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Major Goals:  To minimize the complexities of field-based sampling and realize extremely low levels of sensitivity, 
this project aims to characterize the kinetic routes of high-pressure ionization mechanisms that enable ultra-trace 
level detection schemes using a kinetic reaction atmospheric flow tube (KRAFT). When combined with mass 
spectrometry (MS) this adaptive and selective ionization system will provide forensic investigators with a tractable, 
non-destructive, real-time method to quantify chemical warfare agents (CWAs), toxic industrial compounds (TICs), 
and their degradation products.  However, until such goals are realized a fundamental understanding of ion 
clustering kinetics are required. Using a combination of rapid gas-phase ion separations (i.e. ion mobility 
spectrometry (IMS)) and MS the proposed research will probe the central hypothesis that thermodynamics 
measurements can aid in the design of selective gas-phase reactions that produce stable ion clusters that are 
highly amenable to detection using MS. Identifying the conditions that produce selective ion clustering, not simply 
charge transfer, will directly aid the environmental forensics community while establishing the framework for highly 
adaptable and selective ionization schemes. The fundamental principles and technique developed under this 
research effort will be pursued across three specific aims.  



Specific Aim 1: High Pressure Thermodynamic Characterization of Gas-Phase Clusters of Common CWA and TIC 
Degradation Products. Building upon initial observations in the PI’s laboratory the kinetics of cluster formation for 
select CWAs along with their degradation products will be determined using an innovative KRAFT-MS system. 



Specific Aim 2: Design of Selective Adducts for Gas-phase Complexation. In order to extend the KRAFT-MS 
approach to a suite of TICs and toxic industrial materials (TIMs) a logical series of competition experiments will be 
executed. This aim will leverage the results from previous project stages, employ computational chemistry 
techniques, and test the hypothesis that common functional groups found within target analytes may aid in the 
selection of ideal clustering agents. 



Specific Aim 3: Assessment of Detection Limits for Gas-Phase Ion Pairing Reagents from Complex Matrices.  
Serial dilution experiments will be performed to assess the detection limits, signal-to-noise ratio and required 
analysis time for each of the target chemicals using the range of selective adducts outlined in Aims 1 and 2. An 
additional goal of this Aim is to explore the simultaneous use of multiple gas-phase ion-pairing reagents for different 
chemical classes.





At the completion of these studies, it is our expectation that we will have established the chemical foundations for a 
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new class of analytical techniques aimed at the real-time detection of analytes relevant to the mission of the Army 
Research Office (e.g. CWA degradation products, decontamination solvents, and common ground water 
contaminants). Additional benefits of this approach include non-contact sampling and highly competitive detection 
limits (< 1 ppm by volume in the gas-phase) using an innovative high-pressure ionization technique. Though initially 
tailored to CWA agents and their degradation products, the underlying approach to establish the gas-phase 
properties of high-pressure ion clustering can be extended to other organics in the environment that are of interest. 
Real-time, highly sensitive techniques are essential to rapidly evaluated the complex chemistry occurring in 
complex environmental matrices.  



In addition to the education of students in the fields of analytical and physical chemistry, the broader reaching 
outcomes include peer-reviewed publications detailing the thermochemical clustering information of target analytes 
in the gas-phase which is largely absent from existing literature. Additionally, it is envisioned that the KRAFT-MS 
approach to vapor detection may find utility in other disciplines such as biology and synthetic chemistry.
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Abstract: To minimize the complexities of field-based sampling and realize extremely low 
levels of detection, this project aims to characterize the kinetic routes of high-pressure 
ionization mechanisms that enable ultra-trace level detection schemes using a kinetic 
reaction atmospheric flow tube (KRAFT). When combined with mass spectrometry (MS) 
this adaptive and selective ionization system provides forensic investigators with a trac-
table, non-destructive, real-time method to quantify chemical warfare agents (CWAs), 
toxic industrial compounds (TICs), and their degradation products. Adapting the outlined 
approach to new applications is highly dependent upon a clear understanding of the clus-
tering thermodynamics of the target analyte with the associated reactant ions. Using a 
combination of rapid gas-phase ion separations (i.e. ion mobility spectrometry (IMS)) and 
MS the proposed research demonstrated how the selective gas-phase reactions that pro-
duce stable ion clusters can enhance detection limits across analyte classes (e.g. CWAs, 
explosives, and narcotics). Identifying the conditions that produce selective ion clustering, 
not simply charge transfer, proved essential in maximizing the probability of detection and 
signal to noise ratio. Across the experimental effort new experimental techniques and 
approaches were developed that assess thermodynamic stability and inform future efforts 
to enhance detection metrics for a variety of analytes in the vapor phase. In addition to 
the scientific contributions and peer-reviewed publications this project supported the ed-
ucation and training of 3 graduate students leading to a total of 3 degrees (2 Ph.D. and 1 
M.S.). 
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Introduction and Background 
 
