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Abstract 

The overall objective of this effort was to develop and validate the use of field portable 

instrumentation for the rapid detection and identification of controlled substances and 

explosives in a large volume such as a room or a container in a non-intrusive manner. 

The project was divided into several tasks: 

1. Continue to develop the analytical methodology for the isolation and identification of 

the volatile target compounds that are characteristic of drugs of abuse through the use of 

GC-MS.   

2. Design, construct and evaluate a second-generation SPME interface to an Ion Mobility 

Spectrometer (IMS) for the detection of volatile drug compounds in the headspace of a 

sample and determine the utility of the SPME/IMS system for the detection of drugs in 

the field.  

3. Enhance the existing laboratory detection of these compounds with extraction and pre-

concentration using SPME as part of a comprehensive strategy for the sampling, pre-

concentration, and the analysis of these target compounds using SPME/IMS in the field. 

A disk-based planar SPME geometry was used to improve the extraction process and the 

coupling of the device to existing commercial off the shelf (COTS) IMS instruments. 

4. Develop an inexpensive system for the calibration of the SPME-IMS instruments by 

further evaluating permeation bags already used for canine training aids.  

5. Evaluate the use of a commercial IMS coupled to a mass spectrometer to 

unambiguiously identify the analytes of interest separated by the IMS. 

The research groups led by the PIs (Almirall and Furton) have successfully described the 

volatile and semi-volatile chemical compounds that are characteristic of several drugs of 

abuse and chemical explosives in order to assist the design and application of canine 

detection training aids. The PIs have successfully developed pre-concentration and 

sampling devices based on Solid Phase Microextraction (SPME) for the capture of 

extremely small quantities of the volatile compounds (on the order of ng) for subsequent 

detection using IMS using an in-house developed interface (U.S. Patent Application 

20090084201, Almirall, Perr and Guerra, 2009) and a company that distributes 

explosives detection kits to first responders (Field Forensics Inc. in Clearwater, FL) has 
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licensed the PSPME technology developed through this work and will begin to market 

and sell a commercial version of the technology in late 2011.  

The sampling and concentration of volatile signatures from a variety of drugs including 

Cocaine, Cannabis and MDMA and explosives including military explosives and 

smokeless powders (propellants) was reported in eleven (11) peer-reviewed publications 

and presented in 33 oral presentations. In addition, a workshop for first responders is 

planned for Sept. 2011 in Florida to raise awareness amongst the first responders on the 

use of sampling and detection of drugs and explosives using PSPME-IMS in the field. 

The existing large installed base of 15,000 IMS instruments make this technology viable 

as a crime scene detection tool and the already proven use of detection canine teams also 

makes this approach a viable alternative to other instrumental detectors. It is also now 

possible to use miniaturized IMS instruments in the field or at the crime scene and hence 

the knowledge gained from the proposed research can better assist future applications of 

field-portable IMS systems for drugs and explosives detection. The product from the 

completed research effort will advance the detection of drugs and explosives by both 

instrumental and canine methods of detection. 

________________________________________________________________________ 
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Executive Summary 

 

The overall objective of this effort was to develop and validate the use of field portable 

instrumentation for the rapid detection and identification of controlled substances and 

explosives in a large volume such as a room or a container in a non-intrusive manner. 

The project’s aims were to continue to develop the analytical methodology for the 

isolation and identification of the volatile target compounds that are characteristic of 

drugs of abuse through the use of GC-MS. The work also incuded the design, 

construction and evaluation a second-generation SPME interface to an Ion Mobility 

Spectrometer (IMS) for the detection of volatile drug compounds in the headspace of a 

sample and determine the utility of the SPME/IMS system for the detection of drugs in 

the field. The work also resulted in enhancing the existing laboratory detection of these 

compounds with extraction and pre-concentration using SPME as part of a 

comprehensive strategy for the sampling, pre-concentration, and the analysis of these 

target compounds using SPME/IMS in the field. A disk-based planar SPME geometry 

was used to improve the extraction process and the coupling of the device to existing 

COTS IMS instruments. We also report the development of an inexpensive system for the 

calibration of the SPME-IMS instruments by further evaluating permeation bags already 

used for canine training aids. Finally, we report the evaluation of the use of a commercial 

IMS coupled to a mass spectrometer to unambiguiously identify the analytes of interest 

separated by the IMS. 

This study has shown that by altering the widely-used SPME fiber type to a planar 

geometry SPME device, the surface area is greatly increased by a factor of 50 to 100 

times. As a result, the capacity is also increased because the volume of the SPME phase 

is increased by a factor of at least 16 times over the fiber geometry. The use of PSPME 

for static sampling from closed systems enhanced analyte recovery at least 10 times when 

extracting even trace amounts. Another advantage is the decrease in equilibrium time 

required for extraction of TNT, from more than 10 hr down to 40 min, for example. 

Although sampling at equilibrium results in the highest signal, it has been shown that 

sampling at pre-equilibrium (on the order of min), does result in detectable signals. 
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Because of the reduction in equilibrium time, faster on-site analyses can be conducted 

with this geometry when compared to fiber SPME.  

When comparing two PSPME devices for the extraction of TNT, sol-gel PDMS takes 

longer to reach equilibrium than PDMS due to its increased capacity over PDMS 

PSPME, yet for shorter extraction times, PDMS produces a consistently higher signal. 

The PDMS PSPME device affords higher throughput with increased sensitivity at shorter 

extraction times, while sol-gel PDMS PSPME is designed for applications that can 

accommodate longer sampling times and require even higher sensitivity. PSPME 

sorbents containing a La (dihed) coating, showed improve retention of 2,4-DNT and TNT 

which were lost completely from the plain sol-gel PDMS and PDMS PSPME devices 

after only 30 min of aging.  

Extraction of more volatile compounds such as taggants (4-NT) and volatile signatures 

from their parent compounds (cyclohexanone from RDX, 2,4-DNT, etc.) has been shown 

to be practical and effective when coupled with fast detection by IMS. In particular, the 

PSPME-IMS method was applied to the analysis of odor compounds from drugs at a 

local crime laboratory, where in a blind study of suspected MDMA tablets, 100 % correct 

detection of the target analytes was achieved in short sampling times (15 min). The 

SPME fiber-IMS method, although sensitive for the detection of piperonal, produced a 

false negative for one blind case that in fact had a minute concentration of MDMA. The 

extraction of piperonal with PSPME was enhanced over 600 times due to the capacity of 

PSPME that enabled quantitation of a dimer product ion peak seen at high concentration 

of piperonal. This peak was not seen in significant intensities when extracting by fiber 

SPME because capacity had been reached. The volatile chemical signatures of smokeless 

powders were also successfully extracted and detected using PSPME-IMS, where 

sampling of the standards proved difficult. 

Alternate phase chemistries for static PSPME were also tested. Besides sol-gel PDMS, 

which demonstrated enhanced surface area and capacity from the presence of sol-gel 

nanoparticles, and PDMS that has fast absorption/desorption kinetics, selective coatings 

based on La (dihed) proved to enhance the extraction efficiency and retention of two 

important volatile chemical signatures, TNT and 2,4-DNT over sol-gel PDMS and PDMS 
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PSPME devices. The results obtained provide motivation for continued work to further 

improve the thermal stability and reduce the hygroscopicity of the La (dihed) component 

by incorporation into a sol-gel network. 

With PSPME, it is no longer necessary to fabricate an interface between SPME and each 

particular IMS instrument model since with the planar geometry of PSPME is readily 

compatible with the already large installed base of IMS instruments. As a result, no 

significant modification of the security infrastructure should be necessary for 

implementation of PSPME for screening purposes.  

The static PSPME pre-concentration device was improved by development of dynamic 

PSPME that enables rapid open air sampling of the volatile chemical signatures of drugs 

and explosives for direct introduction into existing IMS instruments. Dynamic PSPME is 

accomplished by use of a planar device that allows sampling of a large volume of air and 

has a high surface area for the capture and strong retention of these compounds from air. 

These attributes suggest dynamic PSPME as an exhaustive sampler, as opposed to the 

other SPME configurations that are generally considered as non-exhaustive, equilibrium-

based sampling devices. This is advantageous when extracting trace amounts of volatile 

chemical signatures diluted in a large volume of air, as is the case when sampling in the 

field. Dynamic PSPME affords improved desorption profiles over static PSPME. This 

device was developed and optimized in a manner applicable to field sampling using an 

accessory, the handheld vacuum, as a portable, easy-to-use pump, that is already 

available and in use for the collection of particles.  

The results obtained for the novel device demonstrate that even with a minimal amount of 

emitting source present, the dynamic PSPME-IMS method performs well as a rapid and 

sensitive screening tool applicable for field analysis.  

Dynamic PSPME represents a significant improvement in detection of drugs and 

explosives via their volatile chemical signatures since it more closely resembles sampling 

by trained canines. Dynamic PSPME was tested on the same Controlled Odor Mimic 

Permeation Systems (COMPS) devices used to determine and calibrate canine sensitivity. 

This biological detector uses a dynamic sampling process to allow for rapid detection 

over a large search area. By coupling a sensitive, portable, and rapid dynamic sampling 

device (effective preconcentration of analytes present in air at the ppt level) with a 
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sensitive (ng-pg detection limits) and rapid (millisecond response) detector, PSPME-IMS 

is one step closer to the gold standard in explosives and drug detection.  

