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Abstract: 
 

 
 
 Polycyclic aromatic hydrocarbons (PAHs) are routinely screened for in soils, 
where quantitation of structural isomers is critical due to varying toxicity within PAH 
isomer classes. While chromatographic methods provide isomer resolution, such 
strategies are cost and time intensive. To address these challenges, we present 
condensed phase membrane introduction mass spectrometry using liquid electron 
ionization/chemical ionization (CP-MIMS-LEI/CI) as a direct mass spectrometry 
technique that provides rapid, quantitative results for PAH isomer measurements in soil 
samples. A methanol acceptor phase is flowed through a probe-mounted 
polydimethylsiloxane hollow-fibre membrane directly immersed into a 
dichloromethane/soil slurry. PAHs and dichloromethane co-permeate the membrane 
into the acceptor solvent, whereas particulates and charged matrix components remain 
in the sample. A nanoflow of the membrane permeate is then directly infused into a 
LEI/CI interfaced triple quadrupole mass spectrometer. Diagnostic PAH adduct ions 
were formed at either M+45 ([M+CH2Cl+CH3OH-HCl]+) or M+47 ([M+CHCl2-HCl]+). This 
allowed the development of specific MS/MS transitions for individual PAH isomers. 
These transitions were subsequently used for the direct analyses of PAHs in real soils, 
where CP-MIMS-LEI/CI was shown to be rapid (15 soil samples/hour) and sensitive 
(ng/g level detection limits). CP-MIMS-LEI/CI results compared well to those obtained 
using GC-MS (average percent difference of -9% across 9 PAHs in 8 soil samples), 
presenting a compelling argument for direct, quantitative screening of PAHs in soils by 
CP-MIMS-LEI/CI, particularly given the simple workflow and short analytical duty cycle. 
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Introduction 
 
 Polycyclic aromatic hydrocarbons (PAHs), a class of ubiquitous environmental 
contaminants, are carcinogenic, mutagenic and bioaccumulative.1-2 PAHs are therefore 
regulated and routinely tested for in a variety of sample matrices. For PAHs in soils, gas 
chromatography mass spectrometry (GC-MS) with initial sample extraction, cleanup, 
and concentration steps is frequently used.3 While effective, GC-MS and the 
accompanying sample preparation methods may be disadvantageous with respect to 
cost and time. Direct mass spectrometry (DMS) methods, which involve the elimination 
of sample cleanup, preparation, and chromatographic steps, may therefore be 
advantageous in place of or in combination with conventional (i.e., GC-MS) techniques 
because of their rapid and simple workflow, ease of use, ‘real-time’ measurement 
capabilities, reduced consumable needs and lower costs. 
 

The challenge of directly measuring PAHs in soils should not be understated, and 
obtaining isomer specific, quantitative information is particularly difficult. Nonetheless, a 
variety of techniques have been used for DMS measurement of PAHs in soils, including 
laser desorption,4-5 aerosol-MS,6 membrane introduction MS,7 and atmospheric 
pressure chemical ionization (APCI).8 Despite any advantages afforded by DMS 
approaches, the absence of chromatography generally eliminates PAH structural isomer 
resolution. Because some PAH isomers are significantly more toxic than others, there is 
a need for quantitation of individual PAH isomers, which is a common shortcoming of 
DMS. Castellanos et al. have demonstrated isomer-specific PAH measurements using 
ion mobility in advance of mass spectrometry, but did not use DMS or present 
quantitative information.9 
 
 Some isomer resolution strategies for PAH isomers have been developed to 
complement chromatographic separations using chemical ionization (CI). Generally, 
these studies demonstrated that PAHs and select reagents either form distinct adduct 
species, or form similar adduct species with differing relative intensities. Such studies 
have used methane,10-11 silver cations,12 dimethyl ether,13 and halocarbon chemistry,14-

16 where the resolution provided by CI occurs in real-time. This is very important in the 
context of DMS, as the chromatographic step is eliminated. In support of pairing CI-
based resolution with DMS, Eftekhari et al. used silver ion-PAH chemistry in 
combination with desorption electrospray ionization (DESI) for isomer-specific PAH 
measurements from a paper surface.17 While not applied to soil measurements, this 
strategy helps demonstrate the potential of such an analytical pairing for soil samples. 
However, ambient-based techniques (such as DESI) may still not be ideal for 
quantitative measurement of complex environmental samples because of potentially 
confounding matrix effects.18-19  
 