To minimize the complexities of field-based sampling and realize extremely low levels of 
sensitivity, this project aims to characterize the kinetic routes of high-pressure ionization 
mechanisms that enable ultra-trace level detection schemes using a kinetic reaction at-
mospheric flow tube (KRAFT). When combined with mass spectrometry (MS) this adap-
tive and selective ionization system will provide forensic investigators with a tractable, 
non-destructive, real-time method to quantify chemical warfare agents (CWAs), toxic in-
dustrial compounds (TICs), and their degradation products. However, until such goals are 
realized a fundamental understanding of ion clustering kinetics are required. Using a com-
bination of rapid gas-phase ion separations (i.e. ion mobility spectrometry (IMS)) and MS, 
the proposed research probed the central hypothesis that thermodynamics measure-
ments can aid in the design of selective gas-phase reactions that produce stable ion clus-
ters that are highly amenable to detection using MS. By identifying the conditions that 
produce selective clustering between the target analyte and reactant ions, the outlined 
research accomplishments provide the environmental forensics community with a new 
set of highly adaptable and selective ionization schemes. The outlined research tools, 
strategies and techniques were applied to a range of analytes including, trace levels of 
phosphonic acids, thiodiglycol, explosives, and narcotics. These research successes 
were achieved by focusing on 3 fundamental, interrelated Specific Aims.  
 
Specific Aim 1: High Pressure Thermodynamic Characterization of Gas-Phase Clusters 
of Common Chemical Warfare Agent Simulants and Degradation Products of Toxic In-
dustrial Compounds. When formed, the selective clustering between target analytes and 
reactant ions establish conditions that minimize chemical background and maximize con-
fidence during analysis. Figure 1 illustrates the signal-to-noise (SNR) benefits afforded by 
selective clustering when probing tributyl phosphate (TBP) vapor.  
 

 
Figure 1. a) Background mass spectrum monitoring positive ions obtained with AFT-MS for back-
ground room air, without TBP solution or dopant slides held at flow tube inlet. B) Spectrum obtained 
from sampling headspace over 1000 ppbsoln TBP solution and PMP dopant slide in place. c) Difference 
spectrum obtained by subtracting background spectrum in (a) from TBP sample spectrum in (b). 
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Careful investigation of the thermodynamic characteristics of the selective ion-neutral 
clusters with assistance from historical efforts, illustrated that the strength of the ion neu-
tral cluster, and consequently its probability of detection, is dependent upon the relative 
thermodynamic stability of the system (i.e. the relative charge affinity between the two 
molecules).  

 
Specific Aim 2: Design of Selective Adducts 
for Gas-phase Complexation. In order to 
extend the KRAFT-MS approach to a suite 
of TICs and toxic industrial materials (TIMs) 
a logical series of competition experiments 
were conducted. Figure 2 illustrates the re-
sults of one such experiment evaluating the 
use of TBP as a clustering reagent for se-
lect opioid analogues. Slower rates of de-
cline demonstrate higher degrees of stabil-
ity and computational evaluation of the clus-
tering participants provides insights into the 
data-driven selection of clustering reagents 
for a particular application.  
 
Specific Aim 3: Assessment of Detection 
Limits for Gas-Phase Ion Pairing Reagents 
from Complex Matrices.  Serial dilution ex-
periments will be performed to assess the 
detection limits, signal-to-noise ratio and re-

quired analysis time for each of the target chemicals using the range of selective adducts 
outlined in Aims 1 and 2. An additional goal of this Aim is to explore the simultaneous use 
of multiple gas-phase ion-pairing reagents for different chemical classes. 
 
 
While the full range of relevant trace detection efforts has yet to be explored using KRAFT, 
the outlined research success highlight the capacity of the system to realize trace detec-
tion of vapor analytes in real-time. Though initially tailored to CWA agents and their deg-
radation products, the underlying approach to establish the gas-phase properties of high-
pressure ion clustering was demonstrated across analyte classes including sulfur-con-
taining CWA simulants, narcotics, and explosives. In addition to the education of students 
in the fields of analytical and physical chemistry, the broader reaching outcomes included 
11 peer-reviewed publications detailing the thermochemical clustering information of tar-
get analytes in the gas-phase which is largely absent from existing literature.  
 
 
 
 
 
 

 
 
Figure 2. Survival yield analysis of TBP clus-
ters.  The diminished stability of tetracaine is 
attributed to the extended distance between 
the amine and carbonyl groups within this mol-
ecule and the role this distance plays on the 
stability of the gas-phase complex. 
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Kinetic Reaction Atmospheric Flow Tube Mass Spectrometry (KRAFT-MS) 
 
The atmospheric flow tube used in these efforts is best described as a real-time mass 
spectrometric method that maximizes the number of ion-neutral interactions prior to de-
tection using mass spectrometry. When ionized reagents are present the probability of 
forming the produce of interest is also maximized.  Historically, most ion sources are lo-
cated immediately in front of the mass spectrometer inlet, however, this instrumental con-
figuration largely eliminates any reactions that do not occur within a few milliseconds.  In 
the KRAFT-MS system reaction times extend up to 10s.  It is understood that the ultimate 
number of ions reaching the detector using KRAFT-MS is diminished, however, the pri-
mary goal in analytical sciences to maximize SNR.  In this respect, KRAFT achieves such 
a goal because only ions (or clusters) that remain stable through the process are de-
tected.  When conditions are established where the analyte of interest participates in the 
clustering, a highly sensitive tool emerges.  
 