The advent of PSPME provides a much-needed rapid, sensitive and cost-effective pre-

concentration and sampling device for security applications. First, this research has 

demonstrated that PSPME in both sampling configurations is effective at detecting drugs 

and explosives from large volume spaces. The PSPME device is operationally feasible 

since it is low cost, easy to use, reusable, and easily couples to existing IMS detectors. It 

is envisioned that the static PSPME devices can be placed inside cargo containers before 

transport in order to take advantage of the long dwell times during shipment, which can 

be up to 2 weeks. Then, upon arrival at port, IMS detectors, already in place, can be use 

to analyze the absorbed compounds on the devices. This would be a simple, non-intrusive 

and inexpensive way of helping to meet the screening of 100 % of cargo containers that 

could be implemented rapidly. A similar methodology could be extended to help meet the 

100 % air cargo screening demand instead by using the dynamic PSPME method 

sampling near baggage much the same as canines are used. Additional applications of 

PSPME include medical screening for diseases from breath analysis and have yet to be 

explored. 

Air sampling and detection of plastic explosive vapors has always been a challenge due 

to the low vapor pressures of the energetic materials, RDX and PETN, that commercial 

IMS instruments are currently programmed to detect. This research study has also 

demonstrated an approach that targets the more volatile, non-energetic compounds, such 

as taggants, decomposition products and/or impurities, rather than the explosives 

themselves. Successful vapor detection of plastic explosives was proven possible using 

IMS with operating conditions optimized to detect the volatile signatures of the 

explosives Detasheet (n-butyl acetate and DMNB), Semtex H (DMNB), and C-4 (DMNB 

and cyclohexanone). A SPME device was used to extract and pre-concentrate the target 

volatile markers with sampling times in seconds to minutes as sufficient to extract and 

detect ~20 ng of the target analyte(s), which is 10 times the amount required for a reliable 

IMS response. SPME-IMS can greatly simplify the field sampling and detection process 

because SPME allows for remote air sampling without the need for additional 

cumbersome equipment and IMS provides rapid analysis at atmospheric pressure. 
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Therefore, SPME-IMS has great potential to be a non-invasive, non-surface contact 

method for screening of low vapor pressure hidden explosives. Commercial dual-tube 

IMS analyzers can be set to have one drift tube operating at optimal conditions to detect 

the energetic explosives while the other drift tube can operate at optimal conditions to 

detect the non-energetic volatiles. 

 

A headspace air sampling approach utilizing a SPME device to extract and pre-

concentrate targeted volatile markers for the successful detection of real drug samples by 

IMS was demonstrated for the first time. Detection of cocaine, MDMA, and marijuana 

via their targeted volatile markers was achieved within minutes of SPME sampling time, 

recovering low nanogram levels of the targeted analytes methyl benzoate, piperonal, and 

terpenes, respectively. Minimal peak interferences were observed in 3 separate 

interference studies. However, interferences from commonly encountered goods may 

pose some challenges for field detection, particularly when small quantities of drugs are 

sampled. Hence, improvement in the SPME selectivity is necessary in order to minimize 

the introduction of non-target analytes into the IMS. 

Although the computer models used in this work incorporated several estimations and 

assumptions, SIMION/SDS simulations accurately predicted the resolution between two 

ion species when air was used for both the carrier and drift gas. The high quality of this 

result is because the parameters used for this simulation closely matched the experimental 

conditions. While SDS does have the limitation of only being able to accommodate one 

collision gas, the SIMION/SDS simulations did track the trends observed in the 

experiments for gas flow rates, drift gas composition, and gate width variations.  The 

results of this first utilization of SIMION/SDS to simulate a complete IMS instrument are 

encouraging and future efforts should be able to take advantage of more advanced 

features in SIMION to overcome some of the identified modeling issues to produce more 

robust and flexible virtual IMS instruments. These results show that SIMION/SDS is a 

valuable tool for the development of IMS instruments and IMS-MS interfaces. 

This project also resulted in the construction of an in-house IMS that allowed for some 

flexibility in changing the experimental conditions and to test new designs or 

fundamental concepts. The FIU IMS is one of the first few in-house built IMS 
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instruments with full computer control of the hardware and operating conditions. Each of 

the components fabricated for the first generation FIU IMS were based on conventional 

designs that are well-documented in literature. Therefore, the FIU IMS performance is, as 

expected, comparable to other conventional designs. Similar to any other in-house IMS 

instruments, the FIU IMS provides the basic research platform for further research to be 

conducted, and is not meant to be compared to commercial instruments in all aspects 

unless new designs are to be created in the future.  

The electrospray ion mobility mass spectrometer procured for this study was used to 

characterize the explosive compounds being formed under atmospheric chemical 

ionization processes. This unit provded unambiguous identification of several explosives 

compounds, namely, DNT, TNT, RDX and DPA. More importantly it revealed the 

different types of ionic species formed as a result of differing contaminants/additives in 

various explosive mixtures. These preliminary data are currently being used to taylor 

IMS detection methods of complicated mixtures that are commonly found in the field. 

The  inability of TNT and DNT to be ionized and detected in the presence of ammonium 

nitrate is one such observation that is currently being investigated. 

The smokeless powders study was initiated to determine the applicability of solid phase 

microextraction in combination with GC-MS and IMS for the detection of organic 

volatiles present in the headspace of smokeless powders. The results have demonstrated 

that SPME can be used to extract multiple volatile and semi-volatile compounds from the 

headspace of the smokeless powders. Several of these compounds can be detected by a 

combination of detection methods.  

A number of compounds that are thermally stable and do not degrade in the injector of a 

GC were detected with both the GC-MS and the SPME-IMS interface built for this 

project. Combining the results obtained both by the locally purchased powders and those 

obtained from the FBI Laboratory, the detected volatile chemical components of 

smokeless powder are diphenylamine, ethyl centralite, methyl centralite, diethyl and 

dibutyl phthalate, 2-nitrodiphenylamine, 4-nitrodiphenylamine, ethylphenylamine, 2, 4-

dinitrotoluene and nitroglycerin. It was found that the most common additive across all 

powders was diphenylamine and 2,4-DNT was also found in several of the powders 

although it was not exclusive to the single-based powders and was found in double-based 
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powders in combination with other additives. Ethyl centralite was present in many of the 

powders but was usually extracted in smaller quantities from the headspace as compared 

to the other analytes. Based on the extraction time profiles for the GC-MS it was also 

observed that ethyl centralite required more extraction time than other analytes to be 

absorbed onto the fiber.  

On applying the results from the GC-MS and GC-µ-ECD to the IMS, it was found that 

the IMS is also capable of detecting several of these analytes successfully. The only 

analytes not detected on the IMS that were detected by the chromatography methods 

were the two nitrated diphenylamines. The mass extracted from the headspace was 

determined to be lower that the detection limits of the IMS. Nitroglycerin and 2,4-DNT 

are detected in the negative mode of the IMS while the rest of the analytes are detected in 

the positive mode. A combination of the results obtained by the two modes, demonstrated 

at that extraction times practical for field applications, more than one volatile component 

can be detected from the headspace of the powders and can be used for screening and 

identification of smokeless powders.  

The smokeless powders study resulted in the generation of essential information from 

both laboratory and field portable analytical techniques that can be used in a variety of 

ways. This work supplements the available bulk composition data available for smokeless 

powders and demonstrates that reliable information about smokeless powders can be 

obtained by using a fast analytical method such as ion mobility spectrometry with less 

intensive sampling steps. The differences and similarities in the compounds detected 

between the techniques can be applied to further improve both sampling and detection by 

IMS.  

It is important to note that the study was limited to static closed system sampling. Based 

on the results observed in this study, it would be beneficial to conduct large volume 

sampling to mimic real life situations. It is anticipated that better extraction efficiencies 

would be obtained with a larger more efficient extraction phase. Conducting sampling of 

fully enclosed explosive devices to determine the amount of volatiles dissipated in such 

cases would help in improving the SPME sampling method. 

Of significance to the sampling and detection of the smokeless powder additives in the 

field is the presence of interferences. Some of these additives are used in other industries 
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as well and may be present in other commercial products that might produce false 

positive alarms. A large-scale study to determine possible interferences for all the 

analytes and the effects on the reliable detection of smokeless powders is necessary to 

present a comprehensive picture of the detection of the additives indicative of the 

presence of smokeless powders. 

The overall aim of this part of the study was to generate a database that can be used by 

those interested in improving detection and sampling methods. The results obtained from 

the smokeless powders study indicates that there are variety of target analytes available in 

the headspace that can be applied to various organic analysis methods. The sample set of 

seventy smokeless powders studied is representative of the all the smokeless powder 

compositions manufactured over the years by different manufacturers. The study 

therefore includes all possible smokeless powder additives of significance but due to the 

constant changes to composition of the powders by the manufacturers, the profile for a 

powder may change over the years. Therefore, the profiles and headspace compositions 

described here are meant only to serve as indicators of volatile components and their 

variations among the different smokeless powders but not to identify a smokeless 

powder. 

The research groups led by the PIs (Almirall and Furton) have successfully described the 

volatile and semi-volatile chemical compounds that are characteristic of several drugs of 

abuse and chemical explosives in order to assist the design and application of canine 

detection training aids. The PIs have successfully developed pre-concentration and 

sampling devices based on Solid Phase Microextraction (SPME) for the capture of 

extremely small quantities of the volatile compounds (on the order of ng) for subsequent 

detection using IMS using an in-house developed interface (U.S. Patent Application 

20090084201, Almirall, Perr and Guerra, 2009) and a company that distributes 

explosives detection kits to first responders (Field Forensics Inc. in Clearwater, FL) has 

licensed the PSPME technology developed through this work and will begin to market 

and sell a commercial version of the technology in late 2011.  