 A technique that may address the aforementioned challenges for direct 
measurement of PAHs in soils is condensed phase membrane introduction mass 
spectrometry with liquid electron ionization/chemical ionization (CP-MIMS-LEI/CI).20 In 
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CP-MIMS, a hollow-fibre polydimethylsiloxane membrane is mounted on a probe, and 
directly immersed into a sample to make measurements. Solution phase hydrophobic 
analytes permeate the PDMS membrane, while charged and particulate matrix 
components are rejected and remain in the sample. Permeants are then dissolved in a 
flowing solvent acceptor phase within the membrane lumen and subsequently 
transported to a LEI ion source.21-25 For LEI, a technique pioneered by the Cappiello 
group, a liquid nanoflow is directly infused into the entrance of a mass spectrometer 
transfer line. Assisted by a coaxial flow of helium, the liquid nanoflow is sequentially 
nebulized and vaporized within a silica capillary inside the heated transfer line, and 
finally ionized in an electron ionization source.26-28 The use of LEI mitigates the 
significant matrix effects that are commonly observed in ambient ionization 
techniques,29 and furthermore may allow for NIST library matching of mixture 
components. The coupling of CP-MIMS-LEI has previously been demonstrated for the 
direct, quantitative measurement of PAH isomer classes in soils.30 We have 
subsequently demonstrated that the acceptor phase solvent, present at the ion source 
can be used to provide chemical ionization reagent species in the direct analysis of 
dialkyl phthalates (i.e., CP-MIMS-LEI/CI).20 Here we present CP-MIMS-LEI/CI here as a 
DMS technique for PAHs in soils, using in situ CI (with a CI source) to directly resolve 
PAH isomers. 
 
 
Experimental Section 
 
Standards and Solvents 
 
 See supporting information for source, purity and physicochemical properties of 
select PAHs studied. Abbreviations used in this manuscript for inclusion in tables and 
figures are as follows: anthracene (Ant), benz[a]anthracene (BaAnt), benzo[a]pyrene 
(BaPyr), benzo[b]fluoranthene (BbFl), chrysene (Chr), fluoranthene (Fl), naphthalene 
(N), perylene (Per), phenanthrene (P) and pyrene (Pyr). 
 
Condensed Phase Membrane Introduction Mass Spectrometry – Liquid Electron 
Ionization with In Situ Chemical Ionization 
 

Variations of the CP-MIMS-LEI/CI system have been previously described.20, 30 
Briefly, a triple quadrupole mass spectrometer (Agilent Technologies Inc. 7010B 
GC/MS/MS, Santa Clara, CA, USA) with a high efficiency, axial chemical ionization 
source assembly (Agilent Technologies Inc., part number G7250-65404, 200 °C) was 
used in both full scan (profile data; Q1: m/z 125−385 for naphthalene, m/z 150-400 for 
all other PAHs; 0.1 amu step size; 1000 ms scan time) and tandem mass spectrometry 
(MS/MS, 200 ms dwell time per transition) modes. MS/MS parameters and 
physicochemical properties for PAHs are given in Tables 1 and S1, respectively. 
Development of the MS/MS transitions is discussed in detail in the Results and 
Discussion section. The mass spectrometer was tuned in EI mode using the high 
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efficiency EI source and an internal FC-43 (perfluorotributylamine) calibration standard. 
After tuning, the CI source was substituted without additional changes. The software 
(MassHunter, version B.07.06) was operated in EI mode (i.e., as if an EI source was 
inserted). The CI source was equipped with an on-axis, coiled filament (Agilent 
Technologies Inc., part number G3859-60021, extractor plate removed). All experiments 
were conducted with 70 eV ionization energy and 50 μA filament emission current. An 
experimental schematic is given in Figure S1. 
 
Table 1: Tandem mass spectrometry parameters.  
 
PAH  
Class 

PAH MS/MS 
Transition 

amu  m/z 
128 Naphthalene 175 → 139 (40) 
178 Anthracene 223 → 191 (5) 
 Phenanthrene 225 → 189 (40) 
202 Fluoranthene 249 → 213 (40) 
 Pyrene 247 → 215 (5) 
228 Benz[a]anthracene 273 → 241 (5) 
 Chrysene 275 → 239 (40) 
252 Benzo[a]pyrene 297 → 265 (5) 
 Benzo[b]fluoranthene 299 → 263 (40) 
Collisions energies in eV are given in brackets. 
 