 
A detailed instrumental schematic can be seen in Figure 2.  Consisting of a sampling inlet, 
non-radioactive ionization source, atmospheric flow tube, and a mass spectrometer, the 
KRAFT-MS system shown in Figure 2 was used to characterize a range of CWA degra-
dation products that contain a phosphorus atom at the center of a chemical functional 
group.  In brief, an Agilent 6410A triple quadrupole mass spectrometer (Agilent Technol-
ogies; Santa Clara, CA, USA) was fitted with a custom ion inlet housing to permit the 
introduction of ions from a ~60 cm, 1-inch inner diameter copper tube with a dielectric 
barrier discharge (DBD) ion source fitted to the other end. A house vacuum pull of ap-
proximately 1 L/min was applied to the inlet housing so that reactant ions and other spe-
cies could be drawn toward the mass spectrometer inlet. The DBD source used here was 
a simplified version of a four-bulb design previously reported. To circumvent the difficulty 
of fitting four individual DBD sources into two brass tees where electrical arcing can easily 
occur between sources or between the DBD source and the tube, this updated design 
combines the four individual sources into one large DBD ion source with voltage supplied 

Figure 2.) Drug detection was accomplished on a triple-quadrupole MS system outfit-
ted with a flow tube apparatus, a single-bulb dielectric barrier discharge ion source, do-
pant vapor inlet, and wire filament used for performing all desorption experiments. 
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by a single pair of electrical leads. Along with the benefit of reducing the potential for 
arcing, the large DBD source ran on 15 V, and required only 80 mA of current in compar-
ison to the previously reported 0.1 A when the DBD bulbs were powered separately. As 
illustrated in Figure 1, a small section of additional copper tubing with a 4 cm by 2 cm slit 
in the side was added at the front flow tube inlet. A light flow of purified nitrogen gas 
(99.9%, ~1 L/min) was directed along the long axis of the flow tube, as well. This created 
an area where residue samples on glass slides could be inserted under consistent con-
ditions and where analyte signal could be enhanced due to the added nitrogen carrier 
gas. 
 

To illustrate the operational concepts of the KRAFT-
MS system from a chemistry perspective there is merit 
in exploring the relative physical characteristics of a 
few analytes. With a standard vapor pressure of 
1.1x10-3 Torr at 298 K, TBP has an inherently low max-
imum concentration that can be found within vapor. At 
room temperature, this corresponds to a maximum 
concentration of vaporized TBP that can be achieved 
above pure liquid TBP of approximately 10 ppm, so 
any methods that might be applied to trace TBP deter-
mination must be able to detect ppb levels or lower. In 
this regard, KRAFT-MS as an analytical technique has 
been shown to reach these levels for explosives, but 
had yet to be assessed for TBP or even in the positive 
mode of operation. To re-emphasize the mode of op-
eration an image of the KRAFT inlet is shown in Figure 
3.  
 
Even though the protonated TBP species was visible 
in the KRAFT-MS system, simply monitoring this sin-

gle species does not permit the addition of a second layer of selectivity added by using a 
dopant molecule to cluster with TBP. As Figure 1 illustrates, the clustering creates a larger 
m/z species which, under select circumstances, can place the target m/z range outside 
of the chemical noise. Trace amounts of the dopants in this case would be swept into the 
front of the flow tube concurrent with TBP samples, but not directly added to the TBP 
solutions. Only gas-phase dopant molecules reaching interacting with TBP in the flow 
tube would promote cluster formation. By this mechanism, dopants could easily be added 
externally to the flow tube sampling ambient air in non-laboratory settings and still pro-
duce the clusters, whereas this would not be feasible if the dopant-analyte clusters were 
to form primarily in solution. These clusters containing TBP and a dopant molecule form 
in a manner analogous to dimers formed between a pair of high proton affinity compounds 
bound with an interaction between a proton, which are known as proton-bound dimers. 
Although homodimers are common to observe, heterodimers can also readily form and 
would essentially describe the TBP-dopant clusters targeted by the KRAFT-MS analyses. 
Conceptually, the target dopant molecule that could lower detection limits in a charge-
competitive system would be a compound with a decidedly higher proton affinity than the 

	
Figure 3. Current real-time sampling 
approach for non-contact analysis of 
soluble degradation products. The air 
sweeping over the sample carries va-
por into the system where selective 
clustering is leveraged to create ions 
readily detected using mass spectrom-
etry.  
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target analyte. This would thereby allow the dopant to favorably abstract charge, but by 
selective clustering with the analyte, analytes that might otherwise not receive charge and 
go undetected may in fact become ionized. In the case of DEA, this is feasible because 
its proton affinity 952.4 kJ/mol exceeds an estimated proton affinity for TBP of 918 kJ/mol. 
Interestingly, this does not hold for pinacolyl methylphosphonate (PMP), which at an es-
timated proton affinity of 889 kJ/mol stands to be less able than TBP to become proto-
nated. However, the TBP-PMP protonated cluster has been visible from the headspace 
vapor of a 1 ppb TBP solution, which is the lowest concentration standard used for the 
solution calibration curves.  
 

