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CURRENT STATUS AND NEED FOR STANDARDS
IN ION MOBILITY SPECTROMETRY
1.

INTRODUCTION

Ion mobility spectrometry (IMS) has become the preferred analytical technique
for detecting hazardous and illicit substances such as chemical warfare agents (CWAs), toxic
industrial chemicals (TICs), explosives, and narcotics. Although field-deployed IMS instruments
offer ease of use, fast response times, and sensitivity in detecting compounds of interest (COIs),
their specificity has been an issue. An instrument should be capable of correctly and reliably
identifying a COI and returning a true-positive alarm; thereby, it should be capable of
minimizing instances of false-positive responses when the presence of a COI is mistakenly
signaled. The consequences of a false-positive alarm resulting from an incorrectly identified COI
are the loss of user safety, time, and money, as resources are wasted in verifying the alarm.
In traditional IMS systems, correct compound identification and subsequent truepositive alarms are dependent on the instrument’s ability to correctly calculate the reduced
mobility (K0) value of the COI, as shown

L2  273.15  P 
K0 



Vtd  T  760 

(1)

where L is the length of the drift tube inside the instrument, V is the voltage difference between
the start of the drift tube and the detector, td is the drift time of the ion, and T and P are the
temperature and pressure, respectively, of the drift gas inside the instrument.1 In field-deployed
systems, an alarm is signaled for a COI when the K0 value of a spectral peak is calculated, and it
appears within a predetermined detection window. Variations in instrument design, temperature,
and pressure can cause variations in the calculation of the K0 values as determined by eq 1 and
thus, necessitate the use of wide detection windows. The proposed solution to this problem has
been to use a reference standard of known K0 value to calibrate the instrument and reduce
variability between instruments.2 This is especially important for avoiding false-positive alarms
when IMS is used for field detection purposes.
1.1

False-Positive Alarms during Detection

There are multiple possible sources of false-positive alarms. Some explosives like
2,4,6-trinitrotoluene (TNT) are relatively volatile, whereas other COIs such as
methamphetamine; 1,3,5-trinitroperhydro-1,3,5-triazine (RDX); pentaerythritol tetranitrate
(PETN); and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX) plastic explosives are nonvolatile and
require preconcentration by swiping a suspected contaminated surface for trace particles.3
Sample collections from suspected surfaces, such as hands and personal belongings, also show
other background substances that may act as interferents; these could fall within the detection
window and signal false-positive alarms.4 These interferents for explosives may be similarly
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structured compounds and may come from sources such as air pollution, tobacco byproducts, and
musk compounds found in perfumes or pesticides.5 For example, nicotine from cigarette smoke
residue has been shown to interfere with the analysis of methamphetamine.4
Relatively high moisture content in the drift gas may also interfere with the
mobility analysis and cause a false-positive alarm. High drift gas water content can cause peak
broadening or shifting because of the neutral water molecules clustering around the ion of
interest. If an ion is prone to clustering, a large number of water molecules will add to the overall
collision cross section and slow the drift time of the ion.6 This may cause an interferent peak to
move into the detection window, or in a worst-case scenario, the peak of interest may shift out of
its detection window to produce a false-negative response. Because drift gas water content is not
a variable that can be accounted for in eq 1, the calculated K0 value will change, if the td value is
altered as a result of clustering reactions. False-positive alarms need to be minimized as much as
possible to preserve resources spent on verifying alarms. The best way to reduce false-positive
alarms is to reduce the width of detection windows, which would eliminate interferent peaks
from them. However, the width of these windows cannot be reduced arbitrarily because of the
risk of increasing the rate of false-negative responses, which would occur when the arbitrarily
narrow window excludes true-spectral peaks from the window boundaries. However, calibrating
the instruments will enable the narrowing of these windows and correct the mobility scale.
1.2

Instrument Calibration

There is currently no method for calibrating an instrument in the field. The
standard calibration procedure for the Lightweight Chemical Detector (LCD) 3.2E (Smiths
Detection; Watford, UK)1 is to expose the instrument to a chemical standard at the factory,
which is the only calibration of mobility scale for the duration of the detector’s life span.
Incidentally, the ion mobility values of the chemical standards used for factory calibration are an
average of mobility values from a variety of ion mobility spectrometers under a variety of
conditions. The most common instrument calibration method recommended by researchers has
been to use a reference standard to calculate an instrument factor, Ci (sometimes referred to as an
instrument or cell constant). Equation 1 can be rearranged to produce a Ci value for an
instrument:

L2  273.15  Pi 

Ci  K 0td  

Vi  Ti  760 

(2)

Ci is a constant for a particular instrument based on the operating parameters of Li
(instrument’s length), Vi (instrument’s voltage difference), Ti (instrument’s temperature), and Pi
(instrument’s pressure). The Ci value can be calculated using any ion. Therefore, the product of
any ion’s K0 value and its measured td on the instrument will always return the same Ci, and the
ratio of these products for any two ions will always be equal to 1. Hence, a reference standard
with a known K0 value would serve to predict the K0 or td value of a COI by using the
relationship2,7–12

K 
0 std

td std

td COI


2

Ci
td COI

 K 0 COI

(3)

The instrument’s response to a COI would be predicted by using the K0 value of
the reference standard (K0 std) and the measured drift time of the reference standard (td std) as the
value of Ci and by calculating the quotient of Ci divided by the measured drift time of an
unknown peak that could be a COI (td COI). Therefore, the K0 value of the unknown peak, K0 COI
(reduced mobility of a COI), that is being investigated is calculated. Depending on the
instrument’s programming, eq 3 could be rearranged to predict td COI from the Ci and a reference
value for K0 COI.
1.3

Detection Window Width

If eq 3 were to be used as a method of calibration and detection, the certainty of
the K0 COI calculation would be dependent on the accuracy of K0 std. The width of the detection
windows can be taken as a result of the propagation of error within the equation. The largest
contributors to this width of the detection window are the precision of the direct measurements
of td std and td COI and the accuracy of the value used for K0 std. If instrumental parameters are
maintained and constant, the td measurements will be precise, and the value of uncertainty
contributed to eq 3 by the td values will be low. The accuracy of the calculated K0 COI is,
however, dependent on the accuracy of the K0 std value used in eq 3. The “known” values of K0 std
are based on many repeated measurements from eq 1. The variability of these measurements can
be seen in the literature, where the current accuracy is estimated to be, at best, ±2%.7,13 This low
accuracy is due to the lack of error control in the calculation of K0 values. As a result, the K0
values calculated under similar instrumental conditions can disagree with one another and cause
the need for wide detection windows.
For example, the average K0 values presented in literature for the proton-bound
dimer ion of dimethyl methylphosphonate [(DMMP)2H+ ]2,7,11,12,14–18 and the proton-abstracted
species of the explosive 2,4,6-trinitrotoluene [(TNT-H)–]5,7,19–29 under similar conditions are
1.41 ± 0.03 cm2V–1s–1 and 1.52 ± 0.04 cm2V–1s–1, respectively. (DMMP)2H+ cannot be used to
calculate Ci for (TNT-H)– in most field instruments because DMMP and TNT are detected in
separate ionization modes with different voltage drops. However, K0 values of a reference
standard and a COI will have similar uncertainties. If eq 3 is rearranged to predict td COI, and if
the ratio of K0 std to K0 COI is between 0.5 and 2.0, the propagated error of the multiplier applied to
any measured td std will be between ±0.02 and ±0.08.
In this scenario, when the high and low ranges of the predicted td COI are
calculated for any hypothetically measured td std, a window with a width between 4 and 16%
(±2 to 8%) of the predicted td COI is produced. The analysis of higher mass and lower mobility
compounds, such as many explosives, is further complicated because longer (higher value) td
values would produce wider detection windows than shorter (lower value) td values. Similarly,
using the K0 value of the reference standard and the direct td measurements of the COI and
reference standard will produce a similarly sized window for the predicted K0 COI value. K0 std
values of higher accuracy would lower the propagation of error through the calibration equation
and allow the detection windows to be narrowed accordingly.
A simpler calibration strategy would be to use the accurate reference standard to
calculate a calibration factor that corrects the mobility scale and eliminates this variability
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between measurements. The calibration factor would be the ratio of the K0 std (taken from an
accurate database) to the K0 value calculated by an uncalibrated instrument (K0 cal). Multiplying
this calibration factor by every initially calculated K0 value for COIs or unknown peaks (K0 obs)
will return the calibrated K0 value of the COI to be used for detection purposes (K0 det). This is
because all K0 values calculated by the uncalibrated instrument will be incorrect by the same
percentage.
(4)

When the ratio of K0 std to K0 cal is applied to K0 obs as a calibration factor, the value
of K0 det will be precisely determined and compared with previously selected detection windows
to generate responses. A true-positive alarm can then be signaled when K0 det falls within a
detection window that was determined from the accurate analyses of COIs.
1.4

Use of Reference Standards to Decrease False-Positive Alarms

The best way to decrease the rate of false-positive alarms and not increase falsenegative responses is to use a database of accurate K0 values for reference standards. As
previously stated, the current accuracy of K0 values in literature is estimated to be, at best,
±2%.7,13 Crawford et al. showed that through the propagation of measurement errors in
instrument length, voltage gradient, ion td values, and drift gas temperature and pressure
experimental parameters (L, V, td, T, and P, respectively, in eq 1), accurate determinations of K0
values are feasible when these parameters can be accurately measured and accurately and
precisely controlled.7 Hauck et al. designed a high-accuracy drift tube and demonstrated that the
accuracy of reference measurements could be increased by an order of magnitude to within
±0.1%. Accurate and precise measurements of K0 values as a function of V, T, P, and water
content were initiated.30,31 Using high-accuracy reference values will affect the detection process
in two ways. First, the width of the detection windows used in the detection algorithm will
decrease by an order of magnitude, as the correction of the mobility scale using eq 4 will
eliminate variability between measurements, and the rate of false-positive alarms will decrease.
Second, knowing the accurate values of K0 std and the COI over a range of potential field
parameters will enable the instrument to use the proper values of K0 std and the COI detection
window under its current operating conditions (i.e., the drift gas temperature and water content).
This will correct or shift the narrower detection window, as needed, based on the existing
conditions to prevent any false-negative responses.
The Figure illustrates the alarm improvements that can be made if ion mobility
values are accurately known so that they can be measured precisely in the instrument to be
calibrated (in this case, an LCD 3.2E [insert top right-hand corner of Figure]). The width of the
analyte window can be reduced to the calibrated window size to eliminate erroneous responses
when ion mobility values of the target analytes are known and can be accurately and precisely
measured. A proper reference standard must be used to achieve this end. In this report, we
propose seven criteria to be considered when selecting a compound for use as an IMS reference
standard.
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Figure. Representation of LCD 3.2E responses using calibrated windows and
accurate ion mobility values.
2.