 A CP-MIMS direct immersion probe was constructed by mounting 10 cm of 
PDMS hollow fibre membrane (0.30 mm i.d., 0.64 mm o.d.; Silastic brand, Dow Corning, 
Midland, MI) on stainless steel hypodermic tubing (0.33 mm i.d.; 0.64 mm o.d.). To 
minimize the membrane lumen volume (allowing decreased acceptor phase flow rates 
and increased membrane robustness), a coaxially inserted stainless steel wire (0.20 
mm o.d.) was used. The use of reduced acceptor flow rates resulted in less dilution of 
membrane permeants over that used in earlier work,20, 30 further enhancing sensitivity. 
Additional details regarding similar CP-MIMS probe construction are available 
elsewhere.23 A syringe pump (Harvard Apparatus Pump 11 Elite, Holliston, MA, USA) 
and 1 mL gastight syringe (Hamilton Company, Reno, NV, USA) were used to 
continuously flow methanol acceptor phase through the membrane lumen at 10 μL/min. 
Post-membrane, a zero dead volume stainless steel tee junction splitter was used to 
reduce the flowrate to ~200 nL/min (measured using a Sensirion flow meter, model 
SLG-0150, Stäfa, ZH, Switzerland) before transfer to the LEI/CI source. The flow splitter 
was Peltier cooled (CUI Devices, Lake Oswego, OR, USA, model CP85438) to prevent 
premature acceptor phase vaporization prior to the LEI/CI source (Figure S2). A source 
pressure of 1.5×10-4 Torr, measured by a custom source-end pressure gauge, was used 
to verify stable LEI/CI performance.20 
 

For analyses of PAHs in dichloromethane and chloroform standards, the CP-
MIMS probe was directly immersed into the 8 mL vials containing 7.0 mL of standard. 
For soil sample analyses, soil (1 g) and dichloromethane (7 mL) were placed into an 8 
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mL glass vial and sonicated for 3 minutes (FS140 ultrasonic bath, Fisher Scientific, 135 
W). Immediately after sonication, the CP-MIMS probe was immersed into the 
solvent/soil slurry. Unless otherwise stated, the probe was immersed into the soil 
sample for 2 minutes, such that signals reached ‘steady-state’. Following all 
measurements, the probe was immersed in clean dichloromethane for 2 minutes to 
clean the membrane, allowing signals to return to baseline levels in advance of the next 
sample. All measurements used magnetic stirring (900 rpm), and were conducted at 
ambient temperatures and pressures. An image depicting a representative soil sample 
analysis and enlarged view of the CP-MIMS probe/membrane is given in Figure 1. 
 

 
Figure 1: A) Image of direct soil analysis using a CP-MIMS probe by the described methodology. B) 
Enlarged image of the CP-MIMS direct immersion probe/membrane. 
 
 Both dichloromethane and chloroform readily permeate PDMS membranes 
because of their solubility characteristics. Consequently, in the presented 
measurements, the eventual acceptor phase flow introduced to the LEI/CI source is 
composed of methanol, sample solvent (dichloromethane or chloroform), and 
hydrophobic analytes (Figure S3). For the described conditions, the final volumetric 
compositions of the solvents infused into the LEI/CI were 77:23 
dichloromethane:methanol v/v for the analyses of dichloromethane standards, and 
87:13 chloroform:methanol v/v for the analyses of chloroform standards. Acceptor 
phase compositions were determined by gravimetric analysis of acceptor phase aliquots 
that were collected post-membrane (Table S2). 
 
Data Analysis 
 

Sample signals were background-subtracted using the signal from a clean, blank 
standard. Signals from tandem mass spectrometry experiments were smoothed using a 
10-point moving boxcar function (Microsoft Excel, Redmond, WA, USA). Signal 
intensities were evaluated as heights. PAH signal risetimes were calculated as the time 
required for a ‘steady-state’ signal to rise from 10% to 90% relative intensity (t10-90%), 
where the presented uncertainty is the standard deviation of triplicate measurements 
(measured for 0.5 mg/L standards of individual PAHs in dichloromethane). PAH 
detection limits were calculated as 3 times the standard deviation of a ‘steady-state’ 
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signal for 0.75 mg/L PAH in dichloromethane standard divided by the calibration curve 
slope. The resulting detection limit in dichloromethane was converted to a detection limit 
for soil samples (1 gram soil in 7 mL dichloromethane). 
 