Table 1 illustrates the range of proton affini-
ties for common analytes and functional 
groups.  The results from our KRAFT-MS ex-
periments using TBP and select charge car-
rying species establish a fundamental and 
outstanding question regarding gas-phase 
ion clusters: What is the maximum difference 
in proton affinities between two species that 
still allow for stable heterodimer formation? 
The answer to this question will provide the 
bounds to which selective clustering agents 
may be identified. The information presented 
in Table 1 can also aid in placing the traces 
shown in Figure 4 in context. The extracted 
ion chromatograms shown in Figure 4 corre-
spond to experiments where the signal inten-
sity for the phosphorus containing com-
pounds is largely linear with changes in TBP 
solution concentration. An initial examination 
of these traces also reveals the largely con-
sistent baseline ion current, which lends merit 
to the technique even using positive ion mon-
itoring, which is substantially less clean than 

negative ion mode due to the higher abundance of compounds with high proton affinities 
rather than high gas phase basicities. It is important to note that the absolute detection 
limits for these experiments remain difficult to state precisely due to the nature of the 
system when sampling non-equilibrium vapor concentrations.  The concentrations listed 
on the x-axis are the solution phase concentrations of the analytes and it is only the vapor 
emitted during the experimental time frame that is detected using selective ion-neutral 
clustering.  
 

 
 

 
Table 1. Reported proton affinities for select 
compounds and their associated chemical 
functional groups.  The KRAFT-MS system 
combined with information from the ion mobility 
system provides a mechanism to probe the rel-
ative affinities for target compounds.  Through 
this understand more selective clusters can be 
identified that maximize sensitivity for rapid as-
sessment of compounds in environmental ma-
trices.  
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Thermodynamic Assessment of Gas-Phase Clusters using KRAFT-MS  
 
To transition the KRAFT-MS efforts from an observational approach to a quantitative ther-
modynamic understanding of the cluster, the mass spectrometry experiment used for the 
KRAFT coupling was altered to incrementally increase the energy of ions traversing the 
system. By monitoring the relative intensity changes as a function of energy (i.e. a survival 
yield curve) it is possible to deduce thermodynamic characteristics. Moreover, under-
standing the thermodynamics of the cluster can also inform the identification of optimum 
clustering reagents for a target analyte. Using this foundation as a guiding principle would 
suggest the target dopant molecule (i.e. the reactant ion) most capable of lowering de-
tection limits in a charge-competitive system would be a compound with a decidedly lower 
proton affinity than the target analyte.  
 
To evaluate the relative proton affinities of the target compound classes a series of sur-
vival curve experiments were conducted with the newly assembled KRAFT-triple quadru-
pole mass spectrometer. Figures 5 and 6 outline the experimental approach that com-
pares the relative SY curves between different clusters which allows relative proton affin-
ities to be deduced. To illustrate this principle a qualitative comparison of proton-bound 
dimerization of TBP and select OPC was performed with selected amines. The clustering 
agents triethylamine, tributylamine, and hexylamine were chosen for their higher PA val-
ues relative to TBP, while DMMP was included as an additional OPC for cluster formation 

 
Figure 4. Tributyl phosphate traces obtained with standard solutions of concentration 1, 5, 10, 25, 
100, 250, 500, 1000 ppb in solution. Analysis times of 1 minute per sample were used with 1 minute 
background equilibration before and between each sample. It is worthy to note that the concentra-
tions listed are those for the solution.  The concentrations measured using the KRAFT-MS system 
are solely from the non-equilibrium vapor concentrations above the solution and represent concen-
trations by volume that are approximately an order of magnitude less.  

 



Final Report 
Clowers, W911NF1510619 

 9 

because its experimentally determined PA values are close to, but less than the PA esti-
mate for TBP. With experimental PA values between 902 kJ/mol and 911 kJ/mol for 
DMMP, TBP should exhibit a higher precursor ion survival than DMMP when paired with 
TEA, TBA, and hexylamine for survival yield analysis. 

 
 
Assuming stability patterns are 
solely a function of ΔPA, the 
expected trend was observed 
for both TBP and DMMP (Fig-
ure 5). Examining the relative 
interaction strengths for each 
OPC with different amines in-
dicates cluster stability in-
creases as a function of de-
creasing ΔPA following an or-
der of OPC-hexylamine > 
OPC-TEA > OPC-TBA. When 
comparing the interaction 
strengths of TBP to DMMP 
with a given amine, TBP-
amine > DMMP-amine. This is 
consistent with the assumption 
that TBP has a greater PA than 
DMMP and a stronger binding 
energy with the amines used. 
One similarity among the 6 di-

meric species was that the predominant fragment was the intact protonated amine spe-
cies, confirming that TEA and TBA both have higher proton affinities than TBP and 
DMMP. Published ion thermochemistry data provides an excellent resource for proton-
bound dimer trends involving straightforward organics such as amines, alcohols, alde-
hydes, and ketones, but without this information for OPCs, predicting suitable dopants 
may be difficult. It is worthy to note that through these experiments a noticeable gap in 
the published literature exists with respect to OPC thermochemistry. In collaboration with 
Dr. Ben Bythell (Ohio University), it was possible to computational verify the experimental 
results and contribute to the existing literature regarding the thermochemistry of OPCs. 
The outcome of this exercise is shown in Figure 7 which compares the respective calcu-
lator proton affinities to the experimental values with R2 values of >= 0.93.  Recognizing 
that computational efforts to calculate proton affinities are particularly problematic in some 
cases this level of agreement suggests that our values are well aligned with contemporary 
methods 
 
 
 
 
 

 
Figure 5.  Example of the survival yield method using the triple 
quadrupole mass spectrometer.  In this experiment at any given 
collision energy (i.e. fragmentation energy), the ratio of the tar-
get precursor ion intensity is compared to the range of fragment 
ions observed. By plotting the SY against collision energy a 
curve is produced which provides a metric to assess the stabil-
ity of a given cluster.  
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Figure 7. Linear regression of the comparison between experimental proton affinities and proton 
affinity values computed using the lowest-energy (a) ΔH298 K and (b) ΔG298 K structures for the 
select phosphonates. 
	