CRITERIA FOR APPROPRIATE IMS REFERENCE STANDARDS

To accomplish the reduction in false-positive alarm rates, an appropriate reference
standard has to be selected for use. Seven criteria designate an ideal standard, if all are met.
Sections 2.1 through 2.7 elaborate on each criterion and its purpose.
2.1

Potential for Ionization

The basics of ionization in IMS have been discussed in detail by Eiceman et al.1
In fielded IMS detection systems, efficient ionization of analytes of interest is based on charge
transfer or charge-dipole interactions between primary ions (traditionally referred to as reaction
ions) and analyte molecules in the reaction region of the instrument to form analyte product ions.
The efficiency of positive product ion formation is governed by the proton affinity and the dipole
moment of an analyte molecule. High proton affinity results in the efficient formation of
“monomer ions” (a single analyte molecule in the product ion) through a proton transfer process.
A strong dipole moment of the analyte molecule results in efficient charge-dipole attachments to
reactant ions. Interactions between monomer ions and analyte molecules with strong dipoles
result in “dimer” ion formation (two analyte molecules in a product ion). For negative ions, the
electronegativity of the analyte molecule governs ionization efficiency. Electron transfer from
reactant ions to electronegative analyte molecules or strong charge-dipole interactions between
reactant ions and analyte molecules results in negatively charged monomer ions. Therefore, IMS
standards should be significantly electropositive or electronegative.
2.2

Relatively Low Toxicity/Carcinogenicity/Teratogenicity

The reference standard must have low toxicity to ensure the health and safety of
the user. A high-toxicity reference standard with a relatively high vapor pressure would routinely
5

expose the user to a harmful agent in the COI search process. A low-toxicity reference standard
would serve to maintain public health and safety when IMS-based instruments are used in areas
such as airport security checkpoints. From a practical point of view, if a compound is toxic, it
will not be approved as a reference standard.
2.3

Vapor Pressure Commensurate with Intended Use

There are fundamentally two ways to introduce a standard into the spectrometer:
(1) as a vapor or (2) as a volatilized compound of low vapor pressure. Military applications of
IMS rely on the sampling of toxic chemical vapors, and transportation security applications of
IMS usually rely on the volatilization of analytes from a solid surface into the detector. In both
cases, the standard should be efficiently introduced into the detector. For vapor detection
applications, the vapor pressure should be high enough to produce sufficient vapor
concentrations at ambient temperatures. A compound with a vapor pressure above 1 × 10–1 Torr
is considered readily volatile, whereas a compound with a vapor pressure between 1 × 10–7 and
1 × 10–1 Torr is considered semivolatile, and a compound with a vapor pressure below
1 × 10–7 Torr is nonvolatile.32 For detection of low vapor pressure compounds, the standard
should be thermally stable, and its introduction method should be equivalent to the method being
used for the sample analyses.
2.4

High Purity with No Mixture of Isomers

The most basic principle of IMS is that the mobility of an ion is related to the
collision cross section of the ion and the neutral buffer gas molecules.1 As such, the size-tocharge ratio of an ion is governed by its mobility. If a molecule to be considered for a reference
standard contains or has potential to exist as structural isomers with significantly different
collision cross sections, these isomers and their different collision cross sections would alter the
mobility analysis. Molecules with structural isomers have to be more carefully evaluated as ion
mobility standards. For example, DMMP and diethyl ethylphosphonate cannot have any alkyl
isomers, and the collision cross sections of their protonated ions should exhibit single ion
mobility values. A molecule like diisopropyl methylphosphonate may exist with multiple
n-propyl isomers, and it is possible that these isomers could affect the overall collision cross
section and therefore, the K0 value of the ions. A mixture of methyl salicylate (MES; methyl
2-hydroxybenzoate) and methyl paraben (methyl 4-hydroxybenzoate) may result in a mixture of
closely spaced ion mobility values that would broaden a spectral peak resulting in lower
accuracy K0 std values. Therefore, an ideal reference standard is one that cannot exist as a
structural isomer of itself. If a standard is selected and isomers can exist, then the isomer of
choice must be available in high purity to minimize the effects of the undesirable isomer.
2.5

Commercial Availability

Commercial availability allows for easy acquisition and restocking of the
reference standard, without the need for specialized synthesis. Doing so also maintains a low cost
of operation and maintenance. Reference standards should also be available with high purity to
minimize the influence of structural isomers on the mobility analysis.
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2.6

Simultaneous Positive and Negative Mode Responses

All fielded IMS instruments operate in positive and negative ion modes, and some
are able to operate simultaneously in both modes. In general, chemical warfare nerve agents are
detected in the positive mode, and blister agents and explosives are detected primarily in the
negative mode. IMS instruments used for airport security normally detect illegal drugs as
positive ions and explosives as negative ions. The Ci calculated for the instrument in one ion
detection mode will, however, not have the same value for the other detection mode because the
voltage drop (V in eq 1) is probably not identical in both detection modes. For the reference
standard to produce both a positive and a negative ion mode response, the instrument would have
to be calibrated in both modes, simultaneously in some cases. This would eliminate the need to
introduce a second reference standard that would be active in the other detection mode.
2.7

Produces a Monomer and Dimer

Previous work has shown that the K0 values of many COIs, such as RDX and
PETN, are sensitive to changes in the water content and the drift gas temperature.7,33 Because
IMS instruments use ambient air as the drift gas, the drift gas water content needs to be
quantified and monitored to obtain the proper value of K0 std based on the existing conditions.
Monomer and dimer species produced from the reference standard would serve as environmental
and instrumental standards, respectively. An environmental standard is sensitive to drift gas
contaminants, such as water vapor, and instrumental parameters, whereas an instrumental
standard is only affected by instrumental parameters.20 Hauck et al. have shown the protonated or
ammoniated monomers and proton-bound or ammoniated dimers of DMMP are practical for
IMS calibration using the accurate K0 values of dimers for mobility-scale calibration and ratios
of monomer to dimer K0 values for water vapor determination.34 A reference standard that
produces both monomer and dimer product ion species, such as DMMP, eliminates the need for
multiple reference standards and eases logistics burdens. Furthermore, the product ions produced
and used for this purpose must be stable over the field instrument’s range of operating
temperatures. For example, many field instruments’ operating temperatures might be as low as
–32 ºC and as high as 60 ºC.35 If the product ions of the reference standard are not stable within
these ranges and instead change their identities as a function of temperature, the response of the
K0 value may deviate drastically from an expected trend line.
3.

COMPARISON OF PAST PROPOSED AND POTENTIAL REFERENCE
STANDARDS

3.1

LCD 3.2E Confidence-Checker Chemicals

Table 1 throughTable 4 list currently used and potential reference standards for
IMS and their suitability based on the seven criteria discussed in Sections 3.1 through 3.7.
Information on safety hazards and vapor pressures come from each compound’s readily available
material safety data sheet (MSDS), unless specified otherwise. Table 1 contains the chemicals
that are currently in use for the LCD 3.2E: MES and di(propylene glycol) methyl ether (DPM).
Both reference standards are relatively safe for handling and have high vapor pressures, which
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make their introduction into the instrument relatively easy. MES is active in the negative ion
detection mode and is active in the positive ion mode only under very dry drift gas conditions.
DPM is active only in the positive ion detection mode. Commercially available DPM is a
mixture of four structural isomers, and MES has been shown to exhibit a change in ion identity
with an increase in drift gas temperature.7 Although MES is commercially available in high
purity without isomers, methyl paraben is a structural isomer of MES that may be found in the
field.36
Table 1. Currently Fielded LCD 3.2E Confidence-Checker Chemicals
Compound
(CAS
Registry
Number)

Proton and
Electron
Affinity/Ionization
Energy where
Known

Vapor
Pressure

Possibility
for Isomers

Commercial
Availability

Both
(+) and (–)
Mode
Active

Produces
Both
Monomer
and
Dimer

Y/N

Y/N,
Typical
Purity
Available

Y/N

Y/N

Safety Hazards
Torr

Y
Positive
mode proton
transfer39

 LD50 oral
MES
(119-36-8)