 
Results and Discussion 
 
In Situ Chemical Ionization of Polycyclic Aromatic Hydrocarbons 
 
 Figure 2 overlays the full scan mass spectra obtained for the CP-MIMS-LEI/CI 
direct measurement of anthracene and phenanthrene (measured separately) from 
dichloromethane standards (150 mg/L each), illustrating multiple adduct ions present for 
each PAH. Similar to results obtained by Mosi et al., where dichloromethane was used 
as a CI reagent in a quadrupole ion trap for GC-MS analyses of PAHs, we observe 
significant differences in the relative intensities of mass spectral peaks.15. In a 
quadrupole ion trap, both selection of a desired CI reagent species and its subsequent 
CI reaction time can be optimized. However, in tight CI sources such as the one used 
here, the reagent species generated are controlled in part by source pressure and CI 
reagents added, with significantly shorter CI reaction times (e.g. µsec vs. msec) that 
cannot be easily optimized.31 Given this, the CI behaviour in this study is particularly 
noteworthy, as it arises in a tight CI source equipped triple quadrupole mass 
spectrometer rather than in a quadrupole ion trap. As illustrated by Figure 2, the 
appearance of a diagnostic M+45 CI adduct peak for anthracene is completely absent in 
the mass spectra for phenanthrene, and conversely, phenanthrene exhibits a diagnostic 
adduct peak at M+47, which is completely absent for anthracene. Mosi et. al reported 
similar adducts, but did not observe a chemical species at M+45. Overall, the CI 
behaviour demonstrated here in Figure 2 is isomer-specific for the two PAH isomers in 
the C14H10 class.  
 

 
Figure 2: Full scan mass spectra from the individual, direct measurements of anthracene and 
phenanthrene (150 mg/L each in dichloromethane) by CP-MIMS-LEI/CI. Signal intensities in each 
spectrum are normalized for 100% M+! abundance.  
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The liquid infused into the LEI/CI source is a mixture of methanol, 

dichloromethane, and the entrained PAH analytes. It appears that the methanol and/or 
dichloromethane are producing CI reagent ions in the source, evidenced by the 
observed adduct species (Figure 2). A comprehensive series of deuterium labeling 
studies were used to ascertain the origins of the reagent ions and ionization reactions 
responsible for the observed anthracene and phenanthrene CI adduct ions, notably for 
the diagnostic adduct ions present at M+45 (anthracene) and M+47 (phenanthrene). 
Full scan and tandem mass spectrometry experiments were conducted as summarized 
in Table S3.  
 

It is well established that when using 70 eV electron ionization, dichloromethane 
forms CH2Cl+ and CHCl2+ reagent ions.15 For the diagnostic M+47 adduct ion from 
phenanthrene, labeling studies suggest a CHCl2+ addition (generated from 
dichloromethane) and subsequent HCl elimination (i.e., M+47 = [M+CHCl2-HCl]+), where 
the eliminated proton originates from phenanthrene (consistent with that proposed by 
Mosi et al).15 For the novel, diagnostic M+45 adduct ion produced by anthracene, 
labeling studies suggest an addition of CH2Cl+ (generated from dichloromethane) and 
reaction with neutral methanol (Table S3). HCl is similarly eliminated, with the exception 
that the hydrogen eliminated originates from the exchangeable methanolic proton (i.e., 
M+45 = [M+CH2Cl+CH3OH-HCl]+), suggesting a subsequent or simultaneous 
nucleophilic attack from methanol prior to the HCl elimination. To the best of our 
knowledge, an adduct ion of this nature (M+45) for PAHs has not been previously 
reported. 
 

Chloroform was used instead of dichloromethane as the sample phase to 
evaluate adduct ion formations in the absence of CH2Cl+ reagent ions. The M+45 
adduct ion was not observed for these experiments as shown in Figure S4, which is 
consistent with the proposed ionization reactions. Furthermore, for unlabeled 
anthracene, the use of dichloromethane-d2 and methanol result in a M+47 adduct ion 
(i.e., M+47 = [M+CD2Cl++CH3OH-HCl]+), dichloromethane and methanol-d4 result in a 
M+48 adduct ion (i.e., M+48 = [M+CH2Cl++CD3OD-DCl]+), and dichloromethane and 
methanol-d1 (CH3OD) result in a M+45 adduct ion (i.e., M+45 = [M+CH2Cl++CH3OD-
DCl]+). A loss of methanol from the M+45 adduct ion was confirmed for tandem mass 
spectrometry experiments, where the exchangeable proton on methanol originates from 
anthracene. In further support of the proposed reaction, an M+45 adduct ion is formed 
when anthracene-d10, dichloromethane and methanol are used (i.e., M+45 = 
[M+CH2Cl++CH3OH-HCl]+), while a loss of 33 occurs in tandem mass spectrometry (i.e., 
loss of CH3OD).  
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Table 2: Full scan mass spectra from the individual, direct measurements of PAHs (150 mg/L each in 
dichloromethane) by CP-MIMS-LEI/CI. Signal intensities scaled relative to that of the nominal mass (M+! 
abundance assigned as 100%) are shown in brackets.  
 