 
Figure 6.  Survival yield trends for precursor dimer species were observed for a) tributyl phosphate and 
b) dimethyl methylphosphonate in combination with tributylamine and triethylamine, and hexylamine. 
The survival yield experiments were performed to bracket the proton affinity of tributyl phosphate, which 
has no reported experimental PA value. While the estimated PA for tributyl phosphate is about 918 
kJ/mol, the SY trends examined here may suggest a higher value of proton affinity for TBP. 
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Thermodynamic Characterization of Selective Clustering using Ion Mobility-Mass 
Spectrometry 
 
The experiments with the KRAFT-MS system, though extremely important, are con-
strained by the relatively flexibility of the apparatus. To explore a series of well-controlled 
experimental variables including reactant ion concentration and reaction time, a different 
apparatus is required. Figure 8 contains a schematic of the ion mobility-linear ion trap 
system equipped with a drift gas modifier unit. This system allows a unique set of ion 
mobility experiments to be conducted in which the same proton-bound heterodimers 
formed in KRAFT-MS can be probed in more depth. In tandem with the KRAFT-MS efforts 
this project also yielded the developed of a quantitative model that describes the degree 
and type of selective ion-neutral interaction that supports the low detection limits seen in 
the KRAFT-MS system. Moreover, there were some unanticipated analytical benefits re-
alized through these experiments; namely, enhanced separation efficiencies for a chem-
ical warfare agent simulant (dimethyl methyl phosphonate (DMMP)) and a common CWA 
degradation product (methyl phosphonic acid (MPA)) when using ion mobility spectrom-
etry as a field detector.In a traditional ion mobility spectrometer the gas flow occurs in the 
direction opposite to the ion flow with the latter being driven by an electric field.   

In Figure 8, ions generally move from left to right while the gas flow in the atmospheric 
pressure portion of the IMS from right to left.  By adding a drift gas modifier, in this case, 
2-propanol, it is possible to directly assess any changes in ion residence time, which by 
extension is a proxy for the degree of ion-neutral clustering that occurs. As stated earlier, 
not only does this shift provide a means of probing ion cluster thermochemistry but also 
may provide additional analytical benefits. As the data in Figure 9 illustrate, the shifts in 
drift time between 2-propanol and the target OPCs was both selective and substantially 
different between DMMP and MPA to realize the separation of these two analytes. Given 

 
Figure 8. Schematic representation of the atmospheric pressure dual gate ion mobility system coupled 
with a LTQ mass spectrometer. Mobility spectra may be acquired using either the integrated Faraday plate 
or by encoding the mobility data in the frequency domain.  For the latter, the FFT may be used to identify 
the mobility distributions of m/z selected ion populations. Drift gas modifiers are introduced into the coun-
ter-current drift gas using a syringe pump and a temperature controlled heated injection liner. 
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that ion mobility spectrometry is 
widely used in the field for the detec-
tion of CWAs and their degradation 
products this approach may prove 
useful in that domain.  To provide 
more context to Figure 9, 2-propanol 
was introduced into the countercur-
rent drift gas via a glass capillary cou-
pled to a temperature-controlled GC 
injection liner at a variable flow rate 
from 5 µL/hr to 160 µL/hr using a sy-
ringe pump. For the temperature and 
pressure conditions of the IMS cell, 
the gas phase concentration for 2-
propanol at the flow rate of 5-160 
µL/hr corresponds to a saturation ra-
tio of S = 0-6.5x10-5. Saturation ratio 
is defined as the vapor pressure di-
vided by the saturation pressure, 
which is equivalent to the number 
concentration of vapor molecules di-
vided by the equilibrium number con-
centration (derived via the Clausius-
Clapeyron equation). To avoid the po-
tential for temperature gradients in 
the IMS drift cell, the drift gas mixing 
chamber was held at the same nomi-
nal temperature as the mobility drift 
cell (~175 ºC).  
 
With respect to the KRAFT-MS measurements and the target goal of realizing high de-
grees of selectivity and sensitivity it was our express intent to quantify the strength of the 
gas-phase clusters formed using the IMS-MS experiment. These data would further sup-
port the development of a quantitative model that can accurately reproduce shifts in the 
mobility domain as a function of drift gas-modifier concentration.  Interestingly, the degree 
of mobility shift is directly related to the strength of the interaction between a target ion 
and is pairing neutral species and serves as yet another metric to quantify the strength of 
interactions between a target analyte and a range of potential pairing reagents. The fol-
lowing section details the model developed under this ARO effort that extends broadly to 
all ion-neutral clustering reactions in IMS systems.  
  

