceman, New Mexico State University, USA, resultados publicados en 2019), lo que 
ilustra el grado de novedad de ésta tecnología. Su potencial queda demostrado por el hecho de que el 
gobierno del Reino Unido ha financiado su desarrollo a través de tres proyectos consecutivos (EffeX, 
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EffeX II and HITEX), al igual que el Programa Marco de Investigación de la Unión Europea 
Horizonte 2020, a través del el proyecto COSMIC.  
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OTHER CONTRIBUTIONS 

Mention of the DMA-F-DMA technology in a scientific book 

Section 6.3 titled “Tandem Differential Mobility Analysers” of the book “Advances in Ion Mobility-
Mass Spectrometry: Fundamentals, Instrumentation and Applications” reports the successful 
demonstration of DMA-F-DMA (tandem DMA), filtering explosive precursor ions in the DMA1, 
decomposing them by thermal means and analyzing the product ions in the DMA2.  

Book reference: W. Alexander Donald, James S. Prell, G. A. Eiceman; P.E. Flower and Others. 
“Advances in Ion Mobility-Mass Spectrometry: Fundamentals, Instrumentation and Applications”. 
Elsevier Science & Technology, Oxford, 2019. 

Mention of the DMA-F-DMA technology (Effex project) in the news section of 
the official website of United Kingdom Government (www.gov.uk)  

Website: https://www.gov.uk/government/news/detecting-explosives-by-vapor-in-air-cargo-and-
cabin-baggage 

Article title: “Detecting explosives by vapor in air cargo and cabin baggage” 

Other related scientific articles published during the doctoral studies: 

1. Juan Fernandez de la Mora, Luis Javier Perez-Lorenzo, Gonzalo Arranz, Mario Amo-
Gonzalez & Heinz Burtscher. Fast high-resolution nanoDMA measurements with a 25 ms 
response time electrometer. Aerosol Science and Technology. 2017, 51(6), 724-734. 

2. R. McCulloch, A. Alvaro, A. M. Astudillo, J. C. del Castillo, M. Gómez, J. M. Martín, M. 
Amo-González. A novel atmospheric pressure photoionization – Mass spectrometry (APPI-
MS) method for the detection of polychlorinated dibenzo P- dioxins and dibenzofuran 
homologues in real environmental samples collected within the vicinity of industrial 
incinerators. International Journal of Mass Spectrometry. 2017, 421, 135-143. 

3. R. McCulloch and, M. Amo-González. Rapid Detection of Explosive Vapors by Thermal 
Desorption – Atmospheric Pressure Photoionization – Differential Mobility Analysis – 
Tandem Mass Spectrometry. Rapid Communications in Mass Spectrometry. 2019, 33 (18), 
1455-1463. 

4. M. Piñero, M. Amo-Gonzalez, R. Delgado Ballesteros, L. Ruíz Pérez, G. Fernandez De La 
Mora, L. Arce. Chemical Fingerprinting of Olive Oils by Electrospray Ionization-Differential 
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