Proton affinity:
850 kJ/mol37
Ionization energy:
7.65 eV38

887 mg/kg
(rat, low)
 No respiratory
toxicity data
 Non-carcinogen
 Teratogen

0.1 at 20 °C
(high)

Y
(e.g., methyl
paraben)

Y
≥98%

Y
Commercial
mix of 4

Y
Contains
40–50%
13429-07-7,
40–45%
20324-32-7,
2–5%
13588-28-8,
and 3–5%
55956-21-3

 Nontoxic oral
 No respiratory
DPM
(34590-94-8)

toxicity data

N/A

 Non-carcinogen
 No

0.28 at 20 °C
(high)

teratogenicity
data
Y/N: yes/no.
LD50: median lethal dose.
N/A: not available.
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Negative
mode proton
abstraction,
adduct
formation7

N
Positive
mode only

N

Y40

3.2

Previously Unlisted Chemicals

Table 2 shows the suitability of triethyl phosphate (TEPO), a currently used but
previously unlisted field simulant, as a possible reference standard. TEPO has a high vapor
pressure, is easily introduced into the IMS instrument, and forms both monomer and dimer
product ions. It is commercially available, does not contain isomers, has low toxicity when orally
ingested, and is active only in the positive ion detection mode.
Table 2. Currently Used Field Simulants Not Previously Listed Elsewhere
Compound
(CAS
Registry
Number)

Proton and
Electron
Affinity/Ionization
Energy where
Known

Possibility
for Isomers

Commercial
Availability

Both
(+) and (–)
Mode
Active

Produces
Both
Monomer
and
Dimer

Torr

Y/N

Y/N
Typical
Purity
Available

Y/N

Y/N

0.1 at 20 °C
(high)

N

Y
≥99%

N
Positive
mode only

Y42

Vapor
Pressure
Safety Hazards

 LD50 oral

TEPO
(78-40-0)

Proton affinity:
218.7 kcal/mol41
(915 kJ/mol)

1165 mg/kg
(rat, low)
 No respiratory
toxicity data
 Non-carcinogen
 No
teratogenicity
data

Y/N: yes/no.
LD50: median lethal dose.

3.3

Next-Generation Chemical Detector Confidence-Checker Chemicals

Table 3 lists three compounds that are proposed as confidence checkers for
developmental IMS field detection systems: 2-methoxy-4-methylphenol (MOMP), diethyl
phthalate (DEP), and phenyl benzoate (PhBzO). These compounds are commercially available,
have low toxicity, and have a high purity without isomers when commercially obtained. MOMP
has a high vapor pressure, whereas DEP has a low vapor pressure, and PhBzO is a solid. DEP
and PhBzO may have application where volatilization is required. There is little literature on the
ion chemistry of these three compounds except for DEP, which is active in both the positive and
negative ion detection modes, but available literature has not shown it to produce dimer species.
MOMP and PhBzO are most likely active in both ion detection modes and form both monomer
and dimer species based on studies of similar compounds.
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Table 3. Proposed Next-Generation Chemical Detector Confidence-Checker Chemicals
Compound
(CAS
Registry
Number)

Proton and
Electron
Affinity/Ionization
Energy where
Known

Vapor
Pressure

Possibility for
Isomers

Commercial
Availability

Both
(+) and (–)
Mode
Active

Produces
Both
Monomer
and
Dimer

Torr

Y/N

Y/N
Typical
Purity
Available

Y/N

Y/N

0.1 at 25 °C
(predicted,
high)

Y
(e.g.,
2-methoxy-3methylphenol)

Y
≥97%

Probable,
proton
transfer and
proton
abstraction

Probable,
based on
2methoxy
phenol44

2 × 10–3
at 25 °C
(low)

Y
(e.g., diethyl
terephthalate)

Y
≥99%

Y45,46

N

Y
99%

Probable,
based on
methyl
benzoate and
use of
dopants47,48

Probable

Safety Hazards

 LD50 oral

MOMP
(93-51-6)

Proton affinity:
0.483 Hartee43
(1268.1 kJ/mol)







DEP
(84-66-2)

N/A






PhBzO
(93-99-2)

N/A




740 mg/kg
(rat, low)
No respiratory
toxicity data
Noncarcinogen
No
teratogenicity
data
Nontoxic oral
LC50
inhalation
>4640 mg/m3
(rat, 6 h, low)
Possible
carcinogen
Teratogen
LD50 oral
1225 mg/kg
(rat, low)
No respiratory
toxicity data
Noncarcinogen
No
teratogenicity
data

Nonvolatile
solid
N
Insoluble in
water

Y/N: yes/no.
LD50: median lethal dose.
N/A: not available.
LC50: median lethal concentration.

Table 4 shows an additional five compounds that have been proposed as potential
reference standards: tribenzyl phosphate (TBzPO); triphenyl phosphate (TPhPO); isoflurane
(IsoF); 2,4-pentanedione (PDO); and TNT. TBzPO and TPhPO are nonvolatile and cannot exist
as structural isomers. TBzPO and TPhPO are commercially available from a limited number of
vendors. Both compounds are likely to be active in the positive ion detection mode and probably
form monomer and dimer species. TNT, as classified by these criteria, is semivolatile and
commercially available. TNT is active only in the negative ion detection mode and does not form
dimer species. Using TNT as a reference standard would require the user to ensure that it does
not cause a “nuisance” alarm (i.e., an alarm indicating the presence of TNT when the only TNT
present is the reference standard).
PDO could exist as a 2,3-pentanedione isomer. Enflurane is a structural isomer of
IsoF. Both compounds are capable of forming positive and negative ions in either mass
spectrometry or IMS. Dimer ions of IsoF have been mass identified as M2(O2)– and
M2(Cl)–.49 Dimer ions of 2,3-pentanedione have been observed in the positive ion detection
mode.53 Unpublished data collected in 2014 by Dr. Brian Hauck at Washington State University
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(Pullman, WA) have also confirmed the existence of positive mode monomers and dimers of
PDO. PDO and IsoF have high vapor pressures, are commercially available, and are either
nontoxic or only low in toxicity (IsoF is an anesthetic).
Table 4. Additional Compounds To Be Investigated on Accurate IMS-tofMS* System
at U.S. Army Edgewood Chemical Biological Center (ECBC)
Compound
(CAS
Registry
Number)

TBzPO
(1707-92-2)

N/A

N/A

Commercial
Availability

Both
(+) and (–)
Mode
Active

Produces
Both
Monomer
and Dimer

Torr

Y/N

Y/N,
Typical
Purity
Available

Y/N

Y/N

Nonvolatile,
solid,
insoluble in
water

N

Y
95%

Likely, only
positive
mode

Probable

Nonvolatile,
solid,
insoluble in
water

N

Y
≥98%

Likely, only
positive
mode

Probable

Safety Hazards

N/A

 Nontoxic orally
 No respiratory
TPhPO
(115-86-6)

Possibility for
Isomers

Vapor
Pressure

Proton and
Electron
Affinity/
Ionization
Energy where
Known

toxicity data
 Non-carcinogen
 No
teratogenicity
data

 LD50 oral
IsoF
(26675-46-7)

Electron affinity:
1.52 eV51

6917 mg/kg
(human, male,
low)
 Nontoxic via
inhalation
 Fetotoxicity via
inhalation

238
at 20 °C
(high)

Y
(e.g., enflurane)

Y
≥97%

Y
Positive
mode
chloride
abstraction50
Negative
mode
adducts49

Y
Negative
mode
adducts49

 LD50 oral

PDO
(123-54-6)

Proton affinity:
207.8 kcal/mol54
(869.4 kJ/mol)






TNT
(118-96-7)

Electron affinity
of NO2:
2.27 eV55




760 mg/kg
(rat, male, low)
LD50 oral
570 mg/kg
(rat, female,
low)
LC50 inhalation
4100 mg/L
(rat, 6 h, low)
Non-carcinogen
Fetotoxicity via
inhalation
LD50 oral
660 mg/kg
(mouse, low)
Harmful if
inhaled
No
carcinogenicity
or teratogenicity
data

2.96
at 20 °C
(estimated,
high)

Y
(e.g., 2,3pentanedione)

Y
≥99%

Y
Positive
mode proton
transfer
(unpublished
experiments)

Y
(unpublished
experiments)

Negative
mode
active52

1.99 × 10–4
at 20 °C
Semivolatile

*
tofMS: time-of-flight mass spectrometer.
Y/N: yes/no.
N/A: not available.
LD50: median lethal dose.
LC50: median lethal concentration.
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Y
(e.g., 2,4,5trinitrotoluene)

Y
N/A

N
Negative
mode only

N

4.

EVALUATION OF CURRENTLY USED AND PROPOSED REFERENCE
STANDARDS

The reference standards currently in use and those being considered for use can be
evaluated based on how well they meet the seven criteria outlined in Sections 3.1 to 3.7.
Table 5 simplifies the previous description of each reference standard and
correlates a color (green, orange, or red) to show how well each reference standard corresponds
to each criterion. The following breakdown indicates the standards assigned to each color:


Green:
o shows ease in ionization,
o has few safety hazards,
o has high vapor pressure,
o shows no existence of structural isomers,
o has commercial availability with relatively high purity,
o shows confirmed activity in both ion detection modes, and
o shows confirmed production of monomer and dimer product ions.



Orange:
o has some safety hazards of concern,
o has low vapor pressure but contains some desirable applications when
used with nonvaporous sampling methods,
o shows the existence of at least one structural isomer,
o has unconfirmed but probable activity in both ion detection modes,
and
o has unconfirmed but probable production of monomer and dimer
product ions.