 
	

Figure 9. (A) Faraday plate ion mobility spectra with 
(top trace) and without (bottom trace) 2-propanol as a 
modifier.  The offset peaks were m/z identified using 
the instrument shown in Figure 3. The separation fac-
tors, alpha, for the peaks corresponding to DMMP and 
MPA illustrate that without the modifier the two species 
are indistinguishable. (B) Mobility separations of DMMP 
and MPA as a function of increasing drift gas modifier 
concentration. The stability of the proton-bound dimer 
of DMMP compared to the MPA and DMMP monomers 
illustrate the selective interactions between the ion pop-
ulations and the modifier. 
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Equation 1 mathematically links the ratio 
of the observed mobility shift (Kobs/K0),  
to the free energy of association (∆G) or 
the strength of the gas phase interac-
tion.  While we can measure these val-
ues explicitly for each target ion cluster, 
the opportunity exists through advances 
in computational modeling to develop a 
predictive capacity. In Equation 1 there 
are a range of experimental variables 
that are either measured or controlled in-
cluding temperature, a cluster ion’s mo-
bility, its reduced mass, and the satura-

tion ratio (S) of the coordinating vapor.  
There is one parameter though, Ω1, that 
corresponds to the ion-neutral cross sec-
tion, for the target ion clustered with one 
vapor molecule that is unknown. This pa-
rameter remains unknown, even through 
experiment, as a complex equilibrium ex-
ists between the different cluster forms.  
Stated differently, once the conditions ex-
ists for which an ion pairs with a single 

neutral vapor the probability that a second neu-
tral vapor also begins to associate also in-
creases.  Because this complex equilibrium ex-
ists computational assistance is required.  
 
To compute ion-neutral collision cross sections 
we utilized the collision cross section calculation 
package IMOS (v1.06b, 
http://www.imospedia.com/imos/, Larriba & Ho-
gan 2013 J. Phys Chem A, J. Comput. Phys). In 
IMOS, each atom was modeled as a sphere 
with its radius equivalent to its van der Waals 
radius. Colliding gas molecules were modeled 
as spheres with radii of 0.3 nm and collision 
cross sections were calculated using both the 
diffuse and elastic scattering methods at the 
measurement temperature (175oC), with the 

	
Equation 1. Relationship between the ratio of the 
observed mobility shift (Kobs/K0), the concentration of 
the vapor phase modifier or pairing neutral, and the 
free energy of association (∆G). It is through these 
experiments that we can link ion mobility measure-
ments with selective clustering reagents in the 
KRAFT-MS experiment. 

 
 

Table 2. Comparison of experimentally determined 
ion-neutral cross sections (derived from reduced 
mobility values) and those computationally deter-
mined.  The high degree of similarity provides evi-
dence to support further development of a predic-
tive clustering capacity. 
	

 

 
Figure 10. Correlation between the exper-
imentally determined mobility shifts as a 
function of drift gas modifier concentration 
(i.e. Saturation Ratio) and the shifts pre-
dicted by the clustering model numerically 
described in Equation 1. 
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ion-induced dipole considered be-
tween the excess proton and the im-
pinging nitrogen gas molecules (with 
a polarizability of 1.7 A3). As the data 
in Table 2 indicate, there is strong 
agreement between the experimen-
tally measured mobilities for the clus-
ter ions and those found computation-
ally.  Using the values in Table 2 com-
bined with controlled experimental 
variables in Equation 1, it is possible 
to evaluate the performance of the 
model across a range of gas-phase 
modifier concentrations. 
 
Graphically this approach yields the 
relationship between theoretically 
predicted mobility shifts and those ob-
served experimentally shown in Fig-
ure 10. Though not shown, there are 
error bars for the experimental data 
points.  It is also noticeable that there 
is a deviation from a computational 
perspective at higher vapor modifier 
concentrations.  It is our working hy-
pothesis that these deviations are due 
to the fact that we have not fully opti-
mized the computation structure for 
the target ion with coordinated with 
two vapor molecules.  Nevertheless, 
the strong agreement at the low vapor 
phase modifier concentration is highly 
encouraging and it marks the first, 
largely, successful approach to quantify polyatomic ion neutral clustering in an ion mobility 
spectrometer. 
 
Most importantly, by adjusting the temperature of the IMS-MS system while monitoring 
the degree of mobility shifts it is possible to derive classical van’t Hoff plots for each ion 
neutral cluster (See Figure 11) which presents an wholly new method to probe gas-phase 
ion neutral interactions. The broad applicability of this method has been broadly extended 
beyond the scope of this ARO efforts and is considerable contribution to the field.  
 
 
  

 
	

Figure 11. van’t Hoff plot comparing the natural log of 
the equilibrium constant as a function of inverse of tem-
perature for the clustering of 2-propanol with the target 
analyte ion. The inferred equilibrium constants (calcu-
lated from Gibbs free energy (∆G) inferred at variable 
saturation state) for 80, 120 and 160 µL/hr were aver-
aged and plotted with error bars. 
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Representative Results and Applications Integrating KRAFT-MS 
 
KRAFT Evaluation of Thiodiethanol.  Thiodiethanol (TDE) is a particularly versatile 
compound in relation to the chemical weapon, sulfur mustard (HD). Along with being a 
main degradation product of HD, TDE can also be used as a simulant for developing 
methods to detect HD and as a precursor species to HD that can be indicative of illicit 
preparation of chemical weapons. Direct detection of the thiodiethanol species in vapor 
is an objective met with several attempts at non-contact residue detection, but existing 
methods have undesirably high detection limits in the gas phase (>ppm) and are predom-
inantly non-specific approaches that do not provide the certainty afforded by mass spec-
trometry. Building upon prior efforts using the KRAFT system, we demonstrate the poten-
tial of AFT-MS for ultra-trace, non-contact residue analysis based upon TDE vapor sam-
pling and nitrate interaction chemistry. 
 