The sampling and concentration of volatile signatures from a variety of drugs including 

Cocaine, Cannabis and MDMA and explosives including military explosives and 

smokeless powders (propellants) was reported in eleven (11) peer-reviewed publications 
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and presented in 33 oral presentations. In addition, a workshop for first responders is 

planned for Sept. 2011 in Florida to raise awareness amongst the first responders on the 

use of sampling and detection of drugs and explosives using PSPME-IMS in the field. 

The existing large installed base of 15,000 IMS instruments make this technology viable 

as a crime scene detection tool and the already proven use of detection canine teams also 

makes this approach a viable alternative to other instrumental detectors. It is also now 

possible to use miniaturized IMS instruments in the field or at the crime scene and hence 

the knowledge gained from the proposed research can better assist future applications of 

field-portable IMS systems for drugs and explosives detection. The product from the 

completed research effort will advance the detection of drugs and explosives by both 

instrumental and canine methods of detection. 

Chapter 1 STATEMENT OF THE PROBLEM 
Security Concerns 
The United States Government is tasked with protecting its citizens and the homeland 

from terrorist attacks. Following the 1995 bombing of the Murrah Federal Building in 

Oklahoma City, OK, the Anti-Terrorism and Effective Death Penalty Act 

[1] 

was enacted. This law requires the tagging of all explosives in order to facilitate 

discovery of an explosive device before detonation, and banned the sale of un-tagged 

explosives. A volatile taggant is a solid or liquid substance that produces a vapor that, 

when added into the explosive, makes the explosive easily detectable by instruments and 

trained canines. Requirements for a taggant are that it must be inexpensive and have a 

sufficiently long half-life while not affecting the detonation or deflagration properties of 

the explosive. The taggant currently used in the U.S. is 2,3-dimethyl-2,3-dinitrobutane 

(DMNB) [2]. Although the explosive used in the 1995 bombing, an improvised mixture 

of ammonium nitrate (fertilizer) and fuel oil, would not have been tagged if this law were 

in place earlier because the single components are not considered explosive, the 
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requirement serves as a much needed preventative measure and likely helped ease public 

concerns. 

Explosives 
The dangers of explosives in the hands of terrorists are well known and this prompted the 

creation of the tagging system currently in place. Smokeless powders, propellants not 

considered explosives for tagging purposes, are important to national security since they 

can be tempting to use as the filler in improvised explosive devices such as pipe bombs 

(IEDs) by individuals with ill-will. This is because smokeless powders, along with black 

powders (another propellant), are readily accessible in gun shops and sporting clubs. It is 

reported that around 3.5 million individuals use these substances in the United States [3] 

who either prefer to load their own ammunition by hand and/or operate muzzle loading 

handguns for hunting or reenactments [4]. In general, a pipe bomb consists of a few 

simple components: the propellant, a container for the propellant, and an initiation system 

to start the burning of the propellant within the container. When sufficient pressure builds 

up within the container, the device explodes. Nails or tacks could be added to worsen the 

effects of the shrapnel ejected upon explosion. The most notable incidents of the use of 

pipe bombs in terrorist attacks have been the Centennial Park bombing at the 1996 

Olympics in Atlanta, GA and the devices mailed by the Unabomber. The Bureau of 

Alcohol, Tobacco and Firearms reported that there were 448 total significant incidents in 

the U.S. involving smokeless powder and black powder IED explosions from 1992 to 

1994, killing 27 people and injuring 199 others [4]. Improvements in the preemptive 

detection of smokeless powder pipe bombs are necessary to deter possible terrorists from 

using this easily attainable explosive material and to help in the pre-blast discovery of 

these explosives.  
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The terrorist attacks of September 11, 2001 heightened national concerns about threats 

posed to the homeland by weapons of mass destruction (WMD). The 9/11 Commission 

was gathered to determine the intelligence gaps that enabled these attacks and to identify 

ways to improve security for the prevention of future terrorism incidents. In 2007, a bill, 

known as the 9/11 Act was approved by Congress and signed into law in order to meet 

the recommendations given by the 9/11 Commission in 2004 [5].  

The law mandated that 50 % of domestic and in-bound air passenger cargo be screened 

by February 2009, a milestone that has been reached [6]. The Transportation Security 

Administration (TSA) has been able to meet this deadline largely because there are 85 

canine teams specifically assigned to screening of air cargo at airports in the US with the 

highest cargo volume and 460 additional canine teams that each spend at least 25 % of 

their work day in the cargo environment [6]. 

The next step is to meet the goal of screening 100 % of air cargo by March 2010. 

Recently, Ed Kelley, director of the TSA, the agency with the authority to enforce the 

regulation, testified to Congress that he did not expect the mandate could be met for in 

bond air cargo. He provided the following written statement as to why this was not 

feasible [7].  

"One of the challenges we face is the limitations of the currently available technology -- 

specifically, the effectiveness of existing technology for detecting explosives in cargo, its 

operational feasibility, and its general availability for deployment to the industry to meet 

the mandate of the 9/11 Act.” 
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Requiring domestic and international airlines to meet the demand for 100 % screening 

would severely impede the flow of commerce without the proper technology available for 

this purpose. 

In another facet of transportation-related mandates included in the 9/11 Act, the director 

of the Department of Homeland Security (DHS), Janet Napolitano informed lawmakers 

on December 2, 2009, that her department would not be meeting the 2012 deadline for 

100 % screening of the 10 million shipping containers that enter the U.S. annually. She 

explained that in order to implement the 100 percent scanning requirement by the 2012 

deadline, technologies would be needed that do not currently exist and many ports would 

have to be redesigned. If screening was expanded with available technology [8] that 

involves large and expensive X-ray or gamma ray scanners to generate an image of the 

contents of the container and that the screener reviews for anomalies, cargo flow would 

be significantly reduced driving up consumer costs without in her opinion, bringing 

additional security benefits [9]. In reality, it was reported in May 2002, that the costs 

associated with U.S. port closures resulting from a detonated explosive or WMD could 

amount to $1 trillion, assuming economic fallout due to the changes it would cause in the 

ability of the U.S. to trade [8]. 

The strategy in place designed to meet this daunting task is outlined in the Container 

Security Initiative, implemented by U.S. Customs and Border Protection (CBP) which 

began shortly after the 9/11 attacks. This plan has deployed equipment at 58 ports around 

the world to help scan incoming cargo for contraband weapons. The Secure Freight 

Initiative further compartmentalizes the task by scanning cargo at the five ports that have 

the highest potential for the smuggling nuclear-weapon materials [10]. Despite the efforts 
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in place, approximately only 5 % of cargo entering the U.S. from the largest ports is 

thoroughly screened [11].  

Illicit Drugs 
The drug trade also poses a threat to U.S. national security. The Coast Guard is the lead 

federal agency for maritime law enforcement and drug interdiction [12], accounting for 

52% of all U.S. government seizures each year [13]. The Coast Guard Drug Removal 

Statistics reveal that for the 2010 fiscal year alone, 9,454 lbs. of marijuana and a 

staggering 24,590.3 lbs. of cocaine were seized and removed [14]. From the fiscal year 

1997 to present 806, 469 lbs. of cocaine and 333, 285 lbs. of marijuana have been seized 

by the Coast Guard [13]. 

The previous statistics that reveal information about only one segment of the drug war, 

demonstrate the enormity of the problem the U.S. faces. But the problem of drug 

addiction although individual to the addicted person also has large scale implications. 

The illicit drug, 3,4-methylenedioxymethamphetamine, MDMA, is both a stimulant and 

psychedelic that causes an energizing effect, distorts time and perception, and enhances 

enjoyment from tactile experiences. As such, this drug is more commonly known to users 

as ‘ecstacy.’ The use of MDMA affects the brain adversely, with the worst effect being 

the loss of nerve endings that contain serotonin observed in as little as two weeks of 

abuse. In a recent survey, 11 million people over the age of 12, report to have used 

MDMA in their lifetimes [15]. Currently, this drug can be presumptively identified using 

the Marquis color test. A purple-blue color is obtained for MDMA but it may be confused 

with the indigo color obtained for the opiates by the same test. Thin layer 

chromatography is also used but the results can be confused with other amphetamines 
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[16]. A rapid sensitive screening technique for MDMA is necessary that will minimize 

incorrect detections and false negatives. 

 
Research Approach in Response to Current Needs 
The U.S. Government has identified certain deficiencies with regards to the detection of 

explosives/WMD and drugs. These can be summarized into three recommendations for 

technology aimed at detecting contraband items: 

1) The technology must be effective at detecting explosives and drugs in cargo. 

2) The technology must be operationally feasible. This means it must have a low 

total cost to implement (technology, maintenance, consumable products, and 

change in security infrastructure). The analysis must be fast so as not to slow 

down the flow of commerce. 

3) The technology must be available for deployment to the security industry. 

In regards to the first recommendation, the trace detection problem for national security 

in reality has little to do with the detectors available to detect drugs and explosives. The 

main detector used in this work in fact has extremely low detection limits, on the order of 

picograms (pg) [17].The central issue, rather, is the problem of sample collection. Air 

cargo holds and shipping containers have a large volume and attempting to sample this 

amount for trace particles is analogous to looking for a needle in a haystack. It is 

proposed that the sampling methodology utilize vapors emitted from the contraband, like 

trained canine teams do, to increase detection probabilities. Furthermore, because of  the 

large volume of air in containers, vapors likely will not build up sufficient vapor pressure 

over extended periods of time [18], whereby and efficient pre-concentration and 

sampling device becomes necessary. 
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The latter two requirements can be easily met by the research described herein which 

aims to provide an efficient, rapid sampling and pre-concentration device that is easily 

adaptable to existing detectors deployed in the security field. 