Red:
o
o
o
o

has safety hazards of great concern,
signifies that a commercial product contains inseparable structural
isomers,
is known to be inactive in both ion detection modes, and
is known to produce no monomer and dimer product ions.
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Table 5. First Color-Coded Evaluation of the Previously Listed Reference Standards,
as to Their Suitability with the Seven Criteria for Good Reference Standards*
Compound

Potential
for
Ionization

Safety
Hazards

Vapor
Pressure

Possible
Isomers

Commercial
Availability
with High
Purity

Both
(+) and (–)
Mode
Active

Produces
Monomer
and Dimer

MeS
DPM
TEPO
MOMP
DEP
PhBzO
TBzPO
TPhPO
IsoF
PDO
TNT
*

Color key provided in preceding text.

All previously described reference standards can be ionized. The difficulty may
be in how easily they are volatilized, especially nonvolatile compounds such as PhBzO, TBzPO,
and TPhPO. The use of DPM and MES may compromise the mobility analysis through the
occurrence of either multiple and closely spaced or shifting product ion peaks for the reference
standard. This is because DPM is a mixture of four structural isomers and MES has been shown
to exhibit a change in ion identity with an increase in drift gas temperature.7 TEPO’s
disadvantage is that it is active in only the positive ion mode. MOMP is suitable because of its
high vapor pressure, probable activity in both ion detection modes, and probable ability to form
monomer and dimer species. PDO and IsoF have been proposed as potential reference standards
as they both seem to meet most of the criteria. However, recent unpublished work performed at
the Watford location of Smiths Detection and at ECBC laboratories indicates that, under these
criteria, neither PDO nor IsoF are prime candidates as IMS calibration standards. Positive ions of
IsoF were not observed, and the formation of ammoniated PDO dimers was inefficient and
unstable to the degree that the maximum dimer ion peak amplitude in ion mobility spectra was
<3% of the monomer ion peak amplitude.
5.

COMPARISON OF PREVIOUSLY PUBLISHED STANDARDS
WITH THE CURRENT CRITERIA

A review published by Kaur-Atwal et al. reports many compounds that were
previously used as reference standards by researchers: the hydrated proton ion,
2,4-dimethylpyridine (lutidine or Lut); nicotinamide (Nic); DMMP; 2,6-di-tert-butyl pyridine
(DtBP); dibenzylamine (DBzA); trihexylamine (THA); hexaphenylbenzene (HPhB); tetraalkylammonium halides (NR4X); fullerenes; 4-nitrobenzonitrile (NBN); hexachloroethane (HCE);
iodine; and dioctylphthalate (DOP).2 The authors selected some compounds for comparison with
a number of their own criteria for suitable reference standards but did not evaluate all of the
compounds with respect to all of the criteria.
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Table 6 compares these previously published reference standards against the
criteria for suitable reference standards that have been explained in this review. From that list,
the reduced mobilities of only DMMP, TNT, and DtBP have been measured accurately.31,33
Table 6. Comparison of Previously Published Reference Standards
against Current Criteria for a Suitable Reference Standard
Compound
(CAS Registry
Number)

Hydrated proton
ion
(7732-18-5)

Proton and
Electron
Affinity/
Ionization
Energy where
Known

Safety
Hazards

Proton affinity:
165 kcal/mol56
(H2O + H+)

None—water
vapor

Both
(+) and
(–)
Mode
Active

Produces
Both
Monomer
and Dimer

Y/N

Y/N

N
Positive
mode only

Y
Produces
multiple
hydrated
clusters34,58

Y
≥98%

N
Positive
mode only

Y60

Vapor
Pressure

Possibility for
Isomers

Commercial
Availability

Torr

Y/N

23.77
at 25 ºC
(3168.74
Pa)57

N
Produces
multiple
hydrated
clusters

3.15
at 25 ºC
(high)

Y
(e.g.,
2,6-dimethylpyridine)

Nonvolatile
Solid

Y
(e.g.,
pyridine2carboxamide)

Y
≥98%

N
Positive
mode only

N

0.833
at 25 ºC63
(high)

N

Y
≥97%

N
Positive
mode only

Y34

Y/N
typical purity
available
Y
but water
vapor in
ambient air
may be used

 LD50 oral

Lut
(108-47-4)

Proton affinity:
227.3 kcal/mol59
(951.0 kJ/mol)







Nic
(98-92-0)

Proton affinity:
918.3 kJ/mol61






DMMP
(756-79-6)

Proton affinity:
902 kJ/mol62





200 mg/kg
(rat,
moderate)
Possible
irritation via
inhalation
Noncarcinogen
No
teratogenicity
data
LD50 oral
2500 mg/kg
(mouse, low)
LD50 dermal
2000 mg/kg
(rabbit, low)
Noncarcinogen
No
teratogenicity
data
LD50 oral
8210 mg/kg
(rat, low)
LC50
inhalation
2.589 mg/L
(rat, 4 h,
high)
LD50 dermal
2000 mg/kg
(rabbit, low)
Suspected
carcinogen
No
teratogenicity
data
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Table 6. Comparison of Previously Published Reference Standards
against Current Criteria for a Suitable Reference Standard (continued)
Compound
(CAS Registry
Number)

DtBP
(585-48-8)

Proton and
Electron
Affinity/Ionization
Energy where
Known

Proton affinity:
231 kcal/mol64
(966.5 kJ/mol)

Commercial
Availability

Both
(+) and
(–)
Mode
Active

Produces
Both
Monomer
and
Dimer

Y/N
Typical
Purity
Available

Y/N

Y/N

Y
≥97%

N
Positive
mode
only

N

N

Y
≥97%

N
Positive
mode
only

N

Y
Alkyl
isomers

Y
≥96%

N
Positive
mode
only

N

N

Y
98%

N
Positive
mode
only

N

N
Positive
mode
only

N
Individual
salts
combined
to form a
homologous
series

N
Positive
mode
only

N
Individual
fullerenes
combined
to form a
homologous
series

Vapor
Pressure

Possibility
for
Isomers

Torr

Y/N

Safety Hazards

 Non-carcinogen
 No toxicology or

0.177
at 20 ºC65
(high)

teratogenicity
data

Y
(e.g.,
2,5-di-tertbutyl
pyridine)

 LD50 oral

DBzA
(103-49-1)

N/A

632 mg/kg
(rat, female,
moderate)
 No inhalation
data
 LD50 dermal
>2000 mg/kg
(rat, low)

4.5 × 10–1
at 20 ºC
(high)

 Non-carcinogen
 No teratogenicity
data

 LD50 oral
THA
(102-86-3)

Proton affinity:
269.51 kJ/mol66

HPhB
(992-04-1)

N/A







NR4X
(multiple possible
salts)

N/A




1200 mg/kg
(rat, female,
moderate)
Non-carcinogen
No toxicology,
or teratogenicity
data available
Non-carcinogen
No toxicology or
teratogenicity
data
Typically
moderate oral
toxicity
Typically noncarcinogen
Typically no
teratogenicity
data

Nonvolatile
Solid

Nonvolatile
Solid

Nonvolatile
Solids

Y
Alkyl
isomers

Y
Individual
salts

 Typically nonFullerenes
(multiple possible
numbers of
carbons)

NBN
(619-72-7)

carcinogen

N/A

Proton affinity:
775.7 kJ/mol37
Ionization energy:
10.59 eV67

Nonvolatile
Solids

 Typically no
toxicology or
teratogenicity
data

 LD50 oral
30 mg/kg
(rat, high)
 Non-carcinogen
 No teratogenicity
data

Nonvolatile
Solid
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Y
Multiple
fullerenes

Y
(e.g.,
3nitrobenzonitrile)

Y
Individual
fullerenes

Negative
mode
active68
Y
≥97%

Probable
activity
in
positive
mode

Probable

Table 6. Comparison of Previously Published Reference Standards
against Current Criteria for a Suitable Reference Standard (continued)
Compound
(CAS Registry
Number)

Proton and
Electron
Affinity/
Ionization
Energy where
Known

Vapor
Pressure

Possibility for
Isomers

Commercial
Availability

Both
(+) and (–)
Mode
Active

Produces
Both
Monomer
and Dimer

Torr

Y/N

Y/N
Typical
Purity
Available

Y/N

Y/N

0.4
at 20 ºC
(high)

N

Y
≥99%

N
Negative
mode only

N

0.31
at 25 ºC
(high)

N

Y
≥99%

N
Negative
mode only

N

Safety Hazards

 LD50 oral


HCE
(67-72-1)

Electron affinity
37.9 kcal69





Iodine
(7553-56-2)

Proton affinity
608.2 kJ/mol37



Electron affinity
295.2 kJ/mol70



Ionization energy
1008.4 kJ/mol






DOP
(117-81-7)

N/A





4,970 mg/kg
(guinea pig,
low)
LC50 dermal
32,000 mg/kg
(rabbit, low)
Possible
carcinogen
No
teratogenicity
data
LD50 oral
14,000 mg/kg
(rat, low)
LC50 inhalation
>4.588 mg/L
(rat, 4 h, low)
LC50 dermal
1,425 mg/kg
(rat, moderate)
Non-carcinogen
No
teratogenicity
data
LD50 oral
30,000 mg/kg
(rat, low)
No inhalation
toxicity data
LC50 dermal
25,000 mg/kg
(rabbit, low)
Possible
carcinogen
Possible
teratogen

1.2
at 93 ºC
(high)

Y
Negative
mode2
Y
Alkyl isomers

Y
≥98%

Positive
mode
proton
transfer and
adducts71,72

Probable
adducts in
negative
mode
Positive
mode
sodium
adduct
dimer via
ESI72

Y/N: yes/no.
LD50: median lethal dose.
LC50: median lethal concentration.
N/A: not available.
ESI: electrospray ionization.