Prior publications regarding trace MS analysis of thiodiethanol, such as the vapor analysis 
using DBD ionization by Wolf et al. and Ni63 ionization by Crawford et al., frequently mon-
itor protonated TDE. Unfortunately, the proton affinity of thiodiethanol is quite low relative 
to the numerous possible interfering species that may be present in any given laboratory 
environment due to off-gassing, such as amines; Midey et al. reported a computationally-
derived proton affinity of 833 kJ/mol for the sulfur atom on thiodiethanol. This low proton 
affinity of TDE results in little probability that thiodiethanol molecules can preferentially 
abstract protons for sufficient ionization within variable environments. Additionally, moni-
toring the intact protonated TDE species can be challenging even with a soft ion source 
like DBD because the loss-of-water fragment ion is readily formed. Prior work by Morrison 
and Clowers postulated that the presence of hydroxyl groups on alkylphosphonic acids 

 
 
Figure 12. The targeted CWA simulant species—thiodiethanol—can be seen at m/z 184 as a ni-
trate adduct within AFT-MS mass spectra along with reactant ions HNO3•HCO3

-, HNO3•NO3
-, 

(HNO3)2•HCO3
-, and (HNO3)2•NO3

-. 
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may facilitate cluster formation with nitrate, so exploring the possibility of nitrate interac-
tion with TDE was the route taken to circumvent difficulty of protonation resulting from the 
low TDE proton affinity and potential fragmentation from instability of the protonated spe-
cies. As shown in Figure 12, a low but measurable signal for TDE adducted with nitrate 
(m/z 184) can be observed from sampling the vapor from a container of neat TDE with 
the lid slightly cracked. These data combined with the efforts to stability clusters of opioids 
illustrate the applicability of the approach to identify select gas-phase clusters.  These 
data directly supported the efforts pursued under Specific Aim 3. While only a limited set 
of examples are provided here, additional detection limits for select target reagents can 
be found in the associated publications and prior annual reports.  

 
For quantitative work with minute residues of TDE, a sampling approach with the AFT-
MS was devised where the TDE was deposited on small glass coverslips. These co-
verslips can then be held within the partially open flow tube that has both a vacuum pull 
and a light flow of nitrogen over the sample to assist the mass transport through the flow 
tube. The headspace vapor from the TDE liquid residues is then conveyed down the flow 
tube for ionization and mass analysis. Saturated vapor pressure of TDE at 298 K is 0.49 
mTorr, and under the typical ambient pressure of ~690 Torr at Washington State Univer-
sity in Pullman, WA the maximum vapor concentration of thiodiethanol is ~3 ppm. How-
ever, in the dynamic vapor sampling environment of an atmospheric flow tube system, 

	
Figure 13. a) As a preliminary assessment of the aged thiodiethanol residues, one of the 100 µg 
residue samples was analyzed using SIM on m/z 184, 200, and 216, which correspond to the nitrate 
adducts with thiodiethanol (TDE), thiodiethanol sulfoxide (TDO), and thiodiethanol sulfone (TDOO), 
respectively. b) The entire set of aged 1-100 µg TDE residue samples was then analyzed, but only 
monitoring m/z 184 and 216 for enhanced sensitivity. c) A visual comparison of a 10-µg TDE residue 
merely two hours after sample deposition with a seven weeks post-deposition 10-µg TDE residue 
reveals the transformation of an analyte that is liquid at room temperature (i) to degradation products 
that are crystalline solids at room temperature (ii). 
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the very low mass TDE residues cannot create a saturated system. Correspondingly, the 
mass spectrometric system must be capable of sub-ppm analyte detection out of vapor. 
 
While the exact vapor concentrations produced by each sample mass is challenging to 
determine under the conditions used, it is certainly feasible to approximate TDE residue 
mass by simple vapor sensing with appropriate calibration curves. A sample mass range 
covering 1-100 µg and the two quality control samples of 3 µg and 30 µg underwent non-
contact analysis to yield the ion current traces displayed in Figure 13. The linear range 
identified from this experiment was found to include the full set of 1-100 µg calibration 
samples, which produced an R2 of 0.959. Additionally, the mean analyte masses for the 
quality control samples as found by the calibration curve had a reasonable initial degree 
of accuracy for non-contact detection (5 ± 5 µg for the 3 µg QC, 34 ± 19 µg for 30 µg QC). 
However, the signal variability and resulting precision issues indicate the need to further 
investigate the primary contributions to signal differences between replicate samples for 
the same applied residue mass.  
 
Sources of Signal Variability for Trace Residue Analysis. At the outset of this experiment, 
we anticipated that the total solution volume was one such parameter that would contrib-
ute to signal variability. The solution volumes were maintained at 5 µL for all TDE residue 
masses with this in mind. However, the ion current obtained between sample replicates 
for the same mass displayed more variation than initially expected (Figure 6). One prob-
able source of the signal fluctuation could be from the residue sample preparation; varia-
tion in the surface area of residues very likely could alter the absolute quantity of analyte 
mass vaporizing at any given moment. Even taking care to maintain consistent analyte 
solution application, the unpredictability of localized analyte clustering after solution dep-
osition renders this a difficult task. Furthermore, this gets to be a bigger problem as the 
analyte quantity increases; the smaller analyte masses (1 µg up to ~20 µg) are spread 
more uniformly as the solution is applied to the glass slide and create a larger surface 
area per analyte quantity. Moving on to the larger analyte quantities, there are visible 
droplets of analyte that start to become apparent; the more that the liquid analyte residue 
forms these larger droplets after the solvent has evaporated, the more likely it is that the 
increased quantity of analyte will not produce a directly corresponding increase in signal. 
Beyond about 20 µg, the behavior observed is that the analytical sensitivity sharply drops 
off relative to the 1-20 µg residue range. Though not shown, additional experiments were 
conducted to evaluate the role of deposited surface area on the observed signals which 
indicates that this parameter also plays a significant role.  Despite these challenges, de-
tection of trace levels of TDE vapor was readily detectable using KRAFT-MS 
 