Project Goals and Hypotheses 
The first project goal is to alter the cylindrical geometry of the solid phase 

microextraction fiber into a planar geometry. The SPME fiber, in the static sampling 

mode, has previously been shown to improve the detection limits of IMS alone by 

allowing vapor sampling as opposed to particle sampling [19]. 

The first hypothesis is that changing the geometry of SPME: 1) increases the surface area 

and capacity for the pre-concentration and sampling (extraction) of previously identified 

volatile chemical signatures of drugs and explosives. 

2) allows direct introduction of the sampling device into existing desorbers of ion 

mobility spectrometry instruments (IMS) which are accepted and widely used detectors 

for explosives, drugs and their volatile chemical signatures, thus eliminating the need for 

fabricating interfaces for each instrument model. 

The second project goal is to alter the planar geometry of SPME such that it enables flow 

of the air of a suspect area through the sampling media. This would allow mass transfer 

by fluid flow and decrease the boundary layer associated with static sampling thereby 

allowing sampling of large volumes of air in a short time. 

The second hypothesis is that developing a dynamic SPME sampling device: 

1) will enable open air dynamic sampling of trace amount of volatile chemical signatures 

emitted from drugs and explosives in short sampling times. 
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2) would allow canine detection to be simulated more closely when the device is coupled 

to fast detection (s) by IMS.  This hypothesis will be tested by dynamically sampling the 

same permeation sources used to calibrate the trained canines, with planar SPME. 

The third project goal is to alter the conventional extraction phase (coating) of the SPME 

device. As such, the final hypothesis is that additional benefits beyond those achieved by 

changing the geometry of the SPME fiber can be observed by implementing and 

developing coatings for planar SPME that will afford higher capacity and affinity for the 

targeted volatile chemical signatures. 
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Chapter 2 EXPLOSIVES AND ILLICIT DRUGS 

 
Chemistry of Explosives 
Simply defined, an explosion is an event in which a large amount of energy is suddenly 

released. This occurs in order to relieve accumulated pressure and return the surrounding 

medium to atmospheric pressure.  

There are three types of explosions: mechanical, chemical, and nuclear. A mechanical 

explosion occurs when gas builds up in a container to the point where the container 

bursts. For example, the explosion of a steam boiler is considered mechanical. A 

chemical explosion is the result of a rapid release of gas from a chemical reaction. This 

reaction occurs when a composition (the explosive) in a metastable state, undergoes an 

almost instantaneous (one-hundredth of a second) exothermic transformation or 

decomposition without the participation of external reactants, such as atmospheric 

oxygen, since a chemical explosive contains both an oxidizer and a fuel. The fuel is 

carbon and hydrogen while the oxidizer is typically nitrogen and oxygen bonded in 

groups such as NO, NO2, and NO3. The reaction occurs when nitrogen and oxygen 

separate and recombine with the fuel releasing large amounts of hot gases. Sensitizers can 

also be included in the explosive composition to enhance the ease of initiation. A 

chemical explosive must be packed but does not necessarily require confinement. Lastly, 

a nuclear explosion is produced from the energy released following the splitting of an 

atom or the fusion of atoms. The energy produced from this type of explosion is a billion 

times greater than that of a chemical explosion [20]. In this section, the characteristics of 

chemical explosives will be described with special focus on propellants and military 

explosives. 
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The reactions produced by chemical explosions can be high or low order. Propellants are 

low explosives that deflagrate, meaning they burn particle to particle at sub-sonic speeds 

in the material. The direction of flow of the reaction products in a low order explosion is 

opposite to the propagation of the disturbance. While low explosives are initiated by 

ignition, high explosives such as military explosives are initiated by shock and detonate. 

In a detonation the energy that initiates and sustains the reaction is transmitted to the 

material that has yet to react, as a shock wave moving at speeds greater than the speed of 

sound with respect to the undisturbed material. As a result of the much greater speed, 

temperature, and pressure, of the reaction [21], a detonation causes destruction on a much 

larger scale than a deflagration.  

Propellants 
Propellants are used to accelerate the projectile in a weapon to its full velocity as it exits 

the barrel. Smokeless powders are the propellants of most relevance to this study. 

Smokeless powders were developed to replace black powder, another propellant that was 

subject to accidental initiations [22]. The ingredients in black powders are sulfur, 

charcoal and potassium nitrate, the reaction produces solid product which can be as much 

as 60% residue of KNO3 and other salts. Smokeless powders greatly reduced the black 

smoke produced after the firing of a weapon that utilized black powders.  

The nitration reaction of cellulose to produce nitrocellulose (NC) enabled the production 

of smokeless powders. This is known as a single base smokeless powder since the only 

energetic compound is NC. The double base smokeless powder was invented by Alfred 

Nobel in 1888 consisting of nitroglycerine (NG), produced by the nitration of glycerin, 

added as a reactive solvent to NC, creating a gel. Triple base powders contained NC and 

NG with added nitroguanidine, to reduce muzzle flash, and are used almost exclusively in 
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high caliber weapons. Figure 1 shows the structures of the energetic compounds in 

smokeless powders.  

 

Figure 1. Energetic Compounds in Smokeless Powders 

Smokeless powders contain the following additives in their formulation: stabilizers, flash 

suppressants and plasticizers. Stabilizers prevent the nitrocellulose and nitroglycerine 

from decomposing by neutralizing nitric and nitrous acids that can catalyze further 

decomposition of the energetic compound. Diphenylamine (DPA), methyl centralite, and 

ethyl centralite (EC) are common stabilizers. Plasticizers reduce the need for volatile 

solvents necessary to colloid nitrocellulose; they soften the propellant, and reduce 

hygroscopicity. Some plasticizers include NC, dibutyl phthalate, 2,4-dinitrotoluene (2,4-

DNT), ethyl centralite, and triacetin. The plasticizer 2,4-DNT is produced by the nitration 

of toluene. The exterior of the smokeless powder granules are coated with deterrents that 

improve burn characteristics of the powder by reducing ignitability and initial flame 

temperature, as well reducing the initial burn rate on the granule surface. Both 2,4-DNT 

and EC are also considered deterrents. Burn characteristics can also be controlled by 

altering the shape of the particle. Dyes can also be added to the formulation to help in 
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identification of smokeless powders [23], of which the best example is Red Dot, a brand 

that contains a small concentration of discrete red granules mixed in with black granules. 

The morphology of the particles is also helpful in the preliminary identification of 

smokeless powders. The various geometries include: balls, discs, perforated discs, tubes, 

rods and lamels and result from the various manufacturing processes of the powders. 

Figure 2 shows an image of various morphologies of the powders used in this research. 

 

Figure 2. Smokeless Powder Morphology: A) Ball, B) Tube, C) Rod, D) Disc 

In general, most tube and cylindrical powders are single-base while disc, ball, and 

aggregate powders are double-base [21]. 

Military Explosives 
Most military explosives are organic high explosives. They can be separated into groups 

by their compound class, either aromatic nitro (C-NO2), nitrate esters (C-O-NO2), or 

nitramines (C-N-NO2) [24]. Several military explosives are included in figure 3 along 

with their vapor pressures at 25°C. 
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Figure 3. Common Military Explosives and Their Vapor Pressures  at 25°C [25,26] 

 

Table 1. Common Military and Commercial Explosive Compositions [27] 
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The aromatic nitro explosives include picric acid and 2,4,6-trinitrotoluene (TNT). Picric 

acid was the most popular choice of shell fill by military forces during the 1900s. It was 

later replaced by TNT since this explosive was easier to cast in the necessary shape as 

compared to picric acid. The explosive, pentaerythritol tetranitrate (PETN) is a nitrate 

ester used in detonating cords and blasting caps. It is a white crystalline solid that can be 

made into sheets or any desired shape by combining it with plasticizers. It can also be 

mixed with TNT to make the commercial explosive Pentolite [28]. Tetryl (2,4,6-

trinitrophenylmethylnitramine) falls under the category of nitramine explosives. Tetryl 

can be mixed with TNT, allowing the casting of Tetryl into munitions rather than 

pressing. The explosives, RDX, (1,3,5- trinitro-hexahydro-S-triazine) and HMX 

(octahydro-1,3,5,7-tetranitrotetrazocine) are also nitramine explosives, and have replaced 

Tetryl for military operations. Lastly, polymer bonded explosives are mixtures/ 

combinations of the organic military explosives blended with binders, plasticizers, and/ 

or aluminum. They afford high mechanical strength, insensitivity to shock and 

temperature, high detonation velocities, etc [22]. Table 1 contains some common 

explosive compositions that are relevant to this discussion. 

Chemistry of Illicit Drugs 
In the United States, the Drug Enforcement Administration is tasked with enforcing the 

Controlled Substances Act (CSA) [29]. This law was enacted in 1970 in order to regulate 

the manufacture, importation, possession, distribution and use of specific chemical 

substances [30]. The CSA regulates five classes of drugs: narcotics, depressants, 

stimulants, hallucinogens, and anabolic steroids. There are five schedules (I-V) of 

controlled substances based on potential for abuse, level of physical and psychological 

dependence, and medical acceptance [31]. 
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The following section is intended to provide a brief overview of the chemistry and 

analysis of cocaine and marijuana, illicit drugs that were identified in Chapter 1 as being 

smuggled on a large scale into the United States. Information about the most heavily 

abused club drug [31], 3,4-methylenedioxymethamphetamine (MDMA), is also included 

since it was the subject of several experiments in this dissertation research.   