PAH M M+1 M+13 M+45 M+47 M+49 M+83 
 M+• [M+H]+ [M+CH2Cl-HCl]+ [M+CH2Cl-HCl-CH3OH]+ [M+CHCl2-HCl]+ [M+CH2Cl]+ [M+CHCl2]+ 

N 128 129 (77) 141 (44) 173 (0) 175 (16) 177 (5) 211 (0) 
Ant 178 179 (65) 191 (17) 223 (4) 225 (0) 227 (1) 261 (0) 
P 178 179 (75) 191 (42) 223 (0) 225 (7) 227 (3) 261 (1) 
Fl 202 203 (79) 215 (44) 247 (0) 249 (8) 251 (4) 285 (2) 
Pyr 202 203 (68) 215 (24) 247 (3) 249 (0) 251 (2) 285 (0) 
BaAnt 228 229 (70) 241 (18) 273 (5) 275 (0) 277 (2) 311 (0) 
Chr 228 229 (76) 241 (29) 273 (0) 275 (2) 277 (2) 311 (0) 
BaPyr 252 253 (66) 265 (7) 297 (11) 299 (0) 301 (1) 335 (0) 
BbFl 252 253 (64) 265 (26) 297 (0) 299 (3) 301 (3) 335 (2) 
Per 252 253 (66) 265 (5) 297 (12) 299 (0) 301 (1) 335 (0) 

 
To determine if comparable CI behaviour was observed for other PAHs, full scan 

mass spectral data was collected for 10 different individual PAHs as summarized in 
Table 2 using a methanol acceptor phase and dichloromethane sample phase. Similar 
non-diagnostic (M, M+1, M+13, M+49, M+83) and diagnostic (M+45 or M+47) peaks 
were observed for all PAHs studied, where the compositions of M+1 ([M+H]+), M+13 
([M+CH2Cl-HCl]+), M+49 ([M+CH2Cl]+), and M+83 ([M+CHCl2]+) adduct ions were 
similarly inferred via deuterium labeling studies (Table S4). These results strongly 
suggest the potential for PAH-specific quantitation of whole samples without prior 
chromatographic separation. 

  
To further investigate the proposed ionization schemes, the full scan signal 

intensities for M+13, M+45 and M+47 adduct ions scaled relative to the M+! peak signal 
intensities (Table 2) were plotted against experimentally determined PAH first ionization 
energies (IEs)32-33 as shown in Figure 3. Both the M+13 ([M+CH2Cl-HCl]+) and M+47 
([M+CHCl2-HCl]+) adduct ions are linearly correlated with the IE of the PAH, with M+13 
adduct ions appearing for PAHs with IEs > 6.9 eV, and M+47 adduct ions appearing for 
PAHs with IEs > 7.5 eV. For PAHs with lower IEs, charge exchange with CH2Cl+ or 
CHCl2+ reagent ions may be more favourable than adduct ion formation. Therefore, 
increased adduct ion formation may occur as charge exchange becomes less 
favourable (i.e., as the IE of the PAH increases), which is consistent with the data in 
Figure 3. The appearance of M+47 adduct ions ([M+CHCl2-HCl]+) at IE values that are 
~0.6 eV greater than the IEs of PAHs forming M+13 adduct ions ([M+CH2Cl-HCl]+) in 
Figure 3 is also consistent with the difference in recombination energies for CH2Cl+ and 
CHCl2+ reagent ions (8.6 eV and 8.1 eV respectively, ~0.5 eV difference)15. The relative 
intensity of M+45 adduct ions ([M+CH2Cl+CH3OH-HCl]+) are inversely correlated with IE 
for PAHs with IE values of < 7.6 eV, at which point this adduct ion is no longer 
observed. This trend may be explained in part by examining the initial electrophilic 
addition of CH2Cl+ to a PAH, which results in a M+49 ([M+CH2Cl]+) adduct ion. For 
PAHs with higher IEs (i.e., less favourable formation of a positively charged species), 
the M+49 adduct ion may be increasingly unstable and importantly short-lived for the 



10 
 

given experimental conditions. Therefore, the nucleophilic attack by methanol 
(eventually resulting in a M+45 adduct ion) illustrated in Figure 4 may provide a kinetic 
rationale for the decreasing abundance of the M+45 adduct ion with increasing PAH 
IEs.  
 