Tables 5 and 7 are similar in that they simplify the descriptions of each reference
standard given in Table 6 and indicate by color (green, orange, or red) how well each reference
standard corresponds to each criterion. The major differences between these two tables are that
the majority of compounds in Table 7 are not active in both ionization modes and do not form
both monomer and dimer species. It is important to note that although the hydrated proton ion
does form multiple species including dimers and trimers, as stated in Table 6, this property may
be viewed as more of a disadvantage. This is due to their instability and subsequently changing
collision cross sections because water molecules associate and disassociate with the ion during
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its drift time. This creates multiple, closely spaced mobility values that group into a single and
wide reactant ion peak, which may be considered similar to the existence of structural isomers
for the molecule. As a result, no additional information regarding these dimer and trimer species
for the hydrated proton ion can be exploited in the same manner as the monomer and dimer
peaks of other species, such as DMMP, may be used.34 These water clusters also cause issues in
analyses because of their clustering with product ion species and shifting analyte mobility peaks
in the spectrum.34 Although individual conformations of NR4X, fullerenes, and DOP may be
purchased in high purity, the many possible available conformations of these compounds would
require the ion mobility community to decide on a single conformation for use as a standard
reference compound. Another option may be to decide upon a standard mixture of multiple
conformations to produce multiple mobility peaks for the reference standard. However, these
peaks would need to be sufficiently separated from one another and any COIs to avoid
complicating the spectrum and resultant mobility analyses.
Many of these standards would not be considered ideal because of high clustering
behavior (hydrated proton), difficulty in volatilization due to low vapor pressure (THA and
HPhB), complexity in multiple available formulations and structural isomers for purchase
(NR4X, fullerenes, and DOP), possible safety hazards (HCE and DOP), or activity in only one
ionization mode. As with any other compound deemed a potentially suitable reference standard
(e.g., NBN for its probable activity in both ionization modes, probable ability to produce dimers,
and application where volatilization is required), accurate and well-characterized reduced
mobility values for the compound need to be measured to make a full assessment.
Table 7. Second Color-Coded Evaluation of the Previously Listed Reference Standards,
as to Their Suitability with the Seven Criteria for Good Reference Standards*
Compound

Potential
for
Ionization

Safety
Hazards

Vapor
Pressure

Hydrated proton ion
Lut
Nic
DMMP
DtBP
DBzA
THA
HPhB
NR4X
Fullerenes
NBN
HCE
Iodine
DOP
*
Color key provided in Section 4.
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Possible
Isomers

Commercial
Availability
with High
Purity

Both
(+) and (–)
Mode
Active

Produces
Monomer
and Dimer

6.

APPLICATION OF CALIBRATION PRINCIPLES TO EXISTING DATA
AND PRELIMINARY FINDINGS

6.1

Precision of LCD 3.2E Parametric Measurements

The use of suitable and accurate reference standards with accurate measurements
has been investigated to achieve significant reductions in the false-alarm rates of existing IMSbased instruments used for security, forensics, and other field and laboratory analytical
applications. To enable accurate measurements, the precision of parametric measurements must
be to the same degree, if not better. A study was performed to examine the precision with which
factory calibrated K0 values can be reproduced in 26 LCD 3.2E instruments. These detectors
were used, although many similar types of devices have been developed. These tests were
performed after a series of environmental tests and without factory recalibration of the detectors.
The detectors were placed in an environmental chamber at a fixed temperature and pressure for
an unspecified but significant period of time. Table 8 provides a summary of the precision
(standard deviation) of internal sensor readings of pressure, temperature, and positive and
negative voltage averaged over all detectors and all reported sensor values. Data were supplied
by Smiths Detection on 26 June 2010.
Table 8. LCD 3.2E Chamber Trial Results of Instrumental Parameters
for 26 Detectors Averaged after Environmental Testing
Standard Deviation in Parameter Value
Positive Voltage
Negative Voltage
Temperature
Pressure
(V)
(V)
(K)
(mbar)
±0.006%
±0.009%
±0.01%
±0.06%
mbar: millibar.

Similar to the error associated with measurements, the variation or precision
associated with each instrumental parameter in Table 8 may be propagated to determine the
overall precision of the K0 calculation



S K 0  K 0 2L   V   td   T   P 
2

2

2



(5)

2 12

2

At a given temperature, L is invariant within a detector and drift times are
measured with a precision of better than 10–4; the overall precision of the LCD 3.2E sensors is
then calculated using



S K 0  K 0 20  0.00006  0.00009  0.0001  0.0006
2

2

2

2



2 12

(6)

The overall precision for the LCD 3.2E sensors is therefore 0.06% or 0.0006 for a
K0 value of 1 and 0.001 for a K0 value of 2, as determined

S K 0  K 0 0.0006
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(7)

The results obtained by using eqs 5–7 show that the parametric sensors in the
LCD 3.2E are of sufficient precision to allow K0 determinations that can result in the
establishment of detection windows up to an order of magnitude more narrow.
6.2

Calibration of K0 Values in Hand-Held IMS Systems
Using Laboratory Values

Two important details of ion mobility determinations are electric field uniformity
and temperature gradients in the spectrometer drift region. Both of these can lead to inaccurate
K0 values and limited resolving power of spectral peaks on the IMS-based field device. These
parameters are minimized to a fraction of a percent in the laboratory system, whereas the
temperature and field gradients are not well known in the hand-held IMS-based detector but are
certainly greater than those in the laboratory system. Using the accurate K0 values of ion mobility
standards and accurate K0 values of target analytes will allow robust K0 compensation algorithms
to be developed without any modifications to the hand-held IMS system hardware. The proposed
calibration method was carried out and evaluated using the following two-step process:
(1) narrower detection windows were applied to previously collected data, and
(2) the mobility scale was adjusted using eq 4.
Two scenarios were explored to determine the initial success of this calibration
method. In the first scenario, we examined the maintained rate of true-positive responses, and in
the second scenario, we examined the reduction of false-positive alarms. The two test cases used
unpublished data collected in 2005 by Dr. Pamela Chu (National Institute of Standards and
Technology [NIST]; Gaithersburg, MD). MES was injected into five LCD 3.2E instruments
multiple times at known concentrations of 1.0 ± 0.1 mg/m3, and the responses were noted.
6.2.1

First Scenario: True-Positive and False-Negative Responses

The NIST data were analyzed in this test case by taking 802 ion mobility spectra
from the five detectors (A through E) and examining them for their rates of correct detections
(i.e., whether the K0 value was within the programmed detection window for MES for a
particular LCD 3.2E). Using the LCD 3.2E MES factory calibration detection window widths,
100% of the responses from the NIST data fell within the factory set window, and there were no
false-negative results, as shown in Table 9. A 38% narrower detection window width was then
applied to the NIST LCD 3.2E raw data. For most of the exposures shown in Table 9, the MES
ion mobility peaks still appeared within the hypothetical 38% narrower window. Although
narrower detection windows reduce window overlap and false-positive alarm rates, falsenegative responses could be erroneously increased by excluding a peak from the narrower
detection window. This was seen in one case where only 67% of the peaks were within the 38%
narrower window (unit E). Therefore, if the LCD 3.2E windows were made to be 38% narrower,
a third of the spectra would have resulted in false-negative detections.
To maintain a low rate of false-negative responses using narrower windows,
accurate K0 values and eq 4 can be used to calibrate the ion mobility scale in the IMS detector
and adjust the detection windows to the proper locations. As previously stated, K0 std is the
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accurate ion mobility value for a reference standard chemical compound that has been obtained
using an ion mobility spectrometer with accurately measured and precisely controlled, NIST
traceable, parametric sensing instrumentation. A K0 std value has not yet been determined for
MES, so the traditional value of 1.474 cm2V–1s–1 was chosen based on an average of many K0
measurements with various IMS instruments under a variety of conditions. It is important to note
that this value was only used for the purposes of this proof of concept. The value of K0 cal used
for each unit was the average of the first 10 spectra resulting from the exposure of the unit to
MES. These 10 spectra for each unit were acquired before the spectra that were collected and
treated by eq 4 and were not included in the LCD 3.2E response data set. The values of K0 obs
were the MES K0 values reported after these initial 10 spectra were obtained.
Table 9 shows the effect of this data treatment on detection windows that were
reduced even further by 88 and 92%. Unit E, which previously exhibited a 67% true-positive rate
with a 38% narrower detection window width, improved to a 98% true-positive rate with an 88%
narrower window and a 93% true-positive rate with a 92% narrower window. However, a few of
the K0 values would not have fallen within the narrower window widths. A summary of the
detection window width analyses shows that a total of 96% of the responses from this 92%
narrower and treated window would be correct when averaged over the entire data set of
802 spectra. This is a 3% improvement over the raw data that had a window 7.5 times larger and
was arbitrarily narrowed by only 38% from the factory setting. This IMS laboratory data from
the five LCD 3.2E detectors indicates that widths of detection windows can be reduced by an
order of magnitude if the ion mobility scale of the instrument is calibrated with a known K0 value
when response data is acquired. The proper K0 value for the reference standard, MES in this
case, must be accurately known, and the uncalibrated K0 value for MES (the COI) must be
determined for each instrument during the same experiment.
Table 9. Rate of Correct Responses on Five LCD 3.2E Units
LCD 3.2E
Unit