Cocaine 
Cocaine is a Schedule II drug since it has a high potential for abuse that may lead to 

severe psychological or physical dependence, but has a currently accepted medical use 

under severe restrictions. 

Cocaine (figure 4A) is derived from the coca leaf Erythroxylum sp. which grows in the 

Andean Highland region of South America. More specifically, it is produced from 

alkaloids extracted from the plant Erythroxylum coca. The leaf itself can be chewed or 

coca paste can be made from which cocaine is subsequently produced.  

One way coca paste is made is by wetting coca leaves in dilute sulfuric acid and crushing 

them. The water-soluble sulfate salts of the alkaloids are then extracted with kerosene. 

The aqueous layer is basified with ammonia, lime or sodium carbonate, thereby 

precipitating the alkaloids. Another route involves basifying the leaves with sodium or 

potassium carbonate and crushing them. The alkaloids are extracted with kerosene and 

dilute aqueous sulfuric acid is used to collect the alkaloids as the sulfate salts. The 

aqueous layer is basified and the alkaloids are precipitated [16]. Hydrochloric acid is 

added to the precipitate to produce cocaine hydrochloride. The cocaine is 75-85% pure, is 

scraped into a powder once dried and is compressed into one-kilogram bricks and 

packaged for distribution [31].  
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Figure 4. Chemical Structures of: A) Cocaine and B) Methyl Benzoate 

Studies have shown that exposure of cocaine hydrochloride to normal ambient conditions 

will produce methyl benzoate (figure 4B) as a degradation product. Specifically, 

dissipation rate of 1.89 ng min-1 of methyl benzoate at room temperature with 0 % 

relative humidity was observed after one hour. A dissipation rate of 62 ng min-1at 40 °C 

with 80 %  relative humidity, was observed upon agitation by additional airflow [32]. 

This signifies that methyl benzoate, which has a very high vapor pressure, 0.38 Torr at 25 

°C [33], is expected to be available for sampling from typical cargo containers, which are 

exposed to humid conditions and fluctuating temperatures during loading and transport. 

 
Marijuana 
Marijuana, or Cannabis sativa L. is classified as a Schedule I drugs since it has a high 

potential for abuse, no acceptable medical use, and can cause severe physical and 

psychological dependence.  

Cannabis sativa L. is one of the oldest cultivated plants because of its many uses. Oil can 

be produced from the seeds, while the stalk can be used to make ropes and fabric known 

as hemp. The psychoactive effects due to the compound ∆9-tetrahydrocannaninol (THC), 

present in marijuana resin, are also a reason for continued cultivation. This compound 
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(figure 5), a cannabinoid, is formed in surface features known as the glandular trichomes. 

A flowering female plant contains visibly larger number of these glandular trichomes and 

as such, a greater concentration of THC [16]. 

The leaf material of marijuana contains about 1 wt% THC while the flowering material 

contains about 3.5 wt% [34]. Resin obtained by rubbing the plants against another 

surface 2-10% while the highest concentration of THC (10-30 wt%) can be found in hash 

oil, which is producing by extracting the cannabinoids from the plant material using an 

organic solvent, by refluxing. The solvent is evaporated, leaving behind the concentrated 

oil [16].  

The most popular and most efficient method of ingestion is by smoking the cannabis 

product since heating it above 100 ºC causes ∆9-tetrahydrocannabinolic acid (figure 5) to 

thermally decarboxylate to THC, thus increasing the total concentration of the 

psychoactive component, producing a stronger “high”[35]. 

 

Figure 5. The Decarboxylation of ∆9-tetrahydrocannabinolic Acid to THC 
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MDMA 
The club drug, MDMA, also known as ecstacy, belongs to the drug class of 

amphetamines (shown in figure 6A). It is a Schedule I drug since it has a high potential 

for abuse, no acceptable medical use, and can cause severe physically and psychological 

dependence. MDMA is normally found in tablet form [36] with typical dose in the range 

of 75- 125 mg [16].  

 

Figure 6. Structures of the: A) Amphetamine Drugs and B) MDMA Precursors 

Numerous syntheses of MDMA have been reported in the literature [37, 38, 39, 40], but 

all routes start with one of three compounds, safrole, isosafrole, or piperonal [36] shown 
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in figure 6B. The precursors safrole, and isosafrole share the methylenedioxy moiety 

whereas piperonal is the derived aldehyde. 

 
Field Analysis of Explosives and Illicit Drugs 
Trace detection involves the determination of a very small chemical signal produced by 

as little as a few molecules. There are two scenarios that require a trace detection 

approach. First, residues of the main explosive or the parent drug can remain on surfaces 

as a result of a primary transfer from the hands of people preparing an explosive device 

or packaging illegal drugs for transport/ shipment. An even smaller amount would remain 

following a secondary transfer. For example, a third party coming into contact with the 

handler(s) of contraband may have traces transferred onto his/her person or belongings.  

An alternate scenario, would be a hidden explosive device or drugs concealed in 

extensive packaging. Although there may be a bulk amount of the contraband contained, 

a trace amount may remain on the outside or may cross the barrier in which it is 

concealed. There is a large body of research that details the structure of the compounds 

that are emitted by (in the gas phase), and are characteristic of the energetic material or 

the illicit drug. When attempting to screen, locate and identify (definitively or 

presumptively) these trace particulates or vapors, extremely sensitive detection devices 

are required. 

The varieties of detectors available for this purpose employ optical, biological, and 

chemical means. Some examples of optical detectors are portable Raman spectroscopy 

for drug detection [41, 42], other various forms of Raman spectroscopy for explosives 

detection [43, 44], and optical fluorescence, a technique that employs UV radiation to 

decompose the explosive producing fragments that fluoresce [45]. This technique 
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provides remote detection (2.5 m) of TNT. Optical techniques generally suffer from the 

high cost and fragility of the instrumentation, a relatively large sample size required as 

compared to other trace detection techniques, and long analysis times to obtain high 

signal to noise ratios. The focus in the following sections is placed on biological and 

chemical trace detectors.  

 
Biological Detection  
There are many sensitive biological detectors for the trace detection of drug and 

explosive contraband. Some of these include trained canines [24, 27, 36], honey bees 

[46] and plants [47]. Detection by trained canines is largely based on their exemplar 

olfaction capabilities. Olfaction is the detection of a chemical signal (an odor/scent) in the 

environment that produces a response in the nervous system [48].  

Canines are ultra-mobile sampling and detection devices that can locate explosive and 

drug odors because of the unique flow system of their nose. In the process of sniffing, air 

jets are created that prevent disturbance of the scent source, agitate surrounding particles 

that can then be inspired and sensed, and entrains the surrounding air to the air current 

surrounding the nose, further aiding in olfaction. An extensive review of canine olfaction 

and their unique flow system can be found elsewhere [48]. Canines have excellent 

detection limits that depend on the target compound and have been reported as 500 ppt 

(part per trillion) for 2,4-DNT and 2,3-dimethyl-2,3-dinitrobenzene (DMNB), a taggant. 

The detection limits are in the 10 ppb (part per billion) range for NG and methyl 

benzoate, a degradation product of cocaine [49].  

Detector dogs require constant training on the substances they routinely detect and 

recertification for quality assurance; they have an operational time of 20 min with 40 min 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



  21 

Almirall, Diaz-Guerra, Holness and Furton 
Final Technical Report: 2006-DN-BX-K027    

breaks depending on conditions, for a whole 8 h day [24]. They also can have varied 

responses for the same compound since individual detector dog teams are trained on 

differing amounts of target compound, but this can likely be remedied by implementing 

uniform training aids [50]. 

The latter two biological detectors, honey bees and plants are not as widely used in the 

detection of drugs and explosives as are detector dog teams. The honey bees collect TNT 

and other chemical contaminants in the environment while pollinating plants. They carry 

these substances back to the hive and the honey and honeycombs are analyzed for the 

presence of these substances. The disadvantages of this method include the large expense 

in training the bees and relatively short lifetime of the hives [46]. The role of plants as 

detectors is limited to the TNT explosive. They have been mutated to contain a receptor 

gene that makes them fluoresce in the presence of TNT in the soil. They can help in the 

remediation of soils contaminated with chemical munitions. The detection limits of this 

detector are not yet known and since it only works in the presence of TNT, it fails to 

detect the multitude of explosives available for illicit purposes. 

 
Chemical Detection 
The premier chemical detector for the field analysis of drugs and explosives is the ion 

mobility spectrometer (IMS), since it is fast (analysis in s), can detect both drugs and 

explosives at atmospheric pressure, is portable, easy to use, has extremely low detection 

limits (picogram levels [17]) and is affordable (~$40,000). Other chemical detectors 

include electronic noses that mimic canine olfaction [51]. They accomplish this through a 

system of chemical sensing and pattern recognition. Targeted chemicals are presented to 

the sensing system producing a signature or fingerprint for each chemical. A database is 
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created of all the signatures, and then the pattern recognition system is used to detect the 

chemicals after analysis. Gas chromatography (GC), mass spectrometry (MS), and IMS 

are also considered electronic noses provided they are portable, lightweight, and sensitive 

to the target chemicals [52]. IMS coupled to mas sspectrometry was also used in this 

study to characterize the structures of explosive compounds. This technique proved 

reliable in providing unambiguous identification of the ionic species being detected under 

atmospheric chemical ionization (APCI) that occurs in the IMS. 