 
Figure 3: Correlations of PAH first ionization potentials with relative signal intensities (scaled relative to 
M+! signal intensity) from full scan mass spectra for M+13 ([M+CH2Cl-HCl]+), M+45 ([M+CH2Cl+CH3OH-
HCl]+) and M+47 ([M+CHCl2-HCl]+) adduct formation.  

 
 

 
Figure 4: Proposed ionization schemes for PAHs (represented as ‘M’) in the presence of 
dichloromethane (CH2Cl+, CHCl2+ ions) and methanol (CH3OH) reagents for the described CP-MIMS-
LEI/CI conditions.  
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Figure 4 presents a summary of the proposed CI behaviour for PAHs in the 

presence of methanol and dichloromethane reagents for the given experimental 
conditions (CP-MIMS-LEI/CI). Importantly, no PAH studied here simultaneously forms 
both M+45 and M+47 adduct ions (Table 2, Figure 3). While we cannot ignore the 
possibility of alternative reaction schemes, those presented here are consistent with our 
experimental data. We are confident in the chemical composition of the discussed 
adduct ion species based upon our isotopic labelling studies. This work successfully 
lays the foundation for future studies regarding the dependence of novel CI behaviour 
upon intrinsic physical properties. A detailed description of the mechanistic pathways of 
adduct formation is not presented in this manuscript, but we feel that a more 
comprehensive delineation of the CI mechanisms is warranted for future studies, and 
will be well informed by computational methods. In summary, the ion-molecule 
chemistry discussed here provides the basis for the direct, isomer-specific 
measurement of PAHs in soils using tandem mass spectrometry. 
 
MS/MS Method Development for Direct Measurement of PAHs in Soils 
  
 Isomer-specific MS/MS transitions based upon the diagnostic adduct ions formed 
at M+45 and M+47 were developed for each PAH analyzed in this study (Table 1). This 
result is significant for DMS applications as discussed earlier, and may provide the 
necessary resolution that is otherwise limited for DMS techniques. Naphthalene (M+47), 
anthracene (M+45), phenanthrene (M+47), fluoranthene (M+47), pyrene (M+45), 
benz[a]anthracene (M+45), and chrysene (M+47) may all be individually quantified by 
CP-MIMS-LEI/CI using MS/MS transitions that are specific to one of the aforementioned 
PAHs. The C20H12 PAH isomer class (m/z 252) presents a more complex MS/MS 
quantitation challenge because of the increased number of relevant members. For the 
purposes of this study, the bulk C20H12 isomer class is assumed to be represented by 
benzo[a]pyrene, benzo[e]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene and 
perylene. Benzo[b]fluoranthene may be individually quantified, as it is the only PAH from 
the previous list which forms, or that would be expected to form, a M+47 adduct based 
upon the experimental data trends established in Figure 3 and available ionization 
potential data from Table S1 (IE > 7.5). Conversely, benzo[a]pyrene (IE = 7.12), 
benzo[e]pyrene (IE = 7.41 eV), benzo[k]fluoranthene (IE = 7.47 eV), and perylene (IE = 
6.96 eV), all have IEs < 7.6 eV. These four PAHs therefore form or would be expected 
to form M+45 adducts as similarly inferred from Figure 3 and Table S1. As a result, the 
remaining four PAHs in the C20H12 PAH isomer class (m/z 252) are subsequently 
aggregated and referred to here as BaPyrmax (i.e., reported as an equivalent amount of 
benzo[a]pyrene). Given the toxicity and regulatory importance of this PAH, this 
approach will provide an upper-bound its concentration. Figure 3 suggests that 
benzo[e]pyrene and benzo[k]fluoranthene are expected to be minimal contributors to 
this adduct ion signal compared to benzo[a]pyrene because of their higher ionization 
energies (Table S1).  
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 Calibration data for select PAHs is given in Table S5, where all calibrations 
exhibited R2 ≥ 0.991. Detection limits for soil measurements and signal risetimes are 
given in Table 3, where estimated detection limits range from 100 ng/g for naphthalene 
to 1100 ng/g for benzo[b]fluoranthene. The benzo[a]pyrene detection limit (890 ng/g) is 
notably below the risk-based US EPA regional screening level for outdoor workers 
(2340 ng/g).34 The observed signal risetimes for all PAHs were very similar (1.1 min. ≤ 
t10-90% ≤ 1.3 min.), attributed to dichloromethane from the sample phase forming a 
polymer inclusion membrane that modifies PAH permeabilities through the PDMS 
membrane. The concept of using co-solvents to modify PDMS for improved membrane 
transport in CP-MIMS experiments is discussed in detail elsewhere.20, 22, 30 As described 
in the experimental section, the CP-MIMS probe was immersed in clean DCM after each 
soil measurement, and the time required to re-establish baseline signal levels was on 
the same order as the observed signal risetimes (Table 3). Both the sensitivity and 
speed of analysis presented in Table 3 demonstrate that CP-MIMS-LEI/CI has the 
potential to provide rapid, speciated and quantitative direct analysis results for PAH 
screening in soil samples.  
 