Number
of
Exposures

Number
of Spectra

A
B
C
D
E
Total

4
3
3
2
3
15

193
166
175
108
160
802

Number MES Peaks in Detection Window
(True-Positive Rate)
Raw Data
Treated Data
Factory
Window
(100%)

38% Narrower
Window

88% Narrower
Window

92% Narrower
Window

193
166
175
108
160
802

193 (100%)
166 (100%)
175 (100%)
108 (100%)
107 (67%)
749 (93%)

193 (100%)
166 (100%)
164 (94%)
107 (99%)
156 (98%)
785 (98%)

189 (98%)
166 (100%)
163 (93%)
106 (98%)
149 (93%)
772 (96%)

Note: The MES K0 value appeared within four window widths: the factory window and hypothetically, the 38, 88,
and 92% narrower windows.
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6.2.2

Second Scenario: False-Positive Responses for HD as an MES Interferent

In this scenario, bis(2-chloroethyl) sulfide (sulfur mustard; HD) is considered an
interferent for MES detection. The programmed windows for MES and HD responses in the
LCD 3.2E overlapped by approximately 13%. Table 10 shows the rate of false-positive alarms
for MES in the overlapping HD window when the window width of MES was set to the
hypothetical 38% narrower window, the HD window was kept the same, and the data were not
calculated using eq 4. The rate of false-positive alarms varies widely, depending on the particular
LCD 3.2E unit. When the MES window was reduced to 88% of the factory set window width
and the previously described calibration treatment was applied, the false-alarm rate drastically
decreased, as shown in Table 10. The worst case was 6% false positives, and the overall average
for the five LCD 3.2E units was reduced from 40 to 1.4%. Adjusting HD window widths using
this method would remove overlapping of MES and HD windows altogether. In addition,
ambiguous responses or false alarms would be eliminated.
Table 10. Rate of False-Positive Alarms for HD Peaks in MES Detection Windows:
Pre- and Post-Data Treatment
Number of HD Peaks in Hypothetical MES Window
(Hypothetical HD False-Positive Alarm Rate)
Raw Data
Treated Data
LCD 3.2E
Number
Unit
of Spectra HD Programmed Window Width
HD Programmed Window
and 38% Narrower MES
Width and 88% Narrower MES
Window
Window
A
193
34 (18%)
0 (0%)
B
166
58 (35%)
0 (0%)
C
175
68 (39%)
11 (6%)
D
108
0 (0%)
0 (0%)
E
160
160 (100%)
0 (0%)
Total
802
320 (40%)
11 (1.4%)
7.

CONCLUSIONS

Initial studies investigating the effect of using narrower detection windows have
yielded promising results. The case studies of MES responses in LCD 3.2E instruments indicate
that when ion mobility windows are adjusted by accurately known ion mobility values for
analytes and chemical IMS calibration standards, a significant improvement in detection window
width and false-alarm rejection can be realized. In these studies, the accurate K0 value for MES
was assumed to be the traditional value of 1.474 cm2V–1s–1. Accurate K0 values for MES are
being determined, and if the accurate value differs from the traditional value, the percentages of
responses will not change. When using chemical standards for which accurate K0 values have
been determined, the ion mobility scale will be adjusted to compensate for manufacturing and
parametric measurement inaccuracies. The LCD 3.2E and other instruments need only be
exposed to standard chemicals, and the mobility scale can be adjusted automatically through the
operation algorithm. Studies have shown that precision (i.e., reproducibility of operational
parameter measurements for determination of ion mobility values in existing instrumentation) is
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sufficient to allow accurate calibration of the ion mobility scale and, thus, adjustment of
detection windows to the narrower, accurate values. It is important to note that the MES data
treatments are based on hypothetical reductions in LCD 3.2E detection window widths to
illustrate the utility of real-time calibration of IMS instruments. The results do not reflect actual
LCD 3.2E detection capabilities.
Adjusting K0 obs to the factory calibration value has the effect of adjusting the
pressure, temperature, drift time, voltage sensors, and ion drift distance to a common value. The
user would apply this scale adjustment to the IMS instrument by injecting the standard chemical
into the inlet of the detector during a calibration mode and before the detection survey. The
calibration would be accomplished at any time and as often as desired. The chemical standard
exposure process is similar to the use of existing confidence checkers. The new method
described here will improve the currently deployed threat detection technology and minimize
unnecessary expenditure of resources when a positive alarm is verified.
The ultimate goal of improving accuracy in IMS has been to lower the false-alarm
rates of IMS-based devices without modifying their existing hardware, thereby extending the
utility of fielded threat-detection assets through only software improvements. These
improvements utilize the principle of eq 4 to incorporate narrower detection windows in
algorithms for selective detection of COIs and for rejection of interferences. Because the
LCD 3.2E and other fielded IMS-based instruments can provide reproducible measurements of
operational parameters, accurate and precise determinations of ion mobility values will result in
accurate calibration of the ion mobility scale as well as improved false-alarm rejection without
hardware modifications. This can be achieved through the accurate characterization and use of
accurate IMS reference standards.
Suitable reference standards should satisfy the first four criteria (potential for
ionization, low toxicity, vapor pressure, and no isomers). The next three criteria (commercial
availability, active in both ion detection modes, and monomer and dimer formation) are what
might be termed tie-breakers and may possibly be selective for specific applications. Accurate
measurements of the reference standard under various instrumental parameters reduce the error
propagated when determining K0 values. This will decrease the rate of false-positive alarms
without increasing the rate of false-negative responses.
To date, DMMP, PDO, IsoF, DPM, and DtBP have been studied as potential ion
mobility standards. DMMP, DPM, and DtBP are active only in the positive mode, and IsoF is
active only in the negative mode. Vapor pressures of these compounds are commensurate with
the LCD 3.2E application as a vapor detector. The toxicity of DMMP and DtBP has not been
fully studied. The ion mobility value of the ammoniated DMMP dimer ion has been accurately
measured: 1.323 ± 0.002 cm2V–1s–1 (1.632 ± 0.002 ppmv H2O, 30.05 ± 0.01 ºC, 280.02 V/cm).33
Laboratory investigations of PDO, IsoF, DPM, and DtBP have not been completed, but their
potential as IMS reference standards is indicated.

22

LITERATURE CITED
1.
Eiceman, G.A.; Karpas, Z.; Hill, H.H., Jr. Ion Mobility Spectrometry, 3rd ed.; CRC Press:
Boca Raton, FL, 2014.
2.
Kaur-Atwal, G.; O’Connor, G.; Aksenov, A.A.; Bocos-Bintintan, V.; Thomas, C.L.P.;
Creaser, C.S. Chemical Standards for Ion Mobility Spectrometry: A Review. Int. J. Ion Mobil.
Spectrom. 2009, 12, 1–14.
3.
Steinfeld, J.I.; Wormhoudt, J. Explosives Detection: A Challenge for Physical Chemistry.
Annu. Rev. Phys. Chem. 1998, 49, 203–232.
4.
Buxton, T.L.; Harrington, P.D. Trace Explosives Detection in Aqueous Samples by
Solid-Phase Extraction Ion Mobility Spectrometry (SPE-IMS). Appl. Spectrosc. 2003, 57 (2),
223–232.
5.
Matz, L.M.; Tornatore, P.S.; Hill, H.H., Jr. Evaluation of Suspected Interferents for TNT
Detection by Ion Mobility Spectrometry. Talanta 2001, 54, 171–179.
6.
Mäkinen, M.; Sillanpää, M.; Viitanen, A.-K.; Knap, A.; Mäkelä, J.M.; Puton, J. The
Effect of Humidity on Sensitivity of Amine Detection in Ion Mobility Spectrometry. Talanta
2011, 84, 116–121.
7.
Crawford, C.L.; Hauck, B.C.; Tufariello, J.A.; Harden, C.S.; McHugh, V.; Siems, W.F.;
Hill, H.H., Jr. Accurate and Reproducible Ion Mobility Measurements for Chemical Standard
Evaluation. Talanta 2012, 101, 161–170.
8.
Kanu, A.B.; Haigh, P.E.; Hill, H.H., Jr. Surface Detection of Chemical Warfare Agent
Simulants and Degradation Products. Anal. Chim. Acta 2005, 553, 148–159.
9.
Fernández-Maestre, R.; Harden, C.S.; Ewing, R.G.; Crawford, C.L.; Hill, H.H., Jr.
Chemical Standards in Ion Mobility Spectrometry. Analyst 2010, 135 (6), 1433–1442.
10.
Eiceman, G.A.; Nazarov, E.G.; Stone, J.A. Chemical Standards in Ion Mobility
Spectrometry. Anal. Chim. Acta 2003, 493, 185–194.
11.
Ochoa, M.L.; Harrington, P.B. Detection of Methamphetamine in the Presence of
Nicotine Using In Situ Chemical Derivatization and Ion Mobility Spectrometry. Anal. Chem.
2004, 76 (4), 985–991.
12.
Rearden, P.; Harrington, P.B. Rapid Screening of Precursor and Degradation Products of
Chemical Warfare Agents in Soil by Solid-Phase Microextraction Ion Mobility Spectrometry
(SPME-IMS). Anal. Chim. Acta 2005, 545 (1), 13–20.

23

13.
Clemmer, D.E.; Jarrold, M.F. Ion Mobility Measurements and Their Applications to
Clusters and Biomolecules. J. Mass Spectrom. 1997, 32, 577–592.
14.
Harris, G.A.; Kwasnik, M.; Fernàndez, F.M. Direct Analysis in Real Time Coupled to
Multiplexed Drift Tube Ion Mobility Spectrometry for Detecting Toxic Chemicals. Anal. Chem.
2011, 83 (6), 1908–1915.
15.
Carrico, J.P.; Sickenberger, D.W.; Spangler, G.E.; Vora, K.N. Simple Electrode Design
for Ion Mobility Spectrometer. J. Phys. E: Sci. Instrum. 1983, 16, 1058–1062.
16.
Eiceman, G.A.; Wang, Y.; Garcia-Gonzalez, L.; Harden, C.S.; Shoff, D.B. Enhanced
Selectivity in Ion Mobility Spectrometry Analysis of Complex Mixtures by Alternate Reagent
Gas Chemistry. Anal. Chim. Acta 1995, 306, 21–33.
17.
Gunzer, F.; Baether, W.; Zimmerman, S. Investigation of Dimethyl Methylphosphonate
(DMM) with an Ion Mobility Spectrometer Using a Pulsed Electron Source. Int. J. Ion Mobil.
Spectrom. 2011, 14, 99–107.
18.
Cochems, P.; Gunzer, F.; Langejuergen, J.; Heptner, A.; Zimmerman, S. Selective Ion
Suppression as a Pre-Separation Method in Ion Mobility Spectrometry Using a Pulsed Electron
Gun. Int. J. Ion Mobil. Spectrom. 2012, 15, 31–39.
19.
Asbury, G.R.; Klasmeier, J.; Hill, H.H., Jr. Analysis of Explosives Using Electrospray
Ionization/Ion Mobility Spectrometry (ESI/IMS). Talanta 2000, 50, 1291–1298.
20.
Tam, M.; Hill, H.H., Jr. Secondary Electrospray Ionization-Ion Mobility Spectrometry
for Explosive Vapor Detection. Anal. Chem. 2004, 76 (10), 2741–2747.
21.
Ewing, R.G.; Atkinson, D.A.; Eiceman, G.A.; Ewing, G.J. A Critical Review of Ion
Mobility Spectrometry for the Detection of Explosives and Explosive Related Compounds.
Talanta 2001, 54, 515–529.
22.
Kanu, A.B.; Hill, H.H., Jr. Identity Confirmation of Drugs and Explosives in Ion
Mobility Spectrometry Using a Secondary Drift Gas. Talanta 2007, 73, 692–699.
23.
Daum, K.A.; Atkinson, D.A.; Ewing, R.G.; Knighton, W.B.; Grimsrud, E.P. Resolving
Interferences in Negative Mode Ion Mobility Spectrometry Using Selective Reactant Ion
Chemistry. Talanta 2001, 54, 299–306.
24.
Spangler, G.E.; Carrico, J.P.; Campbell, D.N. Recent Advances in Ion Mobility
Spectrometry for Explosives Vapor Detection. J. Test. Eval. 1985, 13 (3), 234–240.
25.
Huang, S.D.; Kolaitis, L.; Lubman, D.M. Detection of Explosvies Using Laser
Desoprtion in Ion Mobility Spectrometry/Mass Spectrometry. Appl. Spectrosc. 1987, 41,
1371–1376.

24

26.
Spangler, G.E.; Lawless, P.A. Ionization of Nitrotoluene Compounds in Negative Ion
Plasma Chromatography. Anal. Chem. 1978, 50 (7), 884–892.
27.
Fetterolf, D.D. Detection of Trace Explosive Evidence by Ion Mobility Spectrometry. In
Advances in Analysis and Detection of Explosives; Yinon, J., Ed.; Jerusalem, Israel, 1992;
pp 117–132.
28.
Tabrizchi, M.; Abedi, A. A Novel Electron Source for Negative Ion Mobility
Spectrometry. Int. J. Mass. Spectrom. 2002, 218, 75–85.
29.
Khayamian, T.; Tabrizchi, M.; Jafari, M.T. Analysis of 2,4,6-Trinitrotoluene,
Pentaerythritol Tetranitrate and Cyclo-1,3,5-Trimethylene-2,4,6-Trinitramine Using Negative
Corona Discharge Ion Mobility Spectrometry. Talanta 2003, 59, 327–333.
30.
Hauck, B.C.; Siems, W.F.; Harden, C.S.; McHugh, V.M.; Hill, H.H., Jr. E/N Effects on
K0 Values Revealed by High Precision Measurements under Low Field Conditions. Rev. Sci.
Instrum. 2016, 87, 075104.
31.
Hauck, B.C.; Siems, W.F.; Harden, C.S.; McHugh, V.M.; Hill, H.H., Jr. Construction and
Evaluation of a Hermetically Sealed Accurate Ion Mobility Instrument. Int. J. Ion Mobil.
Spectrom. 2017, 20 (3–4), 57–66.
32.
Lai, H.; Leung, A.; Magee, M.; Almirall, J.R. Identification of Volatile Chemical
Signatures from Plastic Explosives by SPME-GC/MS and Detection by Ion Mobility
Spectrometry. Anal. Bioanal. Chem. 2010, 396, 2997–3007.
33.
Hauck, B.C.; Siems, W.F.; Harden, C.S.; McHugh, V.M.; Hill, H.H., Jr. High Accuracy
Ion Mobility Spectrometry for Instrument Calibration. Anal. Chem. 2018, 90 (7), 4578–4584.
34.
Hauck, B.C.; Davis, E.J.; Clark, A.E.; Siems, W.F.; Harden, C.S.; McHugh, V.M.; Hill,
H.H., Jr. Determining the Water Content of a Drift Gas Using Reduced Ion Mobility
Measurements. Int. J. Mass Spectrom. 2014, 368, 37–44.
35.
Hauck, B.C. High Accuracy Ion Mobility Spectrometry to Reduce False Alarm Rates in
National Security Technology. Ph.D. Thesis, Washington State University, Pullman, WA, 2016.
36.
Lokhnauth, J.K.; Snow, N.H. Determination of Parabens in Pharmaceutical Formulations
by Solid-Phase Microextraction-Ion Mobility Spectrometry. Anal. Chem. 2005, 77 (18),
5938–5946.
37.
Hunter, E.P.; Lias, S.G. Evaluated Gas Phase Basicities and Proton Affinities of
Molecules: An Update. J. Chem. Ref. Data 1998, 27 (3), 413–656.
38.
Yeo, A.N.H.; Williams, D.H. Calculation of Partial Mass Spectra of Some Organic
Compounds Undergoing Competing Reactions from the Molecular Ions. J. Am. Chem. Soc.
1970, 92 (13), 3984–3990.

25

39.
Nazarov, E.G.; Coy, S.L.; Krylov, E.V.; Miller, R.A.; Eiceman, G.A. Pressure Effects in
Differential Mobility Spectrometry. Anal. Chem. 2006, 78 (22), 7697–7706.
40.
Hill, C.A.; Thomas, C.L.P. Programmable Gate Delayed Ion Mobility SpectrometryMass Spectrometry: A Study with Low Concentrations of Dipropylene-Glycol-MonomethylEther in Air. Analyst 2005, 130, 1155–1161.
41.
Hodges, R.V.; McDonnell, T.J.; Beauchamp, J.L. Properties and Reactions of Trimethyl
Phosphite, Trimethyl Phosphate, Triethyl Phosphate, and Trimethyl Phosphorothionate by Ion
Cyclotron Resonance Spectroscopy. J. Am. Chem. Soc. 1980, 102 (4), 1327–1332.
42.
Snyder, A.P.; Harden, C.S.; Brittain, A.H.; Kim, M.-G.; Arnold, N.S.; Meuzelaar, H.L.C.
Portable Hand-Held Gas Chromatography/Ion Mobility Spectrometry Device. Anal. Chem. 1993,
65 (3), 299–306.
43.
Jurasek, L.; Argyropoulos, D.S. On the Reactivity of Lignin Models with Oxygen
Centered Radical. I. Computations of Proton and Electron Affinities and O-H Bond Dissociation
Energies. Cellulose Chem. Technol. 2006, 40 (3–4), 165–172.
44.
Denawaka, C.J.; Fowlis, I.A.; Dean, J.R. Evaluation and Application of Static
Headspace–Multicapillary Column-Gas Chromatography–Ion Mobility Spectrometry for
Complex Sample Analysis. J. Chromatogr. A 2014, 1338,136–148.
45.
Poziomek, E.J.; Eiceman, G.A. Solid-Phase Enrichment, Thermal Desorption, and Ion
Mobility Spectrometry for Field Screening of Organic Pollutants in Water. Environ. Sci.
Technol. 1992, 26, 1313–1318.
46.
Joshi, M.; Rigsby, K.; Almirall, J.R. Analysis of the Headspace Composition of
Smokeless Powders Using GC–MS, GC-μECD and Ion Mobility Spectrometry. Forensic Sci.
Int. 2010, 208, 29–36.
47.
Lai, H.; Corbin, I.; Almirall, J.R. Headspace Sampling and Detection of Cocaine,
MDMA, and Marijuana via Volatile Markers in the Presence of Potential Interferences by Solid
Phase Microextraction–Ion Mobility Spectrometry (SPME-IMS). Anal. Bioanal. Chem. 2008,
392, 105–113.
48.
Lai, H.; Guerra, P.; Joshi, M.; Almirall, J.R. Analysis of Volatile Components of Drugs
and Explosives by Solid Phase Microextraction-Ion Mobility Spectrometry. J. Sep. Sci. 2008, 31,
402–412.
49.
Eiceman, G.A.; Shoff, D.B.; Harden, C.S.; Snyder, A.P.; Fleischer, M.E.; Martinez, P.M.;
Watkins, M.L. Ion Mobility Spectrometry of Halothane, Enflurane, and Isoflurane Anesthetics in
Air and Respired Gases. Anal. Chem. 1989, 61 (10), 1093–1099.