  

Chapter 3  
 

The above figures reveal that proton abstracted ions are formed for both DNT and TNT 
under chemical ionization conditions in the IMS. While other compounds such as RDX 
do not form stable proton abstracted ions but instead forms adducted molecules. 
 

   
 

Figure 2 Characterization of DNT with Ion Mobility 
Mass Spectrometry 

Figure 1: Characterization of TNT with Ion 
Mobility Mass Spectrometry 

Figure 4: Mass Spectrum of RDX molecule in 
ammoniun nitrate solution 

Figure 3: SIM of 284 Ion from RDX in ammonium 
nitrate solution 
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VOLATILE CHEMICAL SIGNATURES 
Trained canines are accepted by the general public as the ultimate detection and locating 

device for contraband substances, such as drugs and explosives, human cadavers, missing 

persons, etc. This is because of their acute sense of smell, or olfaction. Olfaction is 

defined as the sensory detection of an odor [48], or a chemical mixture of volatile 

compounds that stimulates the olfactory neurons [53]. For olfaction to occur, the source 

of this volatile chemical mixture need not be present [48]. This has major implications 

since it means that the parent compound, such as the specific drug or explosive is not 

necessarily what is being detected by trained canines. In fact, research described in this 

chapter shows that canine detection mainly involves the sensing of vapor substances, or 

molecules in the gas phase. 

Definition of Volatile Chemical Signatures   
For a substance to be in the gas phase it must possess sufficient vapor pressure. Table 2 

shows the classification of substances based on their vapor pressures as volatile, semi-

volatile, or non-volatile (particles). 

Table 2. Classification of Compounds Based on Volatility 

 

 

Relatively volatile explosives such as EGDN (ethylene glycol dinitrate), NG, or TNT 

have vapor pressures at 25°C of 4.8 × 10-2 torr, 2.3 × 10-4 torr and 4.5 ×10-6 torr, 

respectively, making them available in air for direct detection by a chemical and 
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biological detector. Other organic explosives of security interest such as RDX, HMX, and 

PETN have very low vapor pressures, 1.1×10-9 torr, 1.6 × 10-13 torr, 3.8×10-10 torr, 

respectively, and are not available in the headspace. This essentially makes vapor 

sampling impossible, yet trained dogs can easily detect these explosives because they 

utilize volatile chemical signatures of explosive mixtures to reliably located them under 

difficult field conditions [27].  

A volatile chemical signature is being defined for this research as a compound, or a 

mixture of compounds that has been demonstrated to produce an olfactory response by a 

trained canine, and/or has been detected in the headspace above its respective parent 

compound by an instrumental technique, and persists for a period of time in order to 

allow its detection.  

 
Volatile Chemical Signatures of Explosives 
Canine trials have elucidated several odor volatile chemical signatures of explosives. For 

example, TNT and cast explosives share 2,4-dinitrotoluene (2,4- DNT) as a volatile 

chemical signature [27]. For the polymer-bonded explosives such as Composition C-4, 2-

ethyl-1-hexanol elicited canine response, while the primary explosive RDX produced 

none.  

The low explosives, smokeless powders, contain stabilizers such as diphenylamine 

(DPA), ethyl centralite (N,N-diethyl diphenyl urea), methyl centralite and deterrents such 

as butyl phthalate, 2,4-DNT. These additives are useful in the characterization and 

identification of the source of these explosives [54] and have even been detected in 

gunshot and post-blast residues [55,56,57]. Despite confirmation of the presence of these 
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volatile chemical signatures in the headspace of smokeless powders and residues, dogs 

showed little or no interest in these compounds during dog trials [58]. 

Headspace sampling using solid phase microextraction (SPME, described in Chapter 4) 

has helped to identify many explosive volatile chemical signatures. The presence of 

cyclohexanone [3] and 2-ethyl-1-hexanol [24,59], in the headspace of plastic cast 

explosives has been confirmed.   

The successful extraction of the volatile chemical signatures of TNT from simulated 

buried mines has been reported by using SPME [60]. The explosive, TNT was detectable 

from various soils and at different temperatures all at or below 23°C by sampling of the 

headspace above the soil. The compounds 2,4-DNT, 1,3-dinitrobenzene (1,3-DNB), and 

TNT were detected and although99% of the explosive composition of the mines was 

TNT, the analytes 2,4-DNT and 1,3-DNB predominated in the headspace. This further 

demonstrates that targeting volatile chemical signatures as a means of identifying the 

presence of explosives is feasible. Baez et al. sampled vapors emitted from TNT crystals 

buried in soil and found that TNT and 2,4-DNT predominated in the headspace [61]. 

Volatile Chemical Signatures of Drugs 
The detection of drugs by seeking the parent compounds is also problematic for the same 

reason, but canine detection of these illicit drugs is based upon volatile chemical 

signatures [36, 62, 63]. For example, cocaine detection by canine olfaction is 

accomplished by targeting methyl benzoate, a decomposition product, not cocaine itself 

[36, 63].  

In the case of MDMA, its high polarity and low vapor pressure make SPME extraction of 

the tablets ineffective. Fortunately, the high vapor pressure of one of the starting 
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materials in the synthesis of this drug, piperonal (1.0 mmHg at 87 ºC), enables headspace 

SPME sampling. Through canine trials as well as SPME-GC/MS analysis, the volatile 

chemical signatures of MDMA have been identified as piperonal and 3,4-

methylenedioxy-phenyl-2-propanone (MD-P2P) [36, 62]. Instrumental analysis of SPME 

extracts of another drug, marijuana, revealed α-pinene & β-pinene, limonene, as volatile 

chemical signatures [64]. 

Figure 7 includes the structures and vapor pressures of the volatile chemical signatures of 

importance to this research. 

 

Figure 7. Volatile Chemical Signatures of the Appropriate Parent Compounds and 

Vapor Pressures. The values listed are at 25 °C unless otherwise stated [59, 26, 65]. 
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Delivery Methods for Volatile Chemical Signatures 
With the body of knowledge gained from canine and headspace analysis of illicit drugs 

and explosives, the next stage was to create calibration standards for certification of 

detector dogs. Controlled Odor Mimic Permeation Systems (COMPS) [27, 50,66] were 

developed for this purpose, and enable quantitation of the maximal mass of the volatile 

chemical signatures in air available for sampling by a trained canine or an instrumental 

technique. These COMPS devices differ from currently available gas generating systems 

[67,68] in portability since they are lightweight, do not require any power to operate, are 

very inexpensive, and as opposed to a type of finite gas generating system[69], they 

provide a continuous vapor source. Piperonal COMPS devices have recently been 

reported as a vapor source for the determination of canine detection sensitivity in the 

detection of MDMA [50]. 
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Chapter 4 SOLID PHASE MICROEXTRACTION 

Theory of Solid Phase Microextraction 
Solid Phase Microextraction (SPME) is a solvent-free, sampling, extraction, pre-

concentration, and sample introduction technique that absorbs or adsorbs analytes onto a 

small volume of non-volatile polymeric coating or solid sorbent phase spread on a solid 

support. The technique is referred to as “microextraction” as only a small portion of the 

sample is extracted at any one time. Mass transfer of the analytes occurs the moment the 

coated fiber comes into contact with the sample [70], and is influenced by the attraction 

of the analytes to the phase based on the principle of “like dissolves like.” The current 

work utilizes these principles and improves upon them through the advent of planar-

SPME (PSPME) where both sorbent phase and overall sorbent volume have been varied.  

Historical Aspects of SPME  
The inception of solid phase microextraction dates back to 1987 [71]. At this time, the 

Pawliszyn group was conducting work on laser desorption/fast gas chromatography 

(GC), which was inhibited by the long sample preparation times relative to the separation 

and analyses times. Optical fibers were already being used to transmit laser light energy 

to the GC, so as a clever sample preparation technique, sections of the fibers were dipped 

in the solution containing the analytes, the solvent was evaporated and the fiber was 

introduced into the GC with analyte desorption via a laser pulse. A subsequent study [72] 

focused mainly on confirming the usefulness of this sampling approach and showed that 

both polar and non-polar analytes were extracted from aqueous samples. The only issue 

was the loss of head pressure at the column, since for introduction of the fiber, opening of 

the injector was required. This problem was corrected by incorporating the coated fibers 

into a Hamilton 7000 series microsyringe resulting in the first SPME device, as the 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



  29 

Almirall, Diaz-Guerra, Holness and Furton 
Final Technical Report: 2006-DN-BX-K027    

analytical community knows it [73]. Since then, SPME has become a widely used sample 

preparation technique, employed for a wide range of applications and has even been the 

subject of several recent reviews [74, 75, 76]. 

Thermodynamics 
The mass extracted onto the coating (n) is mediated by several parameters including the 

equilibrium constants described by equation 1, temperature, coating chemistry, sample 

volume and coating volume and the initial concentration in the headspace available for 

sampling.   

 0

sfs
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VVK
CVVK

n
f

fs

+
=

(Equation 1)
 

The fiber/coating matrix distribution constant is Kfs, Vf  is the volume of the coating, Vs is 

the sample volume, and C0 is the initial concentration of the analyte of interest in the 

sample. When the sample volume is large (Vs>>KfsVf) then equation 1 can be simplified 

to equation 2, providing a direct quantitative relationship between the amount extracted 

and the initial concentration of the analyte in the matrix: 

 0CVKn ffs= (Equation 2) 

The utility of SPME for field sampling is evident because based on equation 2, the 

amount of extracted drug, explosive or volatile chemical signature will correspond 

directly to the initial concentration of the analyte in the matrix without dependency on the 

volume of the sample [70]. 