Table 3: Detection limits and signal risetimes for select PAHs.  
 
PAH Detection  

Limita 
Signal 
Risetimeb 

 ng/g min. 
Naphthalene 100 1.2 ± 0.1 
Anthracene 250 1.2 ± 0.1 
Phenanthrene 180 1.3 ± 0.1 
Fluoranthene 270 1.2 ± 0.3 
Pyrene 360 1.1 ± 0.1 
Benz[a]anthracene 540 1.3 ± 0.3 
Chrysene 740 1.1 ± 0.3 
Benzo[a]pyrene 890 1.1 ± 0.5 
Benzo[b]fluoranthene 1100 1.3 ± 0.3 
a Detection limits are representative for 1 gram soil samples slurried in 7 mL DCM.  
b Signal risetimes (t10-90%) are an average for triplicate 500 μg/L in DCM measurements. 
 
 The presented adduct ion chemistry and MS/MS transitions will only provide 
meaningful quantitative data for PAHs provided that the CI behaviour of one PAH is 
unaffected by the presence of others. To investigate this, Figure 5 presents the analysis 
of successive, highly concentrated (5.0 mg/L) additions of PAHs to a dichloromethane 
standard. Figure 5 shows that, despite the presence of other highly concentrated PAHs, 
the steady-state signals for PAHs already in solution remain unperturbed. While every 
permutation of PAH addition and concentration was not attempted, Figure 5 suggests 
that the CI behaviour and quantitation of one PAH is unaffected by the presence of 
others, even at very high concentrations.  
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Figure 5: Sequential additions of high concentration PAHs (5.0 mg/L each; signals scaled relative to 
maximum signal intensity) to a dichloromethane standard for the demonstration of independent PAH-CI 
behaviour in CP-MIMS-LEI/CI. 
 
 
Direct PAH Determination in Soil Samples 

 
The applicability of CP-MIMS-LEI/CI for the direct analysis of soils was 

examined. Two PAH free soils were added to online measurements of 500 μg/L 
individual PAHs in dichloromethane (Figure S5). For both soils tested (organic content 
of 1.85 and 5.96%, respectively), the steady-state signals, and therefore free 
concentrations of PAHs in dichloromethane and CI behaviour, were unaffected. The 
results from this study suggest that dichloromethane may be used as a combination 
extraction/sampling solvent for CP-MIMS-LEI/CI direct analyses of PAHs in soils. 

 
 Given the success of CP-MIMS-LEI/CI for rapid, sensitive, selective and 
quantitative PAH analyses for analytical standards, the technique was applied to the 
direct measurement of PAHs in real soil samples. The analytical measurement duty 
cycle is 4 minutes per sample (2 minute analysis, 2 minute rinse). The CP-MIMS probe 
is directly immersed into dichloromethane/soil slurries immediately after sonication (3 
minutes), and PAHs are directly analyzed from the slurry without any sample cleanup 
procedures or chromatography. As a result, soil sample measurement throughput for 
CP-MIMS-LEI/CI is 15 samples per hour, provided that sonication of one soil sample 
occurs during the analysis of another. This sample throughput, lack of sample carryover, 
and elimination of any other consumables needed for sample preparation is consistent 
with previous CP-MIMS based PAH measurement studies,30 with the notable 
improvement of the isomer-specific resolution afforded by CI. All soil samples presented 
were quantified by direct calibration, for which data is summarized in Table S4. 
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Figure 6: Comparison of CP-MIMS-LEI/CI to other GC-MS based techniques for the analysis of PAHs 
from proficiency testing soils.35 Data bar heights are representative of the median result, while errors bars 
represent the standard deviation of results. Nominal mass values for each isomer class are listed at the 
top of each shaded area. BaPyr results for CP-MIMS-LEI/CI are indicative of BaPyrmax. 
 