KRAFT Detection Limits for Opioids.  In a fashion similar to the efforts to quantify TDE, 
a separate analytical campaign was initiated focusing on the challenge associated with 
real-time, non-contact detection of opioids using KRAFT-MS. Figure 14 shows the range 
of analytes used to demonstrate experimental feasibility and probe the underlying chem-
istry of ion-neutral clustering with respect to options. The data for these experiments using 
TBP clusters is shown in Figure 15 illustrating impressive levels of detection from a real-
time analysis system.  
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Using the survival yield method described in the paper by Morrison et al.[ 
https://doi.org/10.1007/s13361-019-02202-w], a renewed effort was placed on the sur-
vival characteristics of select opioid clusters. Early efforts in this project described some 
initial results however, closer investigation of the clustering behavior between tri-buty 
phosphate and select opioids illustrated the importance of both matching the respective 
proton affinities and the role of steric hindrance on the stability of the cluster. Some of 
compounds shown in Figure 14 were chosen based upon their structural characteristics 
and not necessarily due to their role as a narcotic. Close examination of the structure of 
cocaine illustrates that the chair confirmation combined with the amine and ester groups 
is necessary to form a stable cluster. A detailed examination of the structures illustrates 
that the distance between the amine and the carbonyl group in tetracaine is larger than 
the respective distance of these functional groups in cocaine which hinders the reduces 
the capacity of the system to form a stable gas-phase cluster with TBP. As a result, the 
stability of the tetracaine is diminished as shown by the survival yield curve. As Figure 15 
illustrates impressive levels of detection are realized using the KRAFT-MS system and 
selective ion-neutral clustering.  Given the challenge of non-contact detection with respect 
to select opioids (e.g. fentanyl) and the public health impacts, including on first respond-
ers, identifying highly sensitive routes of detection remain highly relevant.   
 

 
 
 
 

 
 
Figure 14. Select opioids and opioid analogues used to probe hypotheses regarding the salient 
interactions governing the formation of stable gas-phase clusters that maximize sensitivity for non-
contact sampling. 
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Figure 15. Using the KRAFT system and a thermal desorption apparatus the detection limits of co-
caine and methamphetamine was probed as TBP clusters.  These data illustrate that the single digit 
picogram levels there is little difference between the spiked and blank sample (MeOH). However, at 
10 pg, a clear signal was obtained for both species.  This more than an order of magnitude more 
sensitive that current approaches using cloth/filter swipes in the field. 
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Training and Mentorship 
 
The funding supplied by ARO under this effort supported 3 graduate students in chemistry 
at from Washington State University: 
 
Pearl Kwantwi-Barima, Ph.D. – Clowers Group – Graduation Date: 2020 
Kelsey Morrison, Ph.D.  – Clowers Group – Graduation Date: May, 2019 
Peyton Nosbusch, M.S. – Clowers Group – Graduation Date: May, 2018 
 
Kelsey Morrison completed an exemplary graduate school career in May 2019 and is 
currently employed in the National Security Directory at Pacific Northwest National La-
boratory focusing on trace threat detection. Though a different candidate was selected 
for the award, Kelsey was also a finalist for the Linus Pauling Distinguished Post-Doctoral 
Fellowship.  This award process was extremely rigorous and required multiple rounds of 
interviews and presentations.  It is also worthy to note that Dr. Morrison published 9 first-
author manuscripts as a graduate student and is poised to realize a total of 13 publica-
tions during her time at WSU. Support from ARO was integral in training and success, 
ultimately leading to the start of a career in national-security and analytical chemistry. 
 
Pearl Kwantwi-Barima completed her degree focusing on the core fundamentals of gas-
phase clustering interactions.  In addition to making key instrumental improvements, Pearl 
has expanded the range of compounds explored using the newly developed clustering 
model (initially reported in Year 2) to a range of other compounds.  Dr. Kwantwi-Barima 
published 5 first-author manuscripts with support from ARO and is currently a post-doc-
toral researcher within the National Laboratory complex.  
 
Technology Transfer and Dissemination 
 
Collaborations with Pacific Northwest National Laboratory continue with regards to the 
development of the KRAFT system to understand complex proton bound heterodimers. 
Multiple joint publications have resulted from the combined efforts and their pursuit of the 
KRAFT-MS.  In fact, PNNL continues to build on these fundamentals of this ARO effort 
and the pursuit of this technology was awarded the R&D 100 Award in 2019 
(https://www.pnnl.gov/about/rd-100-awards). A joint publication was realized between 
WSU and PNNL in this period of performance and with the transition of Dr. Morrison to 
that organization collaborative efforts are expected to continue.  
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