26

50.
Saito, K.; Takayasu, T.; Nishigami, J.; Kondo, T.; Ohtsuji, M.; Lin, Z.; Ohshima, T.
Determination of the Volatile Anesthetics Halothane, Enflurane, Isoflurane, and Sevoflurane in
Biological Specimens by Pulse-Heating GC-MS. J. Anal. Toxicol. 1995, 19, 115–119.
51.
Matias, C.; Mauracher, A.; Huber, S.E.; Denifl, S.; Limão-Vieira, P.; Scheier, P.; Märk,
T.D.; González-Méndez, R.; Mayhew, C.A. Dissociative Electron Attachment to the Volatile
Anaesthetic Enflurane and Isoflurane and the Chlorinated Ethanes Pentachloroethane and
Hexachloroethane. Int. J. Mass Spectrom. 2015, 379, 179–186.
52.
Vautz, W.; Bodeker, B.; Baumbach, J.I.; Bader, S.; Westhoff, M.; Perl, T. An
Implementable Approach to Obtain Reproducible Reduced Ion Mobility. Int. J. Ion Mobil.
Spectrom. 2009, 12, 47–57.
53.
Ruzsanyi, V.; Sielemann, S.; Baumbach, J.I. Determination of VOCs in Human Breath
Using IMS. Int. J. Ion Mobil. Spectrom. 2002, 5 (3), 45–48.
54.
Hokell, S.H.; Yang, S.S.; Cooks, R.G.; Hrovat, D.A.; Borden, W.T. Proton Affinities of
Free Radicals Measured by the Kinetic Method. J. Am. Chem. Soc. 1994, 116 (11), 4888–4892.
55.
Sulzer, P.; Rondino, F.; Ptasinskaa, S.; Illenberger, E.; Mark, T.D.; Scheier, P. Probing
Trinitrotoluene (TNT) by Low-Energy Electrons: Strong Fragmentation Following Attachment
of Electrons Near 0 eV. Int. J. Mass Spectrom. 2008, 272, 149–153.
56.
Kebarle, P.; Searles, S.K.; Zolla, A.; Scarborough, J.; Arshadi, M. Solvation of the
Hydrogen Ion by Water Molecules in the Gas Phase. Heats and Entropies of Solvation of
Individal Reactions. H+(H2O)n–1 + H2O → H+(H2O)n. J. Amer. Chem. Soc. 1967, 89 (25),
6393–6399.
57.
Wexler, A. Vapor Pressure Formulation for Water in Range 0 to 100 °C. A Revision. J.
Res. Natl. Bur. Stand. A 1976, 80A (5), 775–785.
58.
Puton, J.; Nousiainen, M.; Sillanpää, M. Ion Mobility Spectrometers with Doped Gases.
Talanta 2008, 76, 978–987.
59.
Karpas, Z. Ion Mobility Spectrometry of Aliphatic and Aromatic Amines. Anal. Chem.
1989, 61 (7), 684–689.
60.
Ewing, R.G.; Eiceman, G.A.; Harden, C.S.; Stone, J.A. The Kinetics of the
Decompositions of the Proton Bound Dimers of 1,4-dimethylpyridine and Dimethyl
Methylphosphonate from Atmopheric Pressure Ion Mobility Spectra. Int. J. Mass Spectrom.
2006, 255–256, 76–85.
61.
Armenta, S.; Blanco, M. Ion Mobility Spectrometry for Monitoring Diamine Oxidase
Activity. Analyst 2012, 137, 5891–5897.

27

62.
Tabrizchi, M.; Shooshtari, S. Proton Affinity Measurements Using Ion Mobility
Spectrometry. J. Chem. Thermodyn. 2003, 35, 863–870.
63.
Butrow, A.B.; Buchanan, J.H.; Tevault, D.E. Vapor Pressure of Organophosphorus Nerve
Agent Simulant Compounds. J. Chem. Eng. Data 2009, 54, 1876–1883.
64.
Hopkins, H.P., Jr.; Jahagirdar, D.V.; Moulik, P.S.; Aue, D.H.; Webb, H.M.; Davidson,
W.R.; Pedley, M.D. Basicities of the 2-, 4-, 2,4-Di-, and 2,6-Disubstituted tert-Butyl Pyridines in
the Gas Phase and Aqueous Phase: Steric Effects in the Solvation of tert-Butyl-Substituted
Pyridines and Pyridinium Cations. J. Am. Chem. Soc. 1984, 106 (16), 4341–4348.
65.
Arnett, E.M.; Chawla, B. Complete Thermodynamic Analysis of the Hydration of
Thirteen Pyridines and Pyridinium Ions. The Special Case of 2,6-Di-tert-butylpyridine. J. Am.
Chem. Soc. 1979, 101 (24), 7141–7146.
66.
Sinues, P.M.; Criado, E.; Vidal, G. Mechanistic Study on the Ionization of Trace Gases
by an Electrospray Plume. Int. J. Mass Spectrom. 2012, 313, 21–29.
67.
Brown, P. Kinetic Studies in Mass Spectrometry—IX: Competing [M-NO2] and [M-NO]
Reactions in Substituted Nitrobenzenes. Approximate Activation Energies from Ionization and
Appearance Potentials. Org. Mass Spectrom. Suppl. 1970, 4, 533–544.
68.
West, C.; Baron, G.; Minet, J.-J. Detection of Gunpowder Stabilizers with Ion Mobility
Spectrometry. Forensic Sci. Int. 2007, 166, 91–101.
69.
Gaines, A.F.; Kay, J.; Page, F.M. Determination of Electron Affinities. Part 8. Carbon
Tetrachloride, Chloroform and Hexachloroethane. Trans. Faraday Soc. 1966, 62, 874–880.
70.
Peláez, R.J.; Blondel, C.; Delsart, C.; Drag, C. Pulsed Photodetachment Microscopy and
the Electron Affinity of Iodine. J. Phys. B. At. Mol. Opt. Phys. 2009, 42, 125001.
71.
Guo, X.; Bruins, A.P.; Covey, T.R. Characterization of Typical Chemical Background
Interferences in Atmospheric Pressure Ionization Liquid Chromatography-Mass Spectrometry.
Rapid Commun. Mass Spectrom. 2006, 20, 3145–3150.
72.
Romão, W.; Vaz, B.G.; Lalli, P.M.; Bueno, I.M.S.; Correa, D.N.; Telles, V.L.C.N.;
de Castro, E.V.R.; Eberlin, M.N. Analyzing Brazilian Vehicle Documents for Authenticity by
Easy Ambient Sonic-Spray Ionization Mass Spectrometry. J. Forensic Sci. 2012, 57 (2),
539–543.

28

ACRONYMS AND ABBREVIATIONS

Ci
COI
CWA
DBzA
DEP
DMMP
(DMMP)2H+
DOP
DPM
DtBP
ECBC
ESI
HCE
HD
HMX
HPhB
IMS
IsoF
K0
K0 cal
K0 COI
K0 det
K0 obs
K0 std
L
LC50
LCD
LD50
Lut
MES
mbar
MOMP
MSDS
NBN
Nic
NIST
NR4X
P
PDO
PETN

instrument factor
compound of interest
chemical warfare agent
dibenzylamine
diethyl phthalate
dimethyl methylphosphonate
proton-bound dimer ion of DMMP
dioctylphthalate
di(propylene glycol) methyl ether
2,6-di-tert-butyl pyridine
U.S. Army Edgewood Chemical Biological Center
electrospray ionization
hexachloroethane
bis(2-chloroethyl) sulfide; sulfur mustard
1,3,5,7-tetranitro-1,3,5,7-tetrazocane
hexaphenylbenzene
ion mobility spectrometry
isoflurane
reduced mobility value
reduced mobility reference standard calculated by an uncalibrated
instrument
reduced mobility of a compound of interest
calibrated reduced mobility of a compound of interest to be used
for detection purposes
initially calculated reduced mobility of a compound of interest or
unknown peak
K0 value of the reference standard
Length
median lethal concentration
Lightweight Chemical Detector
median lethal dose
2,4-dimethylpyridine
methyl salicylate
millibar
2-methoxy-4-methylphenol
material safety data sheet
4-nitrobenzonitrile
nicotinamide
National Institute of Standards and Technology
tetraalkyl-ammonium halides
pressure
2,4-pentanedione
pentaerythritol tetranitrate
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PhBzO
Pi
RDX
S K0
T
TBzPO
td
td COI
td std
TEPO
THA
Ti
TIC
TNT
(TNT-H)–
tofMS
TPhPO
V
Vi

phenyl benzoate
instrument pressure
1,3,5-trinitroperhydro-1,3,5-triazine
precision of the LCD 3.2E sensors
temperature
tribenzyl phosphate
drift time
measured drift time of a compound of interest
measured drift time of the reference standard
triethyl phosphate
trihexylamine
instrument temperature
toxic industrial chemical
2,4,6-trinitrotoluene
proton-abstracted species of TNT
time-of-flight mass spectrometer
triphenyl phosphate
voltage
instrument voltage
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