 Figure 6 compares the PAH analyses of three different proficiency testing soil 
samples by CP-MIMS-LEI/CI to the results from four other GC-MS based analyses 
(further details regarding the GC-MS methods are available elsewhere).35 The relative 
distribution of PAHs depicted here is remarkably similar. While a negative quantitative 
bias is apparent for most CP-MIMS-LEI/CI PAH results, these results are anticipated 
given the short, non-exhaustive extraction step employed. This may be addressed in the 
future with more exhaustive extraction procedures, but given the remarkably short 
analytical duty cycle, and simple work flow, we believe that CP-MIMS-LEI/CI is well 
suited to a number of applications when high throughput and near ‘real-time’ information 
is needed. The results for benzo[a]pyrene (i.e., BaPyrmax as shown on Figure 6 for CP-
MIMS-LEI/CI; quantified using the calibration slope for benzo[a]pyrene as shown in 
Table S4) demonstrate consistent positive biases, which is unsurprising given that 
additional PAH isomers from the C20H12 isomer class forming M+45 adducts may also 
be contributing to the result as discussed earlier.  
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MS/MS was used for this study instead of simply quantifying diagnostic PAH 
adduct ions to mitigate any potential isobaric interferences present in complex samples. 
As is the case for benzo[a]pyrene though, the possibility that other contributions to any 
of the other MS/MS transitions may still exist for the direct measurement of complex, 
environmental samples. However, for the isomer classes studied, all members of the 
EPA 16 priority PAHs except for benzo[k]fluoranthene are specifically accounted for 
and, most significantly, may be directly quantified using unique CI adduct formation 
behaviour. The use of MS/MS on adduct ions formed through unique ion-molecule 
chemistry significantly limits the possibility of chemical interferents. The presented DMS 
analytical method provides a rapid, selective, and sensitive quantitative analysis ideally 
suited for quantitative pre-screening in advance of more time-consuming sample workup 
and analysis approaches. To this end, CP-MIMS-LEI/CI was used to analyze a set of 
five real environmental soil samples. These results were also compared with those 
obtained using GC-MS, and are presented in Figure 7. 
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Figure 7: Comparison of CP-MIMS-LEI/CI to GC-MS for the analysis of PAHs present in five different 
environmental soils. Data bar heights are representative of the median result, while errors bars represent 
the standard deviation of results. Details of the GC-MS method are available elsewhere.36 Nominal mass 
values for each isomer class are listed at the top of each shaded area. BaPyr results for CP-MIMS-LEI/CI 
are indicative of BaPyrmax. 
 
 In Figure 7, both CP-MIMS-LEI/CI and GC-MS techniques again provide similar 
PAH distributions. The predominantly positive biases observed for Sample 1 may 
suggest chemical interferents are present, but all the quantitative results for CP-MIMS-
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LEI/CI compare remarkably well to that of GC-MS, particularly given the simple and 
direct nature of CP-MIMS-LEI/CI measurements. For the nine PAHs quantified here, 
most exhibited a modest negative bias ranging from -14 to -36% across the eight soil 
samples measured (Table S6). The exceptions to this were chrysene (+11%), 
benzo[b]floranthene (0%), and benzo[a]pyrene (+50%). Overall, the average percent 
difference between CP-MIMS-LEI/CI results compared to those from GC-MS is -9 (± 
23)% (Table S6). The similarity of quantitative results shown in both Figures 6 and 7 
present a compelling argument for the use of CP-MIMS-LEI/CI for quantitative PAH in 
soil analyses in selected contexts.  
 
 
Conclusions 
 

While it is undeniable that techniques involving exhaustive extraction and 
chromatographic resolution can provide superior analytical performance, CP-MIMS-
LEI/CI is an excellent complement to these methods. CP-MIMS-LEI/CI provides isomer-
specific quantitation of PAHs in soils at ng/g quantities without time consuming and 
costly sample preparation/cleanup steps, and may be used to quantitatively pre-screen 
samples to identify those warranting further conventional analysis. This study lays the 
groundwork for future experiments, with goals of miniaturization and mobilization of CP-
MIMS-LEI/CI and use with other analytical platforms (i.e., LC-MS, GC-MS). Eventually, 
CP-MIMS-LEI/CI may be used for in-field measurements, allowing for applications such 
as real-time monitoring, adaptive sampling, site assessment, and rapid response during 
a critical incident emergency or remediation effort. More broadly, the use of methanol 
and dichloromethane for successful isomer-specific measurements of PAHs may 
prompt the application of CP-MIMS-LEI/CI to other solvents/reagent ion precursors 
(e.g., different halogenated organics and alcohols) and analyte classes, expanding the 
field of DMS. 
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