Kinetics 
Studying kinetics can help the analyst optimize extraction conditions by elucidating ways 

to increase the speed of extraction. Agitation is the main route to accomplish this and in 

an ideal scenario the molecules in the sample phase, be it the headspace or the actual 
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sample matrix as in direct immersion, move very rapidly with respect to the SPME phase. 

In this manner, the analytes in the sample all have equal access to the SPME coating. 

With these perfect agitation conditions, the equilibrium time (equation 3) is the time it 

takes for 95% of the equilibrium amount of a given analyte in a sample to be extracted by 

the coating, 

te = t95% =
2(b − a)2

Df (Equation 3)
 

where b is the fiber coating outer radius, a is the fiber coating inner radius, and Df is the 

analyte diffusion coefficient in the fiber coating. The equation can be used in the method 

development process to estimate the minimum amount of time it will take to reach 

equilibrium. In reality, the fluid in contact with the fiber surface is always stationary 

regardless of how well the analyst agitates the sample. Like a gradient, the further away 

from the fiber surface, the greater the fluid motion until bulk flow in the sample is 

reached. To model this behavior, the space closest to the fiber surface is considered a 

zone of defined thickness where no convection of molecules occurs. On the other hand, 

perfect agitation occurs beyond this depletion zone. Figure 8, illustrates this boundary 

layer model, while equation 4 represents a correction for determining equilibrium time 

under less than perfect agitations conditions. 
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Figure 8. Boundary Layer Model 

 

te = t95% = 3
δK fs(b − a)

Ds (Equation 4)
 

This equation factors in both the analyte’s diffusion coefficient, Ds, in the sample fluid as 

well as Kfs rather than simply considering Df . The thickness of the boundary layer (δ) is 

also accounted for, and is determined by agitation conditions and fluid viscosity [77]. By 

minimizing this zone, extraction rates can be increased. 

Distance 

Concentration 

Solid support 

SPME 
Coating 

Sample Boundary 

Layer 

δ 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



  32 

Almirall, Diaz-Guerra, Holness and Furton 
Final Technical Report: 2006-DN-BX-K027    

Practical Aspects of Sampling 
This small volume of sorbent is generally coated onto fused silica or metal fibers. These 

delicate coated fibers are housed in a syringe in the commercial configuration available 

from Supelco. A schematic of the complete sampling system is shown in figure 9.  

 

Figure 9. Commercial SPME Fiber Sampler from Supleco 

There are several theoretical SPME configurations besides the fiber including: stir-bar, 

disk/membrane, particles suspended in the sampling media, in-tube SPME with sampling 

media flowing through (similar to GC and HPLC stationary phases), and vessel walls 

[77]. One of the main advantages of SPME is the ability to develop/ select the appropriate 

geometry depending on the sample considerations for the particular matrix in which the 

desired analyte resides. Examples of effective varied geometries are stir-bar sorptive 

extraction [78] that is useful for the analysis of biological matrices [79], and thin-film 

microextraction [80].These have been developed to increase capacity for absorption by 

increasing the surface area of the extraction phase. 
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The complete SPME process requires extraction, transfer, and desorption [81]. Extraction 

begins when the SPME device is exposed to the sample. The analyte mass accumulates 

over time until equilibrium conditions are reached whereby extraction for longer time 

does not afford additional extract.  

Extraction Modes 
There are three extraction modes: direct immersion, headspace, and membrane-protected 

extractions, and are illustrated below (see figure 10).   

 

Figure 10. Extraction modes of SPME (H.S. - sample headspace): A) direct 

immersion, B) headspace and C) membrane-protected [77] 

For direct immersion, shown in figure 10A, the SPME fiber is directly inserted into the 

sample and the analytes are immediately transported to the coating. Agitation such as 

stirring or movement of the sample vial can be used to further expedite the absorption/ 

adsorption of molecules by moving them near the SPME phase thus preventing depletion 

of the boundary layer. Agitation techniques are generally not required for gaseous 

samples since air convection is considered sufficient.  
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When conducting headspace sampling, shown in figure 10B, the analytes are removed 

from the headspace by the fiber, with further extraction originating from the sample 

matrix. The rate-determining step is the speed with which the sample matrix replenishes 

the headspace concentration. This process is fastest for volatile compounds but can be 

aided by agitation and/or increasing the temperature of extraction for the determination of 

semi-volatile analytes. This process continues until multi-phase equilibrium is reached 

between the sample and the fiber, the sample and the headspace, and the fiber and the 

headspace. For volatiles, if the headspace is allowed to reach equilibrium with the 

sampling matrix prior to sampling with the fiber, the overall extraction times can be 

shorter for the headspace technique compared to direct immersion [77]. Headspace 

sampling is also advantageous since the fiber is protected from non-volatile interferences 

in the matrix, modifications of the matrix like pH changes that are used to increase 

extraction rates [77] or organic solvents that can swell the phase and cause stripping 

when the fiber is withdrawn into the protective needle.  

The membrane-protected technique, shown in figure 10C, was created to build upon 

strategies for protecting the delicate SPME fiber from very dirty matrices. The technique 

is in-line with utilizing headspace sampling for volatile compounds instead of direct 

immersion, but is aimed at providing analysts with a technique for the determination of 

analytes with insufficient volatility to use the headspace technique. Obviously, the 

extraction rates are slower since the analytes must diffuse through the membrane prior 

reaching the SPME fiber, but the use of agitation techniques and extremely thin 

membranes help alleviate this slight disadvantage [77]. 
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Under any extraction mode, after the analytes have been collected, they are desorbed 

from the coated fiber into the analytical instrumentation by thermal desorption into the 

high temperature injection liner of a GC or by a solvent for HPLC [82]. 

Microextraction Sorbent Chemistry  
There are several steps involved when developing a SPME method. The first step is 

selecting the fiber coating. The others are described elsewhere, with some more important 

than others [77]. There is a wide range of commercially available fibers for the purposes 

of method development that exhibit various polarities, coating thicknesses, and coating 

types. These are listed in Table 3.  

Table 3. Commercially Available SPME Fiber Coatings [20] 

 

Based on the principle of “like dissolves like,” the polarity of the coating is chosen to be 

closest to the analytes targeted for extraction from the sample matrix.  The coating 

thickness is chosen to be the thinnest amount that enables equilibrium to be reached the 

fastest, and desorption to be complete, while still retaining sensitivity. The thicker a 
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SPME coating is, the more capacity for extraction/retention, but the drawbacks include 

longer sampling times and higher desorption temperatures required. The coating type 

determines the method of extraction as absorption or adsorption. Absorptive coatings 

extract by partitioning of the sample into and out of a liquid polymeric coating until 

equilibrium is reached. This process has been compared to how a sponge absorbs liquid 

[83]. Since absorbent materials are films, there are no active sites that molecules compete 

for to occupy. The retention of analytes on an absorbent coating is mostly determined by 

the film thickness. The size of the analyte and polarity also affect retention, but not as 

much as the film thickness.  

Adsorptive coatings, sometimes referred to as solid coatings, are designed for the 

extraction of very small and volatile molecules. These coatings extract by physically 

interacting with the molecules; they have pores of varying sizes (micropores and 

mesopores) that trap the analytes and retain them until high temperature or a solvent is 

used to remove them from the coating and also provide a large surface area for extraction. 

Medium sized molecules can also be retained if the coating has large pores (mesopores). 

The solid coating can be dispersed in a polymeric medium as is the case with Carboxen-

PDMS Stableflex. This PDMS polymer coating helps to attach the solid particles to the 

fiber core as well as enhances selectivity based on its polarity [88].With the presence of 

the pores that enable physical interaction with the sample molecules and trapping, 

competition is observed for the available active sites at capacity. A diligent analyst will 

monitor effects of displacement over time to determine the optimal extraction conditions 

for the desired analyte(s). 
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Phase Chemistry 
Much effort has been devoted to altering and developing new SPME coatings [84]. This 

is because phase chemistry affects extraction outcomes (mass uptake rate, percent 

recovery, etc.) for a desired analyte. In this section, a coating technique using sol-gel 

technology will be described thoroughly. A polymer coating based on rare earth ß-

diketonate complexes recently employed for SPME in the determination of TNT [85] will 

also be described, as it is potentially a viable alternative extraction phase for this 

research. 

Sol-gel Coating Technology 
The sol-gel process first involves the formation of a suspension of colloidal particles 

known as the sol. A sol is defined as a colloid (a mechanical mixture where one 

substance is dispersed evenly throughout another) [86], consisting of solid particles 

dispersed in a liquid medium. The sol is then converted to a gel, whereby the solid 

particles become connected by chemical treatment. The gel is then dried and sintered to 

form a ceramic product [87], for example.  

Utilization of the sol-gel process to create inorganic and hybrid organic-inorganic 

polymers affords many advantages [88]. The sol-gel technique allows these polymers of 

tailored chemistry to be synthesized in various forms depending on the desired end-use. 

Dense thin films, fibers, powders, dense ceramics, monoliths and uniformly sized 

particles, can be produced by various processing and drying techniques (coating, 

extruding, conventional drying, supercritical drying, grinding, sintering, etc.) [89]. These 

customized materials, are formed under very mild conditions, such as lower temperatures 

of preparation, and can even be made in-situ or in “one pot.” This stems from the 

compatibility of the ingredients that facilitate thorough mixing. Since these products 
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originate from raw materials of known origin, the final product has better purity and 

homogeneity than glass and ceramics produced traditionally. By enabling the creation of 

hybrid organic-inorganic polymers, selectivity, stationary phase stability, and overall 

performance of chromatographic separations can be improved. Improvements in 

chromatographic stationary phase stability are due to high thermal resistance the sol-gel 

polymer, thereby reducing column bleed when conducting separations at extremely high 

temperatures, and high pH stability when exposed to mobile phases ranging from the 

most acidic to the most basic. The siloxane bond (Si-O-Si) at the surface of traditional 

stationary phases hydrolyzes at pH values greater than 8 and this reaction is expedited 

further at high temperatures [90]. Lastly, and what is likely the largest contributor to the 

ever increasing popularity of the sol-gel process as a method for creating new materials 

aimed at a wide range of scientific and engineering applications, is that the structure and 

properties of the polymers synthesized can be designed by keenly selecting the precursors 

and building blocks for the sol-gel reactions [93]. 

Chemical reactions in the sol-gel process 
There are generally 2 main steps in the sol-gel process. First, simple, sol-gel active 

precursors are converted into the sol, or an intermediate colloidal state consisting of solid 

nanometer sized particles in a liquid medium. Next, the sol solution is converted, through 

another set of reactions into a three-dimensional polymeric network with solvent filled 

pores. This is called the gel.   

 For a sol-gel reaction to proceed, there are several building blocks that are required. One 

or more precursors are necessary and are typically metal alkoxides M(OR)x. One or more 

sol-gel active polymers act as the stationary phase.  Another sol-gel active polymer 
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known as the deactivating reagent is used to encap (derivatize) residual silanol groups. 

The deactivating reagent should have a similar structure to the stationary phase so as not 

to alter the overall absorptive properties [91]. A solvent such as methylene chloride is 

required to disperse the ingredients. An acid or base catalyst, and water, the hydrolysis 

reagent are also necessary [93]. 

The chemical reactions that take place in a sol-gel process are first, the precursor(s) are 

hydrolyzed, then polycondensation of the hydrolyzed products occurs. The condensation 

and hydrolysis products react with the sol-gel active species that include the deactivation 

reagent and the stationary phase. As the condensation reactions are occurring the 

viscosity of the solution gradually increases and the nanometer sized particles that have 

been created agglomerate in a rigid three-dimensional network. Lastly, the sol-gel 

polymer product reacts with the activated silica surface of the glass or a metal activated 

surface such as titanium [93]. 

The choice of catalyst can affect the final structure of the sol-gel product formed. When 

base is used as a catalyst, electron donating –OR groups are removed. The monomers are 

almost completely hydrolyzed so cross-linking begins at an early stage even though 

original precursor remains. The resulting condensed particulate matter makes up the 

porous sol-gel polymer structure since the condensation reactions occur faster than the 

relatively slow hydrolysis step [92]. Under acidic conditions, the precursors are 

converted into the silanol hydrolysis product very rapidly leading to highly branched 

linear polymers by virtue that the hydrolysis of the precursors occurs much faster than the 

condensation reactions [93]. Protonation of silanol species is less favorable since one 

electron donating alkoxy group has already been removed, making the second hydrolysis 
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step is much slower. As a result, polycondensation reactions occurs between Si-OH and 

Si-OR groups of partially or non-hydrolyzed products. The terminal Si-OR groups that 

result are more reactive both inductively and stearically, thus long linear polymers are 

formed. These linear polymers can become entangled, or crosslinked after hydrolysis of 

the Si-OR moieties [93] affording added stability under conditions of extreme heat or pH.  

The precursor, if chosen carefully, can minimize the undesirable effects of cracking from 

stress and shrinkage that occur during the drying step. Shrinkage and cracking is 

observed when the gel applied to the substrate results in a thick (greater than 0.5 μm) film 

[94]. The coherent force within a thick film causes drying of the film in a direction 

parallel to the substrate surface rather than perpendicular to the surface as seen in thin 

films [95].  

Since coating thicknesses beyond 0.5 μm can be required for a particular application, a 

way to minimize these structural defects was necessary. Rather than using the popular 

precursor TMOS, tetramethoxysilane, alkyl derivatives of TMOS can be used [96,97] 

since they ultimately lead to a more open bed structure of the sol-gel and thus the stress is 

minimized during the drying step [102]when compared to using TMOS. The alkyl 

derivative, methyl trimethoxysilane (MTMOS) satisfies these requirements and was first 

used by Chong, et.al. [101]as the precursor in their sol-gel process.  

Sol-gel SPME Coatings 
Sol-gel coating technology was used for the first time in the preparation of solid phase 

microextraction fibers [101].The use of sol-gel SPME extraction phases is fueled by a 

number of disadvantages traditional commercially available SPME fibers possess [93]. 

The SPME fibers normally have low operating temperature limits (240 °C -280 °C). 
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Desorption of strongly attracted analytes off the SPME fiber extraction device may 

require higher temperatures than the particular operating limit. In these cases, increasing 

the temperature despite the reported limits would result in damage to the fiber, 

decomposition of the SPME phase with possible contamination of the analytical 

instrument, and at best, reduce overall lifetimes of the fiber. Also, the fiber is extremely 

fragile and can easily break, the coating may inadvertently be stripped off, and the phase 

can easily swell in organic solvents, and degrade when exposed to extreme pH 

conditions. These problems originate from the SPME extraction phase not being 

covalently bonded to the substrate, which is typically the fused silica fiber or titanium 

rod. The sol-gel process affords high temperature (300 °C- 450°C) [98], solvent and pH 

stability [99], and can provide very thin coatings that facilitate desorption. The phase 

chemistry can be tailored to extract specific analytes, increasing selectivity of the 

analytical process. Furthermore, an extraction phase consisting of nano-sized particles 

created during the sol-gel process, affords additional surface area and capacity when 

compared to a glassy film of PDMS. 

Many novel SPME coatings based on sol-gel technology have been developed since it 

first was introduced as a way of coating fibers [101] and thus the topic is the subject of a 

recent review [93]. An o-poly(butyl methacrylate/OH-TSO) (BMA/OH-TSO) coating has 

been developed that enabled the extraction of mustard gas, 2-chloroethyl ethyl sulfide, a 

chemical warfare agent from the soil with low detection limits (ng g-1) and good 

reproducibility (2.2%) [100]. Another study produced three different forms of vinyl 

crown ether phases to preferentially extract organophosporus pesticides from foods 

[101]. These workers used vinyl crown ethers with different cavity sizes and benzyl 
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substitutions to determine which was best for this target analyte, while strongly attaching 

this coating to the substrate via a sol-gel process. Vinyl crown ether coatings exhibit 

medium polarity because of the cavity structure and strong electronegative effect of 

heteroatoms on the ring. This provides unique selectivity for polar compounds such  as 

the pesticides in question. They concluded that the benzo-15-crown-5 coating exhibited 

the greatest extraction efficiency since there is one benzyl group on its crown ether ring 

and its electron distribution not symmetrical. This is because of the P/ π conjugation 

between the benzyl group and the oxygen atoms connected to the benzyl group, which 

result in a bigger dipole moment. This made it the most polar of all the phases studied. 

Other SPME phases developed based on sol–gel include polyethylene glycol (PEG) [102] 

and hydroxyfullerene [103] fibers for extraction of polar and non-polar compounds. It is 

evident just from these few examples that any strongly attached coating with desired 

extraction capabilites and high operating temperature limits can be developed for SPME 

sampling just by using sol-gel technology and the appropriate precursors that will result 

in a coating chemistry containing moieties chosen to preferentially extract the desired 

compounds. 

La (dihed) Phase Chemistry 
Since before 1967, it has been accepted that the rare earth chelates of ß-diketones, 

especially the tris complexes, showed promise as stationary phases for gas 

chromatography [104]. There was the issue of hydration in compounds that affected the 

thermal stability of some of the complexes [105], but this was successfully addressed by 

using a sterically hindered ligand [106]. Furthermore, by employing highly 

electronegative fluorinated ligands, a water molecule may be hydrogen bonded to an 
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electronegative site on the ligand shell instead of being coordinated with the metal center 

[107, 108]. As a result, thermal stability is increased, since the possibility of hydrolysis 

of the complex is decreased [109]. 

With these potential setbacks resolved, the use of ß-diketonate chelates of the lanthanide 

mixed with liquid stationary phases was further explored [109, 110]. Later, pre-analytical 

columns were prepared containing a sorbent based on a lanthanide complex, specifically 

europium (III). The motivation was that the chelates would accept additional donor atoms 

in the coordination sphere of the lanthanide, forming strong complexes with oxygen 

containing compounds. In other words, nucleophilic species could be separated from non-

nucleophilic species by formation of a complex. The non-nucleophilic compounds would 

be eluted normally, while the fraction containing nucleophilic compounds like aldehydes, 

ketones, alcohols, etc., complexed with the metal chelate, could be thermally dissociated 

and that fraction kept for subsequent analysis. This novel sorbent allowed analysis of 

specific classes of compounds and simplified what would otherwise have been very 

complex chromatograms. The last recommendation by these workers was the 

replacement of the costly lanthanide metal, europium, with lanthanum, based on 

experiments where the smaller lanthanide, lutetium, yielded identical results as with 

europium [111].  

The La (III) complex with the p-di(4,4,5,5,6,6,6-heptafluoro-1,3-hexanedionyl)benzene, 

(H2dihed) fluorinated ligand [112] was later produced as previously suggested [116], as 

were many other metal complexes in order to produce stationary phases with varying 

retention properties [117]